

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88974-298-1
DOI 10.3389/978-2-88974-298-1

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





WOMEN IN SCIENCE: CHEMISTRY

Topic Editors: 

Jennifer L. Schaefer, University of Notre Dame, United States

Elisabeth Lojou, FR3479 Institut de Microbiologie de la Méditerranée (IMM), France

Svetlana Ivanova, University of Seville, Spain

Silvia Giordani, Dublin City University, Ireland

Qin Li, Griffith University, Australia

Citation: Schaefer, J. L., Lojou, E., Ivanova, S., Giordani, S., Li, Q., eds. (2022). Women in Science: Chemistry. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88974-298-1





Table of Contents




Editorial: Women in Science: Chemistry

Elisabeth Lojou, Silvia Giordani, Svetlana Ivanova, Qin Li and Jennifer L. Schaefer

Highly Efficient and Recyclable Catalysts for Cellobiose Hydrolysis: Systematic Comparison of Carbon Nanomaterials Functionalized With Benzyl Sulfonic Acids

Samuel Carlier and Sophie Hermans

Are Ionic Liquids Better Extracting Agents Than Toxic Volatile Organic Solvents? A Combination of Ionic Liquids, Microwave and LC/MS/MS, Applied to the Lichen Stereocaulon glareosum

Erika Calla-Quispe, Juana Robles, Carlos Areche and Beatriz Sepulveda

5-Hydroxymethyl-2-Furfural Oxidation Over Au/CexZr1-xO2 Catalysts

Cristina Megías-Sayago, Danilo Bonincontro, Alice Lolli, Svetlana Ivanova, Stefania Albonetti, Fabrizio Cavani and José A. Odriozola

Nanosecond Laser–Fabricated Monolayer of Gold Nanoparticles on ITO for Bioelectrocatalysis

Vivek Pratap Hitaishi, Ievgen Mazurenko, Anjali Vengasseril Murali, Anne de Poulpiquet, Gaëlle Coustillier, Philippe Delaporte and Elisabeth Lojou

A Reconfigurable, Dual-Output INHIBIT and IMPLICATION Molecular Logic Gate

Lavinia A. Trifoi, Gregory K. Hodgson, Nicholas P. Dogantzis and Stefania Impellizzeri

Supported Molybdenum Carbide and Nitride Catalysts for Carbon Dioxide Hydrogenation

Marwa Abou Hamdan, Abdallah Nassereddine, Ruben Checa, Mohamad Jahjah, Catherine Pinel, Laurent Piccolo and Noémie Perret

A Lysine-Modified Polyethersulfone (PES) Membrane for the Recovery of Lanthanides

Ming Yu, Julie N. Renner and Christine E. Duval

The Location of the Antimicrobial Peptide Maculatin 1.1 in Model Bacterial Membranes

Anton P. Le Brun, Shiying Zhu, Marc-Antoine Sani and Frances Separovic

Peptide-Drug Conjugates and Their Targets in Advanced Cancer Therapies

Paul Hoppenz, Sylvia Els-Heindl and Annette G. Beck-Sickinger

Di- and Tri-nuclear VIII and CrIII Complexes of Dipyridyltriazoles: Ligand Rearrangements, Mixed Valency and Ferromagnetic Coupling

Julia Rinck, Jonathan A. Kitchen, Anthony B. Carter, Yanhua Lan, Christopher E. Anson, Karin Fink, Sally Brooker and Annie K. Powell

Strategies for the Formation of Monolayers From Diazonium Salts: Unconventional Grafting Media, Unconventional Building Blocks

Alice Mattiuzzi, Quentin Lenne, Janine Carvalho Padilha, Ludovic Troian-Gautier, Yann R. Leroux, Ivan Jabin and Corinne Lagrost

Unraveling the Effect of Singlet Oxygen on Metal-O2 Batteries: Strategies Toward Deactivation

Idoia Ruiz de Larramendi and Nagore Ortiz-Vitoriano

Sustainable Printed Electrochemical Platforms for Greener Analytics

Patrick Severin Sfragano, Serena Laschi and Ilaria Palchetti

Photophysics and Cell Uptake of Self-Assembled Ru(II)Polypyridyl Vesicles

Stephen Finn, Aisling Byrne, Karmel S. Gkika and Tia E. Keyes

Emerging Adjuvants for Cancer Immunotherapy

Hong-Guo Hu and Yan-Mei Li

Electrochemical Processes Coupled to a Biological Treatment for the Removal of Iodinated X-ray Contrast Media Compounds

Wei Zhang, Isabelle Soutrel, Abdeltif Amrane, Florence Fourcade and Florence Geneste

Reversible Deposition and Stripping of the Cathode Electrolyte Interphase on Li2RuO3

Julia C. Hestenes, Andrew W. Ells, Mateo Navarro Goldaraz, Ivan V. Sergeyev, Boris Itin and Lauren E. Marbella

Combining Electrospinning and Vapor-Phase Polymerization for the Production of Polyacrylonitrile/ Polypyrrole Core-Shell Nanofibers and Glucose Biosensor Application

Eleni Sapountzi, Jean-François Chateaux and Florence Lagarde

Disulfonated Poly(arylene ether sulfone) Random Copolymers Containing Hierarchical Iptycene Units for Proton Exchange Membranes

Tao Wang, Tianyun Li, Joseph Aboki and Ruilan Guo

Thiol-ene Enabled Chemical Synthesis of Truncated S-Lipidated Teixobactin Analogs

Victor V. Yim, Alan J. Cameron, Iman Kavianinia, Paul W. R. Harris and Margaret A. Brimble

The Influence of Halide Substituents on the Structural and Magnetic Properties of Fe6Dy3 Rings

Irina A. Kühne, Christopher E. Anson and Annie K. Powell

High Power Energy Storage via Electrochemically Expanded and Hydrated Manganese-Rich Oxides

Shelby Boyd, Natalie R. Geise, Michael F. Toney and Veronica Augustyn

Facilitated Transport Membranes With Ionic Liquids for CO2 Separations

Aidan Klemm, Yun-Yang Lee, Hongchao Mao and Burcu Gurkan

pH-Dependent Water Clusters in Photoacid Solution: Real-Time Observation by ToF-SIMS at a Submicropore Confined Liquid-Vacuum Interface

Ying-Ya Liu, Xin Hua, Zhiwei Zhang, Junji Zhang, Shaoze Zhang, Ping Hu and Yi-Tao Long

Ionomers From Kraft Lignin for Renewable Energy Applications

Seefat Farzin, Tyler J. Johnson, Shyambo Chatterjee, Ehsan Zamani and Shudipto K. Dishari

Intercalation of Copper Phthalocyanine Within Bulk Graphite as a New Strategy Toward the Synthesis of CuO-Based CO Oxidation Catalysts

Gaëlle Couvret, Ghislain Genay, Cerise Robert, Loïc Michel and Valérie Caps

Bis(terpyridine) Iron(II) Functionalized Vertically-Oriented Nanostructured Silica Films: Toward Electrochromic Materials

Neus Vilà and Alain Walcarius

Doping Lanthanide Nanocrystals With Non-lanthanide Ions to Simultaneously Enhance Up- and Down-Conversion Luminescence

Yingying Li, Chunyan Liu, Peisen Zhang, Jiayi Huang, Haoran Ning, Peng Xiao, Yi Hou, Lihong Jing and Mingyuan Gao

Modulation of Efficient Diiodo-BODIPY in vitro Phototoxicity to Cancer Cells by Carbon Nano-Onions

Juergen Bartelmess, Gesmi Milcovich, Viviana Maffeis, Marta d’Amora, Sine Mandrup Bertozzi and Silvia Giordani

Porous Carbon Microparticles as Vehicles for the Intracellular Delivery of Molecules

Luis M. Magno, David T. Hinds, Paul Duffy, Rahul. B. Yadav, Andrew D. Ward, Stan W. Botchway, Paula E. Colavita and Susan J. Quinn

A Time-Resolved Spectroscopic Investigation of a Novel BODIPY Copolymer and Its Potential Use as a Photosensitiser for Hydrogen Evolution

Aoibhín A. Cullen, Katharina Heintz, Laura O’Reilly, Conor Long, Andreas Heise, Robert Murphy, Joshua Karlsson, Elizabeth Gibson, Gregory M. Greetham, Michael Towrie and Mary T. Pryce

Cosmeceutical Peptides in the Framework of Sustainable Wellness Economy

Fosca Errante, Patrycja Ledwoń, Rafal Latajka, Paolo Rovero and Anna Maria Papini

Reactive Plasma N-Doping of Amorphous Carbon Electrodes: Decoupling Disorder and Chemical Effects on Capacitive and Electrocatalytic Performance

Md. Khairul Hoque, James A. Behan, James Creel, James G. Lunney, Tatiana S. Perova and Paula E. Colavita

Tackling the Problem of Sensing Commonly Abused Drugs Through Nanomaterials and (Bio)Recognition Approaches

Florina Truta, Anca Florea, Andreea Cernat, Mihaela Tertis, Oana Hosu, Karolien de Wael and Cecilia Cristea

Evaluation of Electrochemical Process Improvement Using the Computer-Aided Nonlinear Frequency Response Method: Oxygen Reduction Reaction in Alkaline Media

Luka A. Živković, Saikrishnan Kandaswamy, Menka Petkovska and Tanja Vidaković-Koch

Synthesis of Zinc Oxide Nanoparticles by Ecofriendly Routes: Adsorbent for Copper Removal From Wastewater

Julia de O. Primo, Carla Bittencourt, Selene Acosta, Ayrton Sierra-Castillo, Jean-François Colomer, Silvia Jaerger, Verônica C. Teixeira and Fauze J. Anaissi

Confined Growth of NiAl-Layered Double Hydroxide Nanoparticles Within Alginate Gel: Influence on Electrochemical Properties

Vanessa Prevot, Souad Touati and Christine Mousty

Effects of the Molecular Weight of Hyaluronic Acid in a Carbon Nanotube Drug Delivery Conjugate

Silvia Arpicco, Michał Bartkowski, Alessandro Barge, Daniele Zonari, Loredana Serpe, Paola Milla, Franco Dosio, Barbara Stella and Silvia Giordani

What Is the Assembly Pathway of a Conjugated Polymer From Solution to Thin Films?

Zhuang Xu, Kyung Sun Park and Ying Diao

Electrochemical Characterization of a Complex FeFe Hydrogenase, the Electron-Bifurcating Hnd From Desulfovibrio fructosovorans

Aurore Jacq-Bailly, Martino Benvenuti, Natalie Payne, Arlette Kpebe, Christina Felbek, Vincent Fourmond, Christophe Léger, Myriam Brugna and Carole Baffert

Study of the Segmental Dynamics and Ion Transport of Solid Polymer Electrolytes in the Semi-crystalline State

Xi Chelsea Chen, Robert L. Sacci, Naresh C. Osti, Madhusudan Tyagi, Yangyang Wang, Jong K. Keum and Nancy J. Dudney

Combining Hyperbranched and Linear Structures in Solid Polymer Electrolytes to Enhance Mechanical Properties and Room-Temperature Ion Transport

Benxin Jing, Xiaofeng Wang, Yi Shi, Yingxi Zhu, Haifeng Gao and Susan K. Fullerton-Shirey



		EDITORIAL
published: 04 October 2021
doi: 10.3389/fchem.2021.772775


[image: image2]
Editorial: Women in Science: Chemistry
Elisabeth Lojou1*, Silvia Giordani2*, Svetlana Ivanova3*, Qin Li4* and Jennifer L. Schaefer5*
1CNRS UMR7281 Bioénergétique et Ingénierie des Protéines, Marseille, France
2Dublin City University, Dublin, Ireland
3Sevilla University, Sevilla, Spain
4Griffith University, Brisbane, QLD, Australia
5University of Notre Dame, Notre Dame, IN, United States
Edited and reviewed by:
Valeria Conte, University of Rome Tor Vergata, Italy
* Correspondence: Elisabeth Lojou, lojou@imm.cnrs.fr; Silvia Giordani, silvia.giordani@dcu.ie; Svetlana Ivanova, svetlana@icmse.csic.es; Qin Li, qin.li@griffith.edu.au; Jennifer L. Schaefer, Jennifer.L.Schaefer.43@nd.edu
Specialty section: This article was submitted to Green and Sustainable Chemistry, a section of the journal Frontiers in Chemistry
Received: 08 September 2021
Accepted: 15 September 2021
Published: 04 October 2021
Citation: Lojou E, Giordani S, Ivanova S, Li Q and Schaefer JL (2021) Editorial: Women in Science: Chemistry. Front. Chem. 9:772775. doi: 10.3389/fchem.2021.772775

Keywords: catalysis, pharmaceutical chemistry, chemical biology, nanosciences, polymer, inorganic chemistry, analytical chemistry, energy
Editorial on the Research Topic 
Women in Science: Chemistry

Following UNESCO’s official celebration of the International Day of Women and Girls in Science, Frontiers in Chemistry decided to run a special issue “Women in Science: Chemistry”. Indeed, although science and gender equality are essential to ensure sustainable development, less than 30% of researchers worldwide are women. Even more, female students in science disciplines with relatively higher female participation rates (e.g., biology and chemistry) still experience similar gender issues as students in male-dominated science disciplines (e.g., physics and mathematics) (Baird, 2018; Fisher et al., 2020). In some countries, academic institutes created dedicated committees to promote women in science. CNRS, the national center for research in France, created such a committee in 2001 because “Science cannot deprive itself of half of the talents” (Antoine Petit, CNRS president, 2016). Thanks to this effort, in 2016, 35% of researchers in public research in France were women (38% in chemistry) against an average of 14.6% in the EU. Nevertheless, at this rate, parity will be reached only in 2088 among permanent researchers, while it is approximately reached among PhDs. Jessica Lober Newsome for the United Kingdom Resource Centre for Women in Science, Engineering and Technology and the Royal Society of Chemistry noted that “men and women in United Kingdom PhD programs start their graduate work enthusiastic about the prospect of a career in the chemistry professoriate, but by the third year, the proportion of men planning careers in research had dropped from 61 to 59%. while for the women, the number had plummeted from 72% in the first year to 37% as they finish their studies” (Bertozzi, 2016).
Towards facilitating change, Frontiers in Chemistry had the ambition that gender equality may be promoted through this special issue. No doubt that female researchers have made significant contributions to the field of chemistry in all its diversity. As such, it is relevant to note that among the 42 contributions (33 original articles, two reviews, and seven mini-reviews) accepted for publication in this special issue, many different domains were covered: green and sustainable chemistry, medicinal and pharmaceutical chemistry, chemical biology, inorganic chemistry, physical chemistry, analytical chemistry, electrochemistry, nanosciences, supramolecular chemistry, polymer chemistry, and energy and catalysis. These works highlight the diversity of research performed across the entire breadth of the chemical sciences and present advances in theory, experiment, and methodology with applications to compelling problems. Although the background of the guest editors may bias this, it is interesting to note that 50% of the contributions belong to the bio-chem-green interface—reflecting a higher involvement of females in bio-related domains, which indicates that efforts are still needed to open all facets of chemistry equally to females.
Of note are the tremendous number of research works towards improved sustainability, either through green chemistry, addressing environmental issues, improved energy storage or generation devices, or catalysis. These efforts include a range of traditional chemical science subfields, including inorganic chemistry, polymer chemistry, physical chemistry, and electrochemistry, with the common end goal of improving the health of our shared planet. Within this objective, an investigation of the bio-chemical interface has also been put forward. Continued efforts on isolation and conversion of CO2 are needed as we seek to combat climate change. Klemm et al. report on facilitated transport membranes for CO2 separations , while Abou Hamdan et al. research a route for conversion of CO2 to a valuable feedstock. Contributions were also received in the areas of hydrogen generation (Pryce’s group) (Cullen et al.), and carbon monoxide oxidation (Couvret et al.). The advancement of electrochemical energy generation and storage devices will ease a transition to greater use of electrical energy and away from fossil fuels. The whole range of available devices was covered by the received contributions, from flow cells, lithium batteries, and fuel cells. Five contributions, from corresponding authors Augustyn, Chen, Fullerton-Shirey, Marbella, and Ortiz-Vitoriano, report materials and systems for advanced batteries and capacitors (Boyd et al.; Chen et al.; Hestenes et al.; Ruiz de Larramendi and Ortiz-Vitoriano,; Jing et al.). Four contributions were received related to fuel cell materials. Ionomers suitable as membrane separators in proton exchange membrane fuel cells is an intensive research domain in which women take part (Farzin et al.; Wang et al.). Interestingly, Farzin et al. demonstrated that sulfonated Kraft lignin, a by-product of paper industries, may act as a suitable membrane , while Wang et al. reported iptycene-based copolymers as new components for proton exchange membranes. The use of enzymes as biocatalyst alternatives to platinum in fuel cells was also investigated in two contributions from Hitaishi et al.; Jacq-Bailly et al.. The oxygen reduction reaction, which is limiting fuel cell devices, was investigated from an experimental Hoque et al. to a theoretical point of view (Živković et al.). Green processes and sustainable feedstocks were the focus of four reports (Calla-Quispe et al.; Carlier and Hermans; Megías-Sayago et al.; Yu et al.). Carlier and Hermans investigated various carbon materials for cellobiose hydrolysis, a key process for biomass valorization, while (Megías-Sayago et al. studied the process of platform molecules conversion to biobased monomers. Lanthanide recovery was studied by Yu et al., while Calla-Quispe et al. explored the potentiality of ionic liquids as extracting agents of natural products). Also, towards sustainability and environmental health, wastewater treatment was the topic of two contributions from Zhang et al; Primo et al.. Sensor development, including electrochemical-based sensors, was detailed in view of in situ analytical monitoring and bio-inspired synthesis. Sfragano et al. provided a mini-review dedicated to electrochemical platforms for green analytical sensing . Mousty and colleagues described the electrochemical properties of NiAl-layered double hydroxide nanoparticles for biosensing applications (Prevot et al.), while Truta et al.reviewed the combined use of nanomaterials and biorecognition for drug sensing.
Ten great contributions (seven original research articles, one review, and two mini-reviews) were received in the medicinal and pharmaceutical chemistry, chemical biology, and biosensing domains. Chemistry can play an important role in the battle against cancer and contribute to advancing cancer diagnosis and treatment. Addressing tumor cells without affecting healthy tissue is a major challenge in cancer therapy. Phototherapy, immunotherapy, and selected targeted chemotherapy are very promising tools for cancer treatment. Bartelmess et al. reported the use of carbon nano-onions (CNOs) as molecular shuttles for photodynamic therapeutics, boosting the modulation of the photosensitizer . Hoppenz et al. give an overview of the most common peptide receptors overexpressed on cancer cells, highlight the benefits of peptides as tumor homing agents and outline the specific requirements of peptide-drug conjugates (Arpicco et al.; Hoppenz et al.). Another receptor that is often overexpressed in many tumor cells is hyaluronic acid (HA). Arpicco et al. examine the correlation of HA molecular weight with its targetability properties in the formulation of a carbon nanotube drug delivery conjugate for tumor-targeted delivery of the anticancer agent doxorubicin (Arpicco et al.; Hoppenz et al.). Hu and Li mini-review highlights the importance of enhancing cancer immunotherapy by developing safe and effective adjuvants (). Two research articles highlight the crucial role chemistry plays in the synthesis and effective delivery of luminescent probes for cellular imaging. Finn et al.; Magno et al. engineered porous carbon microparticles for the transport and intracellular delivery of a fluorescent dye . Finn et al. carefully design highly luminescent metal complexes that self-assemble to form nanoaggregates with good membrane permeability, which can be used as imaging probes . Two contributions were also received on the development of new antimicrobials and antibiotics (Le Brun et al.; Yim et al.) and one mini-review on cosmeceutical peptides in the framework of sustainable wellness economy (Errante et al.). Real-time observations by Tof-SIMS at a submicropore-confined liquid/vacuum interface were also reported by Liu et al. in view of the analysis of the structure of water clusters, a key point to understand processes in biology . Finally, Sapountzi et al. developed a core-shell nanomaterial for glucose biosensing .
Advanced preparation methods for functional materials and thin films are also present in this special issue. (Xu et al.) summarized the existing methods for conjugated polymer preparation in a mini-review, and discussed their potential to form hierarchical assemblies with tuning optical, electrical or mechanical properties. The versatility of the assembly formation contrasts with the necessity for better solid-state control of the final film are well reflected in this contribution. (Vilà and Walcarius) used a combination of electrochemically-assisted self-assembly and the Huisgen cycloaddition reaction to generate nanostructured thin films with electrochromic properties. This combination can be used to obtain even more complex structures, including metal centers of different nature. Enhancing the upconversion efficiency of lanthanide nanoparticles (Li et al.) and tuning magnetic properties of Fe6Dy3 rings (Kühne et al.) were reported. The functionalization of surfaces via diazonium grafting was reviewed by Mattiuzzi et al.). Two different strategies have been contrasted, the use of ionic liquids as solvents and layer growth limiting agent and calix (Klemm et al.) arene strategy with reactive appending arms and controlled composition. Whatever the strategy, the resulting monolayers proposed a real alternative to the classical SAMs of thiol derivatives and can be applied for biosensing and electrocatalysis. The potential of the solvothermal synthesis for di- and tri-nuclear V(III) and Cr(III) complexes of dipyridyltriazoles were explored by (Rinck et al.). It was found that the synthesis conditions facilitate ligand rearrangements in a new bridging topology which is the first example, up to date, of a ferromagnetic coupling in Cr(III) bridged dimer with ligands other than hydroxyls. Finally, BODIPY molecules were examined as molecular switches for digital device applications by (Trifoi et al.).
As guest editors, we would like to thank our contributors for their excellent dedication, as well as the reviewers for their constructive work. We sincerely thank the editorial staff of this issue for this superb idea and valuable assistance throughout the editing process. Last and not least, we would like this issue to send a clear message to every young female student in chemical sciences to keep going and pursue their dreams in the fantastic chemical research world.
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Carbon materials such as activated coal, nanotubes, nanofibers, or graphene nanoplatelets were functionalized with sulfonic acid moieties by a diazonium coupling strategy. High acidity was obtained for the majority of the carbon solids except for the carbon nanofibers. The activity of these acidic catalysts for the hydrolysis of cellobiose, as model molecule for cellulose, into glucose in neutral water medium was studied. The conversion of cellobiose is increasing with the acidity of the catalyst. We found that a minimum threshold amount of acidic functions is required for triggering the hydrolysis. The selectivity toward glucose is very high as soon as sulfonic functions are present on the catalyst. The robustness of the sulfonic functions grafted on the carbons has been highlighted by successful recyclability over six runs.

Keywords: biomass conversion, cellulose, cellobiose, glucose, hydrolysis, carbon, sulfonic acid, graphene


INTRODUCTION

The increasing demography and concomitant energy demand requires finding sustainable production routes for fuels and chemicals. Nowadays the lignocellulosic biomass is the most abundant renewable resource and the perfect candidate to solve this challenge, as it is not competing with food. The lignocellulosic biomass originates from forest or agricultural wastes and is composed of three polymers: lignin (10–30%), hemi-cellulose (15–40%), and cellulose (30–65%) (Chaturvedi and Verma, 2013; Sarra et al., 2016). Lignin is a randomly-linked phenylpropanoid polymer. Hemi-cellulose is a non-linear polymer of pentoses, hexoses and sugar acids. Cellulose is a linear polymer only composed of glucose units. These three polymers can lead to many interesting products such as furfural or xylitol (from hemicellulose; Menon et al., 2010), glucose, 5-hydroxymethylfurfural or sorbitol (from cellulose; Ruppert et al., 2012), aromatic alcohols, or aromatic aldehydes (from lignin; Li et al., 2016; Wang et al., 2019). In particular, the main reason behind the high interest for cellulose hydrolysis into glucose is that glucose is a chemical platform. It can be further transformed into various added-value chemicals (Kobayashi et al., 2011), as depicted in Figure 1. Depending on the metal choice, catalysts for these further transformations can be tuned to obtain the desired product. For example, sorbitol is obtained by glucose hydrogenation using Ru (Lazaridis et al., 2015) or gluconic acid is produced by glucose oxidation using Au (Biella et al., 2002; Hermans et al., 2011) or Pd (Haynes et al., 2017).


[image: Figure 1]
FIGURE 1. Glucose as a chemical platform.


Cellulose is a polymer of glucose connected by β-1,4-glycosidic bonds, which presents a very high molecular weight (from 300,000 to 500,000 g/mol). Cellulose has a microcrystalline structure with numerous hydrogen bonds between molecules (intra and inter-molecules but also inter-sheets) that makes it insoluble in most solvents (Dhepe and Fukuoka, 2008). For these reasons, depolymerization of cellulose remains a tricky challenge. Industrially, the most common way of processing cellulose is by using homogeneous mineral acids such as HCl or H2SO4. The drawbacks of this method are the corrosion of the reaction vessels but also waste production and disposal (Gitifar et al., 2013). Enzymes, such as cellulases, are very effective for the hydrolysis of cellulose. Indeed they are faster, more selective, can be used at room temperature and do not generate waste (Philippidis et al., 1993). Unfortunately, their recyclability is poor and they do not sustain high temperatures, making it difficult to use them industrially (Guarín et al., 2018). Despite the fact that they are less active and less specific than the homogeneous ones, heterogeneous catalysts are being studied to overcome the recovery and stability issues. Many catalytic solid materials have been investigated in this context, such as metal oxides (Huang and Fu, 2013), Amberlyst-15 resin (Suganuma et al., 2010), zeolites (Huang and Fu, 2013), hydrotalcites (Guarín et al., 2018), functionalized carbon materials (Onda et al., 2009), etc. However, heterogeneous catalysts in general still suffer from deactivation problems like poisoning or leaching of the active sites (Argyle and Bartholomew, 2015).

These catalysts can be assisted by other ways of breaking the cellulose backbone. Supercritical water display physical properties that are different from liquid water and can be used to dissolve cellulose (Tolonen et al., 2015). Another way of dissolving cellulose is the use of ionic liquids. These show interesting properties such as low vapor pressure, high thermal stability, and high solvation ability. They efficiently dissolve cellulose because of the formation of bonds between the hydroxyl group H atoms in the biopolymer and the anions of ionic liquids. This leads to the breaking of the intermolecular bonds in cellulose (Novoselov et al., 2007). However ionic liquids are very costly, toxic and corrosive (Wang et al., 2012). Crystallinity of cellulose can be decreased by ball-milling, leading to amorphization and easier hydrolysis (Yu and Wu, 2011). Microwave radiations is also a very popular technique. When they hit cellulose, microwaves create hot spots that reduce the crystallinity of cellulose and increase its degradation under mild conditions (Liu et al., 2018). For all these reasons, cellobiose (only two glucose units held together by β-1,4-glycosidic bond), which is soluble in water, is chosen as a model-molecule of cellulose in many studies (Figure 2) (Deng et al., 2012).


[image: Figure 2]
FIGURE 2. Hydrolysis of cellobiose into glucose.


Herein, we report an efficient process for the selective hydrolysis of cellobiose into glucose (Figure 2) using acidic (nano)carbon materials. Depending on the production method, carbon materials already possess acidic functions such as phenols, carboxylic acids, or lactones. However, these acidic functions are not strong enough or not present in sufficient amount to catalyze the hydrolysis of the glycosidic bond. Strong acid sites like sulfonic acids are needed. Usually, carbon solids functionalized by H2SO4 will give labile sulfonic functions that are susceptible to be leached away during catalytic tests. Moreover, the structural integrity of the treated carbon is usually weakened. Various methods to functionalize carbon solids exist (Yang et al., 2019) but in this work the functionalization strategy we chose to introduce surface sulfonic functions is leading to a strong covalent C-C bond with the carbon surface, without damaging its backbone structure. It involves diazonium coupling reaction with an organic starting compound rather than the corrosive inorganic sulfuric acid or a mixture of nitric/sulfuric that is commonly used also. This functionalization strategy has been tested on CNF, CNT, CB, and activated or mesoporous carbons in separated reports (Price and Tour, 2006; Toupin and Bélanger, 2007; Wang et al., 2007; Liu et al., 2010; Stellwagen et al., 2013) but never applied to this particular reaction. Therefore, the aim of this work is to show that the functionalization can be applied to almost all types of carbon (nano)materials in a systematic and comparative manner, and used for a biomass valorization reaction. We will show the high activity and recyclability of the obtained materials for cellobiose hydrolysis.



MATERIALS AND METHODS


Reagents and Materials

The activated coal (SX+) was obtained from NORIT. The reduced graphene oxide N002-PDR (RGO) was obtained from Angstron Materials. The carbon multi-walled nanotubes (MWCNT) were obtained from Nanocyl (Belgium) (NC 7000 Thin MWCNTs, 95+% C purity). The carbon black (CB) was obtained as 250 G type from IMERYS GRAPHITE & CARBON. The carbon nanofibers (CNF; LHT type) were obtained from Applied Sciences Inc (USA). The graphene nanoplatelets (GNP; M15, and C750 types) were purchased from Sigma-Aldrich. Sulfanilic acid (99%), isopentyl nitrite (96%), D-(+)-cellobiose (≥99%), cellulose (reference C6288, crystalline and high purity) were also supplied by Sigma-Aldrich and used as received.



Catalyst Preparation

The materials functionalization was carried out by a diazonium coupling method (Stellwagen et al., 2013). Typically, 1 g of carbon solid was dispersed in 60 mL distilled water. 1.5 g of sulfanilic acid were added and the suspension was stirred at 70°C during 10 min. 1.2 mL of isopentyl nitrite were added at 30°C and the mixture was stirred during 16 h. Then it was filtered out and washed with distilled water and ethanol. The resulting material was dried overnight at 100°C.

All the functionalized support samples will be specified by the acronym SO3H followed by the acronym of the support. For example, functionalized activated carbon SX+ will be named SO3H/SX.



Characterization Methods

XPS analyses were carried out at room temperature with a SSI-Xprobe (SSX 100/206) photoelectron spectrometer from Surface Science Instruments (USA), equipped with a monochromatized microfocus Al Xray source. Samples were stuck onto small sample holders with double face adhesive tape and then placed on an insulating ceramic carousel (Macor®, Switzerland). Charge effects were avoided by placing a nickel grid above the samples and using a flood gun set at 8 eV. The binding energies were calculated with respect to the C-(C, H) component of the C1s peak fixed at 284.4 eV. Data treatment was performed using the CasaXPS program (Casa Software Ltd., UK). The peaks were decomposed into a sum of Gaussian/Lorentzian (85/15) after subtraction of a Shirley-type baseline.

TPD-NH3 analyses were performed on Hiden Catlab reactor combined with a QGA Hiden quadrupole mass spectrometer. Samples were pretreated under Ar (30 ml/min, 5.0 AirLiquide) at 200°C during 2 h to remove all the water before the analysis. NH3 adsorption was performed at 70°C during 1 h by flowing a mixture of Argon (20 ml/min) and 5% NH3 in He (10 ml/min). The catalyst was then flushed in Ar (30 ml/min) during 2 h and then, the NH3 desorption measurement was performed under Ar (30 ml/min) from 70 to 600°C (heating rate of 10°C /min).

Boehm titration method was used to evaluate the catalysts acidity (Boehm et al., 1964; Goertzen et al., 2010). NaOH solutions were prepared by dilution of Titrisol ampoules (VWR) containing precise and known quantities of sodium hydroxide. HCl solutions were prepared by the dilution of concentrated hydrochloric acid. The HCl concentrations were determined by titration with the standard NaOH solutions. These solutions were prepared with mQ water that had been previously decarbonated by nitrogen flushing. For titrating the acid groups, 60 mg of sample were dispersed in 30 mL of NaOH 0.01 mol/L and the solution was decarbonized for 1 h under Ar flux. The mixture was then agitated for 23 h under Ar atmosphere. The suspension was then filtrated and two times 10 mL of the resulting filtrate were back-titrated, under Ar flux, using the HCl 0.005 mol/L solution. The indicator used is phenolphthalein. The amount of acid functions on the catalyst is determined by calculating the difference between the initial amount of NaOH and the amount of NaOH titrated by the HCl.

Total organic content (TOC) analyses have been performed on each solution after catalytic test by using a Shimadzu TOC-L analyzer with a ASI-L autosampler using the combustion catalytic oxidation method.



Catalytic Tests

The tests were carried out in a 250 mL stainless steel Parr autoclave. 1 g of cellobiose was added to 300 mg of catalyst in 120 mL of mQ water. Indeed cellobiose is soluble in water and we also need water as a reactant for the hydrolysis. Then, the autoclave was sealed and the system was purged three times with nitrogen and heated up to 403 K under autogenic nitrogen pressure (6–7 bar). At that controlled temperature, the agitation was started at 1,700 rpm for 2 h. The system was then cooled down to room temperature and the solution was filtrated. The filtrate was then diluted to 250 mL with mQ water and analyzed by HPLC. The catalytic testing conditions, adapted from literature (Delidovich and Palkovits, 2016), were chosen to avoid reaching 100% of conversion during the reaction duration, in order to be able to compare the different catalysts. It is known that, ideally, selectivities have to be compared at the same conversion rate but we are comparing here all our results after the same reaction time (2 h), which is pertinent as well, especially when considering productivity. For the recyclability tests, the filtrated catalyst was dried in an oven at 373 K overnight and it was re-used directly using the same testing conditions.

HPLC analyses were performed with a Waters system equipped with Waters 2414 refractive index (RI) detector (detector temperature = 30°C). Two columns were used. The first one is a Carbohydrate Transgenomic CarboSep CHO682 column, with mQ H2O (18 MΩ.cm at 25°C) as eluent, a flux of 0.4 mL/min, a column temperature of 80°C and 20 μL of injected volume. The second one is an Aminex HPX 87C column, with mQ H2O (18 MΩ.cm at 25°C) as eluent, a flux of 0.5 mL/min, a column temperature of 85°C and 25 μL of injected volume.

The conversion of cellobiose was calculated as follows:

[image: image]

The selectivity in glucose was calculated as follows:

[image: image]




RESULTS AND DISCUSSION


Functionalization

Several carbon materials have been functionalized by a diazonium coupling strategy. First sulfanilic acid and isoamyl nitrite react to form in situ a diazonium cation. After that step, a de-diazoniation reaction will couple the aryl sulfonic acid fragment on the carbon surface, via a strong covalent C-C bond with C atoms in the polyaromatic structure of the carbon material backbone (Figure 3). This functionalization method is safer than common methods (involving sulfuric acid) for producing sulfonic functions on carbon materials and can easily be scaled up. Moreover, this method is gentle on the carbonaceous (nano-)material that keeps its mechanical strength.


[image: Figure 3]
FIGURE 3. Diazonium coupling on carbon materials for sulfonic acid grafting.


A first observation is that the functionalized carbons become more hydrophilic and give better suspensions in aqueous medium. Functionalized materials have been characterized by XPS and the spectra displayed a single S2p peak, at 168.3 eV, which can be assigned to sulfonic functions (Wu et al., 2010). All the selected carbon materials have been successfully functionalized and the XPS spectra of each sample, before and after functionalization, are presented in the Electronic (Supplementary Information S1, Figures 1–7). Most carbon materials do not display any S2p peak before functionalization except GNP M15 that has a S2p peak around 164 eV which could be identified as thiol functions (Castner et al., 1996). These thiols functions might arise during synthesis of GNP M15. After functionalization, all carbon materials present a huge peak at 168.3 eV corresponding to sulfonic functions, as expected. The obtained S/C and N/C surface atomic ratios are presented in Table 1. It is observed that the S/C ratio is increasing strongly after functionalization, confirming the grafting of sulfonic functions. In addition, the N/C ratio is also rising after the reaction. This is due to some isoamyl nitrite that would have not reacted completely during the functionalization procedure and is still adsorbed on the carbon surface. This is confirmed by XPS analyses. Indeed, a nitrogen peak is appearing after the functionalization but it is not present anymore after catalytic test (Supplementary Information S2). Moreover, the XPS results have shown that the carbon peak has not been altered (Supplementary Information S2). The integrity of the carbon support is intact after functionalization.


Table 1. Catalysts characterization data: specific surface area; acidity determined via Boehm titration; atomic ratios determined by XPS analyses.

[image: Table 1]

The acidity of each catalyst was determined by Boehm titration (Table 1). For each different carbon, the acidity after functionalization is more important than before. The non-functionalized materials are presenting a low acidity, except the GNPs that already possess acidic functions (XG Sciences Inc., 2018). Indeed, graphene nanoplatelets (GNPs) are produced by graphite exfoliation in acidic medium and are therefore heavily functionalized. The increase is more or less important depending on the type of carbon considered. Indeed the diazonium coupling reaction is grafting the sulfonic functions directly on the carbon aromatic rings. The amount of defects on the carbon should not influence the yield of this grafting reaction.

There is one exception: the GNPs that keep almost the same acidity after the sulfonic functions grafting. This can be explained by the huge amount of acidic groups already present on the surface at the start. This does not mean that the functionalization is not occurring. Indeed, some of the starting acidic functions have been replaced by the sulfonic functions and this is confirmed by the XPS results showing an increase in the sulfur amount. Therefore, the acidity displayed by the GNPs is not coming only from the sulfonic functions but also from weaker O-only acidic functions.

The grafting disparities between some of the carbon solids may be linked to their specific surface areas, especially the CNF (LHT-OX) that displays a low surface area (26 m2/g). By opposition, activated coal SX+, which has a high specific surface area (922 m2/g), is showing a much higher acidity increase. Nevertheless, a perfectly linear relationship between BET surface area and the obtained acidity was not observed (Supplementary Information S3). Indeed, there are other factors that can impact the effectiveness of the functionalization. The type of carbon surface is important, i.e., the amount of defects, the presence of an amorphous layer, the number of Csp2 carbon atoms etc., but also the amount of acid functions already present at the beginning. Moreover, the diazonium produced in situ might have some difficulties to access the internal surface due to microporosity in some materials.

If we look at other catalysts synthesized by the same method in the literature, we can see that the acidity reported for nanofibers [52 or 63 mmol/100 g; (Stellwagen et al., 2013) is similar to our SO3H/LHT-OX catalyst, which is the lowest value obtained here after functionalization. Moreover our best catalysts, especially the functionalized MWCNT that reaches 189 mmol/100 g starting from a mere 14 mmol/100 g acidity, possess higher acidity than reported sulfonated carbons (108 mmol/100 g) or acidic aluminosilicates (105 mmol/100 g) but not as much of course as Amberlyst-15 [470 mmol/100 g; (Onda et al., 2008; Huang and Fu, 2013; Stellwagen et al., 2013). However, the sulfonic functions on our catalysts are more accessible and should display a better hydrolysis activity. A more detailed Table compiling acidic catalysts from the literature and their acidity values can be found in the Supplementary Information (S4).

TPD analyses have been performed to assess the strength of the acidic sites. Data are all presented in the Supplementary Information (S5). We can observe in the representative examples of Figure 4 that the functionalized LHT-OX presents the same curve than without functionalization (Figure 4A). It confirms the very low acidity of the functionalized material due to poor grafting of the sulfonic sites. We can also determine the presence of two types of acidic functions on the functionalized C750 (Figure 4B). Indeed a peak around 180°C (weak acids) can be noticed for the starting C750. After functionalization this peak is still visible but a more intense peak appears at 300°C. The first peak corresponds to the weak acidic functions already present on the carbon surface while the second peak can be identified as the sulfonic functions and can also be found on all the other functionalized materials. This peak from the sulfonic functions confirms the hypothesis that weak acids are replaced by the sulfonic acids in the case of M15 and C750 GNPs.


[image: Figure 4]
FIGURE 4. Ammonia desorption flux as a function of the temperature (A,B) and SO2 flux followed by MS during the TPD analysis (C,D).


However, TPD analyses do not seem to be ideal for sulfonic acids characterization because of the sulfonic functions thermal degradation, as mentioned in the literature (Shimizu et al., 2005). Indeed the SO2 peak has been followed by MS during the TPD analyses and for each functionalized material a peak at 300°C is observed (Figures 4C,D and Supplementary Information S6). This indicates that the sulfonic functions are degraded at this temperature. This means that the ammonia measured at 300°C comes from the sulfonic functions degradation, rather than desorption from intact sites. If the sulfonic functions were stable at higher temperature, the ammonia desorption could possibly occur at higher temperature. Therefore, we certainly underestimate the strength of these functions if concluding solely on the basis of the peak observed in TPD analyses and corresponding temperature. We cannot reliably characterize the sulfonic functions with this method, and find Boehm titrations more pertinent.



Catalysis

The catalysts have been tested for the hydrolysis of cellobiose into glucose (Figure 2) under mild conditions, namely under N2 autogenic pressure, at 130°C and 1,700 rpm for 2 h (Table 2). Blank was carried out using the same testing conditions, as described in the experimental part, but without any catalyst. Globally, non-functionalized starting carbon materials are giving the same conversion than the blank, around 25%. It confirms that the acidity determined by Boehm titration is due to weak acids, even with GNPs, that cannot catalyze the hydrolysis reaction. Indeed the observed conversion arises from the thermal cleavage of the glycosidic bond at this temperature. Functionalized catalysts are dramatically increasing the conversion up to a maximum of 94% with the SO3H/GNP-C750 graphene material. Sulfonic functions are controlling the hydrolysis pathway [(Huber et al., 2006); the mechanism is shown in Supplementary Information S7 and are improving the selectivity toward glucose to 95% (vs. 57% in the “blank” case). It is noteworthy that these figures (>90% conversion and selectivity) were obtained in only 2 h at 130°C. Common side-products usually obtained from glucose such as levulinic acid or formic acid have not been observed here. Other products such as 5-hydroxymethylfurfural cannot be completely ruled out as they are not identified with the HPLC column used in this work. Only some traces of fructose arising from isomerization of glucose have been identified. However, a total organic content (TOC) analysis has been carried out for each catalytic test and we always accounted for 100 mol.% of engaged carbon. It means that no other gaseous products are being formed.


Table 2. Conversion of cellobiose and selectivity in glucose.

[image: Table 2]

The catalysts that are displaying a poor acidity, such as the SO3H/LHT-OX sample, do not improve the conversion at all. We can assess that there is a minimum amount of acid necessary to switch on the catalysis for the acidic hydrolysis. As shown in Figure 5, below 120 mmol/100 g the conversion remains low. Beyond this threshold value, the catalysts show a good activity, as long as sulfonic functions are present.


[image: Figure 5]
FIGURE 5. Conversion of cellobiose depending on the acidity of the catalyst.


The quantity of catalyst used during the test also influences the activity. Several amounts of catalysts have been tested in the case of the SO3H/SX+ material (Figure 6). When the amount of catalyst is too low (20 mg), the catalyst is not active and the conversion is the same as the blank. When we increase the amount of catalyst, the acidic hydrolysis is triggered and the conversion is higher. However, the selectivity is excellent in all cases (much higher than the blank), independently of the amount of catalyst. Preliminary tests have been conducted on cellulose fibers (Sigma, reference C6288, crystalline, and high puritys) and 20% conversion (based on cellulose weight loss at the end of test) was observed.


[image: Figure 6]
FIGURE 6. Conversion of cellobiose depending on the amount of catalyst (SO3H/SX+).


Recyclability tests have been carried out with SO3H/SX+ and are shown on Figure 7. A slight decrease of the conversion from 81 to 67% is observed after the second run but the selectivity remains very high (97%). After the third run the conversion decreases again to reach 50% but stays quite stable for the next three runs. However, the selectivity is still reaching almost 100%. The plateau reached after three runs shows a conversion far better than the blank. It is shown here that the sulfonic functions are very robust and remain on the carbon material despite the test conditions.


[image: Figure 7]
FIGURE 7. Recyclability of SO3H/SX+ catalyst.


The slight decrease of conversion can be incriminated to the removal of some unreacted sulfonic compounds that were just adsorbed on the carbon surface. Indeed the acidity of the catalyst after the sixth run is 129 mmol/100 g for 145 mmol/100 g before tests. Nevertheless, the selectivity into glucose stays high because of the presence of strong acid sulfonic functions, which are the active sites for this transformation, even after six runs. In order to confirm this effect, a pre-treatment in the same conditions as those of the catalytic tests but without cellobiose was performed on the catalyst. The acidity of the pre-treated catalyst is 116 mmol/100 g and match with the value obtained for the catalyst after six runs. Following the same trend than acidity, XPS analyses confirm that sulfonic functions are fewer but still present on the pre-treated catalyst and the catalyst after test (Figure 8). This demonstrates that the sulfonic groups are stable under the catalytic tests reaction conditions [130°C and N2 autogenic pressure (6 bar)]. It is also observed that the position of the sulfur peak is not shifted. This means that our sulfonic functions are not reduced during the catalytic test eluding this possibility as a deactivation phenomenon. Two other reasons for the slight drop in conversion observed in Figure 7 that might be cited are strong adsorption of reactants and/or products and coking. However, no significant weight increase of our catalyst has been observed after the test.


[image: Figure 8]
FIGURE 8. S2p XPS peak for the functionalized SX+ before and after test and pre-treated catalyst.


Moreover, the quantity of nitrogen in the used or pre-treated catalysts is very small compared to the quantity on the freshly synthesized catalyst. Reactants that were stacked on the carbon material are washed away under these conditions. The acidic functions that are still grafted on the solid are robust and that is why they can be used many times. The conversion and the selectivity obtained with the pre-treated catalyst, respectively 51 and 98%, are the same than the plateau reached after three runs. These results show that our sulfonic functions grafted with the diazonium coupling are much more stable than sulfonic functions generated by hot H2SO4 treatment (Wu et al., 2010; Zhong and Sels, 2018). Therefore, the main interest of these catalysts is their recyclability. We have therefore obtained highly active and stable acidic catalysts suitable for biomass hydrolysis reaction at low temperature and within a short reaction time.




DISCUSSION

Various (nano)carbon solids have been functionalized through a diazonium coupling reaction leading to strong acidic sulfonic functions grafted on their surface. Their presence has been confirmed by Boehm titration, XPS and TPD analyses. Hydrolysis of cellobiose into glucose under inert atmosphere in neutral water medium has been improved by all our functionalized catalysts, compared to a “blank” with no catalyst, or the unfunctionalized carbon materials. A maximum of 84% of conversion with 95% of selectivity toward glucose has been obtained with the SO3H/RGO catalyst. Moreover, these results have been obtained at a low temperature (130°C) in only 2 h which is promising for hydrolysis of more robust substrate like cellulose for example. It has been discovered that below a certain amount of acidic functions no catalytic improvement is observed. In our conditions, 120 mmol/100 g of catalyst acidity is the minimum amount to trigger the hydrolysis activity. It has also been shown that our catalysts are recyclable. Indeed the performance of the SO3H/SX+ catalyst after six runs is much better than the hydrolysis without any catalyst. Moreover, the observed slight decrease of activity has been assigned to some reactants stacked on the carbon material that are washed away, while the sulfonic functions well-bound on the surface remain on it after tests. It is demonstrating the robustness of these functions in comparison with other functionalization methods such as carbon materials treatment with sulfuric acid that would also weaken the material mechanical properties. These functionalized carbon can further be used as supports for metallic nanoparticles in order to prepare bifunctional catalysts. The acidic functions will hydrolyze cellobiose into glucose while the metallic center can transform the glucose into high value molecules like sorbitol or HMF.
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Are Ionic Liquids Better Extracting Agents Than Toxic Volatile Organic Solvents? A Combination of Ionic Liquids, Microwave and LC/MS/MS, Applied to the Lichen Stereocaulon glareosum
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We report a green strategy for the extraction of lichen substances from Stereocaulon glareosum. This sustainable alternative does not use volatile toxic organic solvents, but it is assisted by microwave and is checked by UHPLC/ESI/MS/MS. Ionic liquids may provide a better alternative in the extraction of natural products from lichens.
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GRAPHICAL ABSTRACT



INTRODUCTION

Traditionally, most organic chemists routinely use volatile organic compounds (VOCs) in both synthetic processes, and in extraction techniques, to obtain organic extracts, such as maceration, infusion, distillation, percolation, and Soxhlet. In this sense, many natural product chemists have long attempted to change the se traditional methods by green ones; e.g., microwave, ultrasound, pressurized solvents, pulsed electric field, and high speed homogenization; for the extraction of secondary metabolites (Chemat et al., 2012; Ibañez and Cifuentes, 2017; Soquetta et al., 2018; Chatel and Varma, 2019).

Natural product processing, in the extraction, isolation and purification of these metabolites, implies the use of organic solvents, both in academia and in chemical industries. According to the European Union, VOC is any organic compound whose boiling point ranges up to 482°F (250°C). This hazardous material causes trouble in the pharmaceutical and chemical industry, where its extraction process is considered “dirty” when compared with perfume industries. As a result, specialists believe that its environmental impact is greater than they imagined (Chemat and Vian, 2014). A clear example of this paradigm change in organic synthesis was the redesigning of sertraline green synthesis, developed by Pfizer, obtaining a Presidential Green Chemistry Challenge Award in 2002 (Sheldon, 2010).

Solvents in organic chemistry are used during the extraction process and removed in large quantities afterwards. An accurate selection of a solvent is crucial to minimize the impact cost, safety, health, and environment. Green solvents are continuously being developed to substitute hazardous solvents by others with better health, safety, and environmental properties. As an alternative to toxic volatile organic solvents, ionic liquids (ILs), supercritical fluids, subcritical fluids, deep eutectic solvents have been proposed (Chemat and Vian, 2014). ILs are ionic species (organic salts), fluids or solids at room temperature. They consist of an organic cation (e.g., ammonium, imidazolium, pyridinium, phosphonium) and an anion (e.g., bromide, chloride, tetrafluoroborate, hexafluorophosphate). Besides, these ILs are attractive as solvents for green extraction and synthesis due to their unique properties, such as water solubility, low nucleophilicity, low vapor pressure, and a high level of extraction for organic compounds. Therefore, these features are continuously being considered by natural product researchers to extract and isolate secondary metabolites from plants. Compounds, such as flavonoids, alkaloids, phenolics, terpenoids, phenylpropanoids and polysaccharides, continue to prove the effectiveness of ILs as a green method for the extraction of these metabolites (Ventura et al., 2017; Zhao et al., 2018).

Lichens are the result of the symbiotic interaction between an ectomycorrhizic fungus (known as the mycobiont) and a photosynthetic alga (the photobiont), forming ecologically and evolutionary discrete thallus (the holobiont). The photobionts are algae present in these different groups of organisms: cyanobacteria, green algae (Chlorophyta) and brown algae (Heterokontophyta). Through time, lichens have been used for various purposes, in particular as dyes, perfumes and remedies in folk medicine. Lichens occur in some of the most extreme environments on Earth, hot deserts, rocky coasts, and toxic slag heaps. Besides, they are abundant as epiphytes in the environment; on leaves and branches in rain forests and temperate woodlands; on bare rock, including walls and gravestones; on exposed soil surfaces; and also on tiles and rooftops. Lichens are widespread, due to their poikhilohydric strategies. They are vulnerable to environmental disturbances, such as sulfur dioxide, hydrogen fluoride and other organopollutants. Species of Evernia, Peltigera, Parmelia, Cladonia, Rocella, and Pertusaria, have been used to control fever, diarrhea, infections, skin diseases, epilepsy, convulsions, and as purgative. Peltigera canina is a tonic used to treat liver ailments because of its high methionine content. Nowadays, the antibiotic aspects of lichens have greatly enhanced its medicinal importance (Lakatos, 2011).

Lichens have a varied chemistry and produce many compounds, including phenolic com- pounds, dibenzofurans, depsides, depsidones, depsones, lactones, anthraquinones, and pulvinic acid derivatives. Lichens present a multiple biological activity e.g., antibiotic, antitumor, antiviral, allergenic, gastroprotective, antiulcer, antiherbivore, antileishmanial, anti-inflammatory, antioxidants, antitrypanosoma, enzyme inhibitory, and plant growth inhibitory (Shukla et al., 2010; Muller, 2011; Nguyen et al., 2013; Calcott et al., 2018). Studies of the chemistry of lichens have identified more than 1,000 secondary metabolites, known as lichen substances. These chemicals are usually insoluble in water, but they can be extracted by means of organic solvents. This extracted amount ranges from 0.1 to 10% of the dry weight of the thallus, and sometimes up to 30% (Shukla et al., 2010; Muller, 2011).

The aim of this work is to provide alternative solvents for extraction of natural products from lichens. In this context, we studied extraction methods from Stereocaulon glareosum using ionic liquids instead of classical organic solvents, such as methanol. Finally, each extract was checked by using UHPLC/ESI/ MS/MS.



MATERIALS AND METHODS


Chemicals

UHPLC-MS solvents were purchased from Merck (Santiago, Chile). Ultrapure water was obtained from a Millipore water purification system (Milli-Q Merck Millipore, Chile). Some standards were purchased either from Sigma Aldrich (Saint Louis, Mo, USA), or Extrasynthèse (Genay, France).



Lichen Material

Stereocaulon glareosum were collected in the snowy Huaytapallana, Junin, Perú in January 2017 at 5000 m.a.s.l. (11° 57′ 15,50″S; 75° 2′ 33,77″W). The samples were identified by the lichenologist Angel Ramirez. The voucher herbarium specimens were kept at the Natural History Museum of the Universidad Nacional Mayor de San Marcos under reference number USM 278427.



Maceration Extraction

The powdered sample of Stereocaulon glareosum (0.200 g) was placed in 10 mL of methanol at room temperature, and extracted for 24 h. After centrifugation (9,000 g, 30 min), the supernatant was concentrated in vacuum to yield 18 mg of a dark extract (9%).



Ultrasound-Assisted Extraction

The powdered sample of S. glareosum (0.200 g) was placed in 10 mL of the following ionic liquids: 1-butyl-3-methylimidazolium methylsulfate ([Bmim]MeSO4); 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4); 1-butyl-3-methylimidazolium bromide ([Bmim]Br), and 1-butyl-3-methylimidazolium chloride ([Bmim]Cl). The ultrasound-assisted extraction of the samples was performed in an ELMA ultrasonic bath (ELMA, GmbH, Germany) at 40 kHz frequency for 30 min. After extraction, the supernatant was centrifuged for 30 min at 9,000 g, and then, filtered to induce a precipitate by using water. Unfortunately, no precipitate was obtained.



Microwave-Assisted Extraction

The powdered samples of S. glareosum (0.200 g) were placed in 10 mL of the following ionic liquids: 1-butyl-3-methylimidazolium methylsulfate ([Bmim]MeSO4); 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4); 1-butyl-3-methylimidazolium bromide ([Bmim]Br), and 1-butyl-3-methylimidazolium chloride ([Bmim]Cl). Then, they were placed in a microwave device (Anton Parr, Switzerland) with adjustable operating parameters (100°C, 30 min and 10 W). After centrifugation for 30 min at 9,000 g, the supernatant was precipitated, using water (5 mL), to yield a dark gummy extract.



UHPLC-PDA-MS Instrument

The Thermo Scientific Dionex Ultimate 3000 UHPLC system hyphenated with a Thermo Q exactive focus machine used was already reported. For the analysis, 2 mg of each extract were first dissolved in 2 mL of ethanol, then filtered (PTFE filter) and finally 10 μL were injected in the instrument, with all specifications set as previously reported (Salgado et al., 2017; Torres-Benitez et al., 2017).


LC Parameters and MS Parameters

Liquid chromatography was performed using an UHPLC C18 column (Accucore, 150 mm × 4.6 mm ID, 2.5 μm, Thermo Fisher Scientific, Bremen, Germany) operated at 25°C. The detection wavelengths were 254, 280, 330 and 354 nm, and PDA was recorded from 200 to 800 nm for peak characterization. Mobile phases were 1% formic aqueous solution (A) and 1% formic acid in acetonitrile (B). The gradient program (time (min), % B) was: (0.00, 12); (5.00, 12); (10.00, 20); (15.00, 40); (20.00, 40); (25.00, 70); (35.00, 12); and 15 min for column equilibration before each injection. The flow rate was 1.00 mL min−1, and the injection volume was 10 μL. The standards, and the extracts dissolved in ethanol, were kept at 10°C during storage in the autosampler. The HESI II and Orbitrap spectrometer parameters were optimized as previously reported (Salgado et al., 2017; Torres-Benitez et al., 2017).





RESULTS AND DISCUSSION

We started with the extraction by maceration and ultrasound, two traditional common procedures in Natural Product Chemistry in order to obtain the best lichen extract yields after precipitation with water (Figure 1). According to our results, the use of maceration and ultrasound in ILs was not suitable since it did not render extracts.


[image: Figure 1]
FIGURE 1. Scheme used in the extraction process.


This failure could be explained by the high viscosity of ILs I-IV, which avoids transfer of the compounds toward the solvent in the case of maceration. While in the case of ultrasound assisted extraction, the power could have been low (50 W at a frequency of 40 KHz). Therefore, microwave-assisted extraction was performed in duplicate, thus obtaining a more effective amount than MeOH traditional extraction. In order to check that the ILs (I-IV) are preferable extraction systems for the secondary metabolites, an untargeted metabolomics study based on UHPLC/ESI/MS/MS was performed to identify all compounds (Cornejo et al., 2016; Salgado et al., 2017; Torres-Benitez et al., 2017).

The extraction results by using the [Bmim]MeSO4, [Bmim]BF4, [Bmim]Br, [Bmim]Cl, and MeOH were by 17, 15, 14, 11, and 9% respectively. As shown, the extraction yields for ILs (I-IV) were higher than the MeOH extract. Among them, [Bmim]MeSO4 was the highest one, indicating that [Bmim]MeSO4 is more efficient for the extraction of metabolites than traditional methanol. These results could be explained by the temperature being 100°C, which reduces the viscosity of ILs, making the system thermodynamically stable, and facilitating the mass transfer process (Ventura et al., 2017). In relation to liquid/solid ratio (L/S) on the extraction efficiency, we selected an L/S ratio by 10/0.2 (mL/g) based on our experience, since L/S above of 50 mL/g do not increase the extraction yields.

To further evaluate the effects of ILs on the extraction efficiency, we compared all chromatograms and total ion currents for the five extracts obtained. Qualitative analysis by UHPLC/ESI/MS/MS helped to identify the chemical cluster s and the potential of each extract of Stereocaulon glareosum. Structural diversity was grouped as follows: depsides, depsidones, diphenylethers, dibenzofurans, lipids, monoaromatics, polyols and unknown compounds. As shown in Figure 2, the results showed that the [Bmim]MeSO4 and [Bmim]BF4 extracts were the solvents with the highest number of extracted compounds than with methanol. Even, the four ILs used in this study were more efficient than methanol. Untargeted metabolomics tentatively identified 49 compounds from the methanolic extract, and 89, 89, 81 and 84 metabolites from [Bmim]MeSO4, [Bmim]BF4, [Bmim]Br, and [Bmim]Cl extracts, respectively. In relation to mass transfer processes, it is well-known that temperature increase generally improves extraction efficiency. Besides, it could produce chemical artifacts.


[image: Figure 2]
FIGURE 2. Distribution of the number of lichen substances extracted by methanol and ionic liquids.


As shown in Figure 3, the qualitative analysis by the widely used UHPLC/ESI/MS/MS was performed for the characterization of secondary metabolites in complex mixtures based on their MS/MS fragmentation patters (Cornejo et al., 2016; Salgado et al., 2017; Torres-Benitez et al., 2017). On the MeOH extract, seven chemical families were detected and identified under the previously proposed LC/MS/MS analysis conditions, while on the ILs, eight families were detected, and seven identified. In the case of the family molecular of depsidones, the solvent [Bmim]MeSO4 extracted 20 compounds, being more efficient than methanol organic solvent (12 depsidones). In relation to the family of depsides, the solvent [Bmim]MeSO4 extracted 12 metabolites, being more efficient than methanol, which extracted 4 depsides. Among the solvents studied, no difference was observed in the case of the dibenzofurans extraction. In the case of the molecular family of lipids, the solvent [Bmim]MeSO4 extracted 25 metabolites, while methanol solvent identified 12 lipids, showing a similar tendency for depside and depsidone families. In the case of monoaromatic compounds, our results indicated that the [Bmim]Br and [Bmim]Cl solvents detected 21 compounds, being the highest ones. While the methanol extract identified six compounds, being the lowest ones. In the case of the family of unknown compounds, [Bmim]BF4 was more efficient for the extraction of these unidentified compounds than for the other ILs. These unknown compounds were not identified since LC/MS data did not match with theoretical information existing in the literature. For the diphenylether and polyol families, the methanol solvent showed better extraction efficiency for these type of compounds than for all ILs (for details see Table S1).


[image: Figure 3]
FIGURE 3. Distribution of the chemical groups extracted.


Another important case study in the discovery of natural products is related to detecting new compounds due to a high repetition rate in the extraction and purification process. In this sense, the application of ILs could be an alternative tool for the extraction and isolation of lichen substances. All new compounds reported in our study were tentatively elucidated based on the UHPLC/DAD analysis, HESI-MS/MS fragmentation and biosynthetic considerations. From the methanolic extract, five new compounds were tentatively identified for the first time (Table 1). Peak 33 showed an UV absorbance at 243, 287, 326 nm, characteristic of depsidone. The [M–H]− ion at HR was detected at m/z 431.0983, with its fragmentation evidencing daughter ions at m/z 387.1074, 343.1181, and 209.0452. This implied a closed ring (2–5′); the H-5 was replaced by OH moiety (supported by 209.0452 fragment); and at 2′-OH a methyl group was added. Considering that peak 33 showed similar patters to that of elatinic acid, peak 33 was identified as 5-hydroxy-2-O-methylelatinic acid. The depsidone at peak 82 was tentatively identified as dehydroxyglomellonic acid, based on the following considerations: UV at 226, 257, 316 nm, the [M–H]− ion at m/z 453.1554 and its MS/MS fragments at m/z 409.1658, and 221.0823. This last fragment [C12H13O4]− indicated the loss of OH moiety at C-2′ from glomellonic acid. Peak 103 was identified as 2″-dehydro lobaric acid due to the presence of a double bond at C-2″ of the lobaric acid. Peak 103 showed a molecular anion at m/z 453.1554. The MS/MS fragmentation produced ions at 409.1659, 365.1767, and 223.0972, confirming that this depsidone is similar to lobaric acid. The fragment at m/z 223.0972 [C12H15O4]− implied the absence of double bond on the pentyl group at C-6′. Therefore, the double bond should be on the other pentyl group at C-6 of the peak 103. Peak 104 was identified as 1‴-dehydroloxodin evidenced for its high resolution MS spectrum (453.1557), MS/MS (409.1660; 379.1561; 221.0812) and UV data (217; 278; 318 nm). The main difference with loxodin was the position of a double bond at C-1‴, which was assigned by the presence of the fragment at m/z 221.0812 [C12H13O4]− and biosynthetic approaches in lichen substances. Peak 111 showed a [M–H]− ion at m/z 177.0193. This aromatic compound is closely related to hematommic acid, based on their UV data and fragmentation patterns at m/z 163.0395, 133.0286, 119.0493, and 105.0337. Peak 111 was tentatively identified as hematommic acid lactone.


Table 1. Identification of five new compounds in methanolic extract from S. glareosum by UHPLC-ESI-MS/MS.

[image: Table 1]

From the [Bmim]MeSO4, [Bmim]BF4, [Bmim]Br and [Bmim]Cl extracts, 12, 8, 8, and 8 new compounds were tentatively identified, respectively. From these, five were already described in the methanol extract. Details about this tentative chemical characterization is found in the Supplementary Material.

It is well-known that the type of solvents, and its physicochemical characteristics, such as: chemical and thermal stability, non-flammability, viscosity, density, surface tension, and negligible volatility, are important factors in an extraction system when determining the chemical clusters and number of compounds extracted (Ventura et al., 2017). The choice of ILs, with the same cation and different anions, allowed us to detect that inorganic anions (Br, Cl, and BF4) significantly increased their extraction. This could be explained by different internal interactions, such as π-π and Vander Walls interactions. In the case of anion MeSO4, hydrogen bonding could also be considered since it was the best solvent acting as extracting agent.

As a result, none of the ILs showed a particular trend about the specific types of lichen substances extracted. Overall, [Bmim]MeSO4 followed by [Bmim]BF4 showed the highest incidence of detected, identified, and unidentified compounds. ILs used in our study had restricted properties, such as weak hydrogen-bonding. Therefore, it is unable of dissolving polar compounds since the anion does not contain polar residues. The same cation for all ILs, varying only anions, was used. This fact was evidenced by the presence of more polyols detected in methanol extract than in ILs extracts (Chemat and Vian, 2014; Ventura et al., 2017; Zhao et al., 2018).

Bonny et al. (2011) reported for the first time the extraction of the depsidone norstictic acid using IL-MAE as extraction method and checked by HPTLC. In that study, the ILs [C1mim][MeSO4] and [C2mim][EthylSO4] showed the best extraction of norsticitic acid compared with conventional heat-reflux extraction. Finally, the authors concluded ILs are alternative solvents for the extraction of major lichen substances. According to our results, we could extend it to the identification of minority compounds when is coupled to MS/MS studies.

In the context of green processes, supercritical fluid extraction (SFE) has been used to retain the natural characteristics of products after their processing avoiding the presence of toxic organic solvents, thus increasing the market values of the final products. SFE uses a gas (typically CO2) that under supercritical conditions act as the non-polar solvent for extraction of natural compounds. Sometimes, it is possible modified that polarity by co-solvents such as ethanol, methanol, isopropanol, or ethyl lactate. As a result, SFE has been used for the isolation of metabolites or valuable extracts from many species. It is the case of Grape (Vitis vinifera L.), tomato (Solanum lycopersicum L.), thyme (Thymus vulgaris L.), eucalypt (Eucalyptus spp.), coffee (Coffea spp.), sunflower (Heliantus annuus L.), flax (Linum usitatissimum), rosemary (Rosmarinus officinalis L.), red pepper (Capsicum anuum L.), rice (Oryza variety), carotenoids (carrot, tomato, apricot, peach and pumpkin) and many others (De Melo et al., 2014; Lima et al., 2019). However, SFE is not economically viable due to high operational costs despite the excellent extraction properties. As alternative solvents many authors propose the use of ionic liquids or bio-based solvents for the more polar compounds such as alkaloids, terpenoids, flavonoids, saponins, phenolic compounds (Chemat and Vian, 2014; Torres-Valenzuela et al., 2020).

Finally, these results could support the use of ILs instead of traditional organic solvents in the extraction of lichen substances based on alternative solvents in Green Chemistry. The reason for this changes are: reduction in both extraction time and solvent consumption, higher compound extraction detected by untargeted metabolomics, and MAE (Chemat and Vian, 2014).



CONCLUSIONS

A convenient, and effective untargeted metabolomics study by using ionic liquid-based microwave-assisted extraction coupled to UHPLC/DAD/ESI/OT/MS/MS successfully detected and identified lichen substances from the lichen Stereocaulon glareosum. Methanol was used as control for the conventional organic extraction. Comparing the four IL extracts ([Bmim]MeSO4, [Bmim]Br, and [Bmim]Cl and [Bmim]BF4) with MeOH extract, we could conclude that ILs displayed a higher compound extraction index as extracting agents. The LC/MS plan was used for the tentative structural elucidation by using both high-resolution MS/MS studies and untargeted methodologies. These techniques provided 89 [Bmim]MeSO4 compounds and 89 [Bmim]BF4 compounds, which were better solvents than the 49 MeOH compounds for the extraction from lichens. ILs assisted by microwave-radiation, as extraction methods, were simple, rapid, effective and inexpensive. Even though ILs showed high potential as sustainable solvents for screening of lichen substances, their recovery and toxicity are still being questioned.
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A series of gold catalysts supported on pure CeO2, ZrO2, and two different Ce-Zr mixed oxides have been prepared and tested in the 5-hydroxymethyl-2-furfural oxidation reaction. All catalysts show high catalytic activity (100% conversion) and important selectivity (27–41%) to the desired product i.e., 2,5-furandicarboxylic acid at low base concentration. Products selectivity changes with the support nature as expected, however, the observed trend cannot be related neither to gold particle size, nor to catalyst reducibility and oxygen mobility. An important relation between the FDCA selectivity and the support textural properties is observed, conducing to the general requirement for optimal pore size for this reaction.

Keywords: gold, 5-hydroxymethyl-2-furfural, oxidation, 2, 5-furandicarboxylic acid, support effect, CexZr1-xO, CeO2, ZrO2


INTRODUCTION

The oxidation of 5-hydroxymethyl-2-furfural (HMF) to 2,5-furandicarboxylic acid (FDCA) is widely recognized as a potential process to replace petroleum-derived chemical, terephthalic acid, with a biorefinery-derived one (Zhang and Deng, 2015). Due to its chemical similarity, the polymerization of FDCA (concretely the dimethyl ester of FDCA) with ethylene glycol forms polyethylene furanoate (PEF), a plastic based polymer comparable to polyethylene terephthalate (PET) (Gandini et al., 2008). Certainly, recent studies have focused on the comparison of PEF and PET overall performances, revealing PEF's superiority in terms of physical, mechanical, and thermal properties (Burgess et al., 2014). The latter has motivated the scientific community to investigate FDCA production processes, mainly based on the efficient transformation of 5-hydroxymethyl-2-furfural (HMF). Most research focused on the catalytic screening of several systems, mainly based on noble metals, under different reaction conditions, being Ru (Nie et al., 2013; Yi et al., 2016), Pd (Siyo et al., 2014; Liu et al., 2015; Zhang et al., 2015), Pt (Siankevich et al., 2014; Ait Rass et al., 2015; Han et al., 2016), and Au (Lolli et al., 2015; Masoud et al., 2018; Megías-Sayago et al., 2018) the most reported. The HMF oxidation performances, logically, depend on the used metal, the support's chemical nature and the employed reaction conditions, with a special emphasis on the presence or absence of base (Zope et al., 2010; Pasini et al., 2011; Ardemani et al., 2015; Menegazzo et al., 2015; Du et al., 2018; Ferraz et al., 2018). Among the noble metals, gold has demonstrated to be alike to the others, more resistant to deactivation by overoxidation (Zhang and Deng, 2015) and sometimes even more active (Davis et al., 2011, 2012; Zhang and Deng, 2015).

The HMF molecule possesses two side chain functional groups, aldehyde and alcohol, and their cascade oxidation leads to the dicarboxylic acid, i.e., FDCA. The general reaction network (Scheme 1) includes 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 2,5-diformylfuran (DFF), 5-formyl-2-furancarboxylic acid (FFCA), and final 2,5-furandicarboxylic acid (FDCA). The use of gold orientate the HMF oxidation via HMFCA pathway, DFF is never detected, being the rate-limiting step the HMFCA to FFCA oxidation (Casanova et al., 2009; Albonetti et al., 2012; Lolli et al., 2015).


[image: Scheme 1]
SCHEME 1. General reaction network for HMF oxidation.


Interesting studies concerning mechanistic aspects have been carried out by Davis' group (Zope et al., 2010; Davis et al., 2012). They proved, by means of labeling experiments, that gold/water interfaces in presence of oxygen participate in the formation of hydroxyl ions from dioxygen and water, being the formed ions included in the reaction. Both hydroxyl species and HMF adsorb on gold surface without a direct support contribution in this mechanism. On the other hand, a recent study of our group (Megías-Sayago et al., 2018) reported a key role for the support surface in the rate-limiting step, particularly of support's Brönsted acidity and its participation in the reaction mechanism. Although reported as a key factor influencing the activity, the acidity is not the only one. The active sites access, reactive adsorption, product desorption, and selectivity are influenced by support's textural, redox, and electronic properties. There is actually a lack of studies relating all support properties to HMF conversion and FDCA yield over gold-based catalysts. That is why the present work aims to give more insights on the influence of the support's properties in the HMF oxidation reaction over a series of Au/CexZr1−xO2 catalysts.



EXPERIMENTAL


Materials

HAuCl4 (Johnson Matthey), Ce(NO3)3·6H2O (Sigma Aldrich), and ZrN2O7·xH2O (Sigma Aldrich) were used as precursors for the preparation of catalyst series. The following products were used for the reaction: sodium hydroxide (Sigma Aldrich), 5-hydroxymethyl-2-furfural (AVA Biochem), 2,5-furandicarboxylic acid, 5-hydroxymethyl-2-furancarboxylic acid, 5-formyl-2-furancarboxylic acid, and 2,5-diformylfuran (the last three from Toronto Research Chemicals).



Catalyst Preparation

Homemade supports were prepared according to coprecipitation method (Letichevsky et al., 2005), using the appropriate precursor quantities to obtain Ce-Zr mixed systems of 25 and 50 wt% in CeO2 (named as Ce25Zr and Ce50Zr, respectively). Zirconium precursor was dissolved in hot water and then mixed with cerium precursor under continuous stirring at pH 9, adjusted with NH3 (Panreac). Solids were dried at 110°C during 4 h and calcined in static air at 500°C for 1 h, with a heat ramp of 10°C/min. Analogous procedure was used for pure oxides, CeO2 and ZrO2 (named Ce and Zr, respectively). All the solids were powdered in an agate mortar with the fraction of 100–200 mm used for gold deposition. Gold (2 wt% nominal value) was deposited on the four different supports according to the Direct Anionic Exchange (DAE) method assisted by ammonia, proposed previously by Ivanova et al. (2004). In a typical procedure, a solution of the gold precursor (around 10−4 M) was heated to 70°C, and contacted with the support for 20 min. After that, a suitable amount of NH3 was added. The final solid was filtered, dried at 100°C overnight and calcined at 300°C for 4 h. This method was chosen for its relative reproducibility in loadings and particles size for supports with similar isoelectric point and chemical compositions.



Characterization Techniques

XRD measurements were performed at room temperature on Panalitycal X'Pert Pro diffractometer, equipped with Cu anode. All diffractograms were recorded in 5–90°2θ range, with 0.05° step size and 300 s acquisition time.

BET specific surface areas and pore diameters, calculated by the BJH method, were obtained using a Micromeritics Tristar II equipment. Prior to the analysis, the samples were outgassed at 250°C in vacuum.

TEM micrographs were performed both with a HRTEM Jeol 2010F and a TEM/STEM FEI TECNAI F20 using a high-angle annular dark field (HAADF) imaging mode at 200 kV.

Gold contents were determined by X Ray Fluorescence (XRF) using Panalitycal AXIOS spectrometer with Rh tube of radiation.

Temperature programmed reduction experiments (TPR-H2) were carried out over ~50 mg of sample charged in a conventional U-shaped reactor under heating at constant rate of 10°C/min till 900°C under 50 mL/min certified 5% H2 in Ar gas mixture. H2 consumption was followed by TCD detector and quantified by using CuO (99.999%) standard.

For the Oxygen Storage Complete Capacity (OSCC) 100 mg of catalyst were loaded into the same U-shaped quartz reactor. Every sample was pretreated in 50 mL/min He flow at 300°C for 2 h and after cooled down to the desired temperature. For each temperature, 10 O2 pulses of 1 mL were injected every 2 min. After that, the sample was submitted to 10 equivalent CO pulses. The OSCC is obtained from the total CO2 produced in all CO pulses. The sample was then degassed during 10 min in a He flow and subjected to a new series of oxidizing pulses (ten O2 pulses) and subsequently to six alternating pulses (CO–O2-CO–O2-CO–O2). The OSC is determined by the average amount of CO2 per pulse formed after the first CO pulse of the alternated ones. This method is based on that proposed by Kacimi et al. (1993) and Royer and Duprez (2011). The gas composition at the exit of the reactor was analyzed by a mass spectrometer PFEIFFER Vacuum PrismaPlus controlled by Quadera® software.



Catalytic Tests

The oxidation of HMF was performed in an autoclave reactor of 100 mL of capacity, provided with a mechanical stirrer (0–600 rpm) and measurement tools for temperature and pressure. The reactor was charged with an aqueous solution of HMF (~25 mL), the necessary amount of NaOH and the catalyst in a HMF:Au:NaOH of 1:0.01:2. Before the test, the reactor was purged two times with pure O2 (10 bar) and finally pressurized to 10 bar. Temperature was increased to 70°C and the reaction mixture was stirred at ~400 rpm for 4 h. The reaction starts (t = 0) when the temperature reached 70°C (about 10 min). After 4 h, the reactor was cooled down to room temperature in an ice bath and the reaction mixture centrifuged and filtered. A sample was taken and diluted before analysis with an Agilent Infinity 1260 liquid chromatograph equipped with an Aminex HPX-87H 300 mm × 7.8 mm column using 0.005 M H2SO4 as eluent. Conversion, selectivity and yield were calculated from peak areas, after calibration using reference commercial samples, according to the following equations:
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RESULTS AND DISCUSSION


Catalysts Characterization

Table 1 summarizes the chemical composition of the samples estimated by X-Ray Fluorescence (XRF), the gold particles sizes estimated by TEM and the calculated gold dispersions. The composition of the mixed oxides results to be very close to all targeted values, being 44.7 and 24.2 wt% CeO2 for Ce50Zr and Ce25Zr samples, respectively. Regarding the gold loadings, out of AuCe sample that shows unexpectedly high amount, all other samples demonstrate good approximation to the targeted values. Considering that the gold deposition was carried out with the same procedure for all the samples (same precursor to support ratio), the doubled Au loading for the AuCe sample indicates analysis problem or a probable matrix effect. The same was observed for a series of Au/CeZr catalysts prepared over commercial supports with similar composition, reported elsewhere (Megías-Sayago et al., 2018).


Table 1. Chemical compositions and dispersion of the selected solids.

[image: Table 1]

CeO2 sample presents a set of intense diffractions (Figure 1) corresponding to the cubic fluorite structure (ICSD #00-034-0394). For the mixed oxides, the zirconia introduction induces two evident effects. Firstly, the formation of homogeneous solid solution, predicted based on the diffraction pattern shift: Ce (111) shifts from 28.7° 2Θ to 29.3 and 29.8 for Ce50Zr and Ce25Zr samples, respectively. All binary systems present typical diffraction patterns of CexZr1−xO2 solid solutions (Thammachart et al., 2001; Gutiérrez-ortiz et al., 2004) with absence of pure CeO2 and ZrO2 segregated phases. After 50% zirconia addition, the diffractions of CeO2 fluorite structure move to higher angles, because of ceria lattice shrinkage, caused by the substitution of Ce4+ (0.098 nm ionic radii) with smaller Zr4+ cations (0.084 nm) (Gutiérrez-ortiz et al., 2004). This effect confirms the formation of a solid solution. The introduction of 75% zirconia, however, induces even higher diffraction shifts attributed to the zirconia lattice expansion due, in this case, to the replacement of Zr4+ cations with bigger Ce4+ cations. Actually and according to the literature (Gutiérrez-ortiz et al., 2004) Ce50Zr sample has a cubic structure (ICSD #00-028-0271) whereas Ce25Zr sample presents tetragonal one (ICSD #01-080-0785). Pure ZrO2 solid shows the presence of both, cubic (ICSD #00-003-0640) and monoclinic (predominant, ICSD #00-007-0343) structures. Furthermore, the second effect induced by Zr introduction concerns particles size diminution, evidenced by the diffractions broadening in zirconia containing samples. Reina et al. (2013) observed similar effect with the introduction of defects for the cerium iron mixed oxides. This effect could be ascribed to the different nucleation rate between ZrO2 and CeO2-rich phases. Regarding gold catalysts, no diffraction attributed to gold (vertical dashed lines) appears suggesting small gold particles size.


[image: Figure 1]
FIGURE 1. X-ray diffraction patterns of CexZr1−x O2 supports and its corresponding gold catalysts. Main gold diffractions are marked as [image: yes].


Indeed, a small average gold particle size is estimated using High-resolution transmission electron microscopy (HR-TEM) combined with high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Due to the similar atomic weight of gold and cerium, their individual identification often becomes a difficult task. For this reason, both techniques were combined to get the best possible contrast. Representative micrographs and particle size distributions are presented in Figure 2.


[image: Figure 2]
FIGURE 2. TEM/STEM images and particle size distributions of prepared samples.


The mean gold particle size ranges 2.1–3.7 nm (Table 1) with a typical Gaussian like distribution. On pure CeO2 and ZrO2 the supported gold particles present higher average size and larger distribution, while for the mixed oxides the opposite is observed. The presence of higher Zr content seems to promote gold average particle size decrease. A plausible explication of this fact is the increase of the defect population in the mixed samples and facilitated gold nucleation over the defects sites (Hernández et al., 2010; Menegazzo et al., 2015).

Table 2 compares the specific surface area, average pore size and pore volume of Au-supported samples.


Table 2. Textural properties of the studied Au catalysts.

[image: Table 2]

All prepared catalysts are mesoporous solids with areas ranging from 49 to 82 m2/g, being that of pure oxides a half of the area of the mixed oxides. The solids present pore sizes around 3 nm exception made by the AuCe sample with considerately superior size (9.9 nm). The differences are also noticeable regarding the pore volume distributions, highest the average pore size highest the corresponding pore volume. We can suppose that the higher surface area for low pore size and volume for the mixed oxides corresponds to the interparticular surface, and lower the particle size (evidenced by XRD) higher the area and lower the pore size.

The catalyst's redox properties were investigated by means of temperature-programmed reduction (TPR). H2 consumption profiles as a function of the temperature for the prepared series are presented in Figure 3. Bare ceria sample shows only one zone of reduction centered at 749°C, assigned to the reduction of surface ceria. A typical ceria samples reduction profile is characterized by two zones, surface ceria at lower temperatures and bulk ceria at higher temperatures (Gutiérrez-ortiz et al., 2004). The appearance of only one reduction zone suggests a probable bulk ceria reduction at higher temperatures (>900°C) that cannot be registered by our equipment which is consistent with some literature reports (Kaspar et al., 1999).


[image: Figure 3]
FIGURE 3. TPR-H2 profiles of the supports (dashed lines) and their corresponding gold catalysts (full lines).


In contrast, the TPR profiles of the mixed oxides are much complex. The introduction of ZrO2 into ceria and vice versa leads to lattice deformation, as revealed by XRD, and as a consequence, the reduction process is not limited to the surface but also involves more easily the bulk (Gutiérrez-ortiz et al., 2004). The oxide reduction (understood as loss of oxygen atoms) is strongly influenced by the oxygen mobility, utterly boosted by the presence of zirconia. Therefore, the mixed oxides reduction zones shift to lower temperatures and the reduction percentage increases. Now, it is possible to distinguish three reduction zones, attributed to oxygen atoms from different layers stuck between surface and bulk. As for ZrO2 profile no clear reduction process is detected in agreement with the literature (Kaspar et al., 1999), although some hydrogen consumption is registered, most probably caused by hydrogen adsorption/desorption processes (Kondo et al., 1990).

When gold is introduced to the systems the reduction process is apparently more complete (higher area of the zones) and shifts to lower temperature. Presumably the hydrogen mobility is facilitated by the metal and the reduction rate rises significantly in the presence of gold (Jacobs et al., 2004). In a similar manner, the low temperature reduction zone is assigned to the noble metal promoted ceria surface reduction and the high temperature reduction process to the ceria bulk reduction. The AuCe25Zr sample shows only one reduction event centered at 163°C. It appears that the redox behavior of the mixed oxides depends on zirconia content, higher the content narrower the reduction zone at lower temperatures.

The reducibility percentages (RP) are calculated according to the following equation:

[image: image]

The RP relates the experimentally measured H2 consumption (EHC) to the total theoretical H2 consumption (THC). The THC depends on the oxidation state and the number of considered reducible species. For all samples, Ce4+ species are considered reducible to Ce3+ species (Equation 5), whereas the Zr4+ remain irreducible under H2 flow. As for gold, due to the auto-reduction capability of gold species during the calcination process, gold is presumably metallic, and therefore non-reducible species. The results are presented in Figure 4.

[image: image]

The samples of pure ceria show 50% of total reduction degree in the temperature range considered in this study. However, the mixed oxide samples present higher RP due most probably to the higher oxygen mobility. The RP decreases as following:

[image: image]


[image: Figure 4]
FIGURE 4. Reducibility percentage (RP) of the prepared solids.




Catalytic Tests

Before testing the catalysts, the blank tests of the supports resulted in the formation only of by-products, due to HMF degradation in the presence of NaOH. The supports were not able to convert catalytically HMF to the desired product. On the contrary, the presence of gold promoted the HMF conversion and its selective oxidation to 2,5-furandicarboxylic acid (FDCA) and 5-hydroxymethyl-2-furancaboxylic acid (HMFCA). The latter is the first reaction intermediate as shown in Scheme 1, which converts lately to 5-formylfuran-2-carboxylic acid (FFCA) and finally to FDCA. FFCA is detected only in negligible amounts due to its rapid conversion to the final product. In fact, the rate-limiting step of the reaction is the alcohol group oxidation (Siyo et al., 2014; Albonetti et al., 2015). This is the preferred pathway for HMF oxidation in presence of NaOH, diformylfuran (DFF) is never formed (Lolli et al., 2015). All catalysts showed nearly 100% of HMF conversion (Figure 5), AuZr and AuCe exhibiting higher FDCA yield than that of gold supported over mixed oxides.


[image: Figure 5]
FIGURE 5. Catalytic activity of the prepared samples. Reaction conditions: 4h, 70°C, 10 bar O2, HMF:Au:NaOH 1:0.01:2, Legend: HMF conversion (■), HMFCA yield ([image: image]),FFCA yield ([image: image]), FDCA yield ([image: image]).


The catalytic behavior could be influenced by the presence of CeO2 and its redox nature, acidity, and textural properties, or by gold dispersion. Considering ZrO2 irreducible, the catalysts' oxygen mobility should arise from CeO2 and collaborative CeO2-Au or Ce-Zr-O interactions.

The oxygen storage ability can be quantified by means of oxygen storage capacity (OSC) and oxygen storage complete capacity (OSCC) measurements. The OSCC offers information about the total oxygen species available within the sample and is estimated from the formed CO2 during 10 consecutive CO pulses. On the other hand, OSC corresponds to the most accessible species and is calculated from the average of CO2 species formed under sample's exposure to consecutive CO – O2 pulse sequences. The redox processes involved in the oxygen storage are:

[image: image]

The OSCC measurements expressed in μmol formed CO2 are presented in Figure 6. For the bare supports, the measured temperatures are 200 and 250°C, whereas for the catalysts are 70°C (the reaction temperature) and 200°C (a temperature that allows support/catalyst comparison). As a general trend, the increase of the temperature increases the OSCC value. The bare support follows the O2 mobility trend Ce > Ce50Zr > Ce25Zr at 200°C and Ce50Zr ~ Ce>> Ce25Zr at 250°C. Zirconia presence improves ceria's oxygen mobility, being the Ce50Zr the optimal composition, in agreement with TPR analysis, where zirconium introduction caused an increase of the reducibility of the system.


[image: Figure 6]
FIGURE 6. OSCC for the supports (A, 200 and 250°C) and for the catalysts (B, 70 °C and 200°C).


The oxygen mobility is promoted even more in the presence of gold, being noticeable even at 70°C (reaction temperature). Here the tendency differs from that of supports, being AuCe50Zr > AuCe > AuCe25Zr the one at low temperatures and AuCe50Zr > AuCe25Zr > AuCe at high temperatures. The latter is consistent with previous studies, in which it was demonstrated that the oxygen storage capacity depends on zirconia content and a maximal value is obtained for 25–50 mol% of Zr (Kaspar et al., 1999). Considering only the OSCC at the reaction temperature (70°C), the oxygen mobility does not correspond to the observed activity. If we consider the information received by the OSC measurements, the number of the atomic oxygen layers (NL) directly involved in the process can be calculated, according to Equation 6.

[image: image]

where OSCexperimental is the that obtained experimentally and OSCsurface accounts for the theoretically reducible oxygen on the surface. The OSCsurface is calculated by equation 7.

[image: image]

where SBET is the specific surface area of the sample, NA is Avogadro's number, a is the ceria lattice parameter (5.413 Å) and N0 is the number of oxygen atoms of the ceria lattice that participate in the process. This number depends on the exposed CeO2 lattice planes. In this study an average of the exposed oxygen from the (001), (110), and (111) faces has been assumed for the calculations resulting in a N0 value of 1. Indeed, only one oxygen is participating in both redox processes expressed above. It is worth to clarify that NL <1 means that only oxygen from the surface is playing a role in the reduction process while NL >1 indicates the participation of bulk oxygen.

The calculations of OSC are based on the methodology proposed by Madier et al. (1999). More precisely, it is considered that (i) only oxygen atoms bonded to cerium participate in the storage process; (ii) the surface is homogeneous (iii) only one of four oxygen atoms is involved in the storage (CeO2 Ce2O3 + “O”); and (iv) null gold metal contribution to the reduction, e.g., the gold metal cannot re-oxidize. For the OSC theoretical calculations, the number of surface oxygen atoms and BET area of each sample are considered.

For the supports (Table 3), similar to OSCC higher the temperature higher the fraction of layer (and therefore the OSC) involved in the reduction. Similarly to OSCC, the OSC decreases in order Ce > Ce50Zr > Ce25Zr at 200 and 250°C. The addition of gold changes dramatically the oxygen mobility at 200°C (Table 4) as well as the OSC tendency. At the reaction temperature, the oxygen dynamics is 16 times higher for AuCe50Zr that for the support at 200°C. The oxygen involved in the OSC is the surface oxygen (NL < 1) for the majority of samples no matter the temperature, exception made by AuCe50Zr at 200°C where the bulk oxygen also participates.


Table 3. Oxygen storage capacity (OSC), expressed as (μmol CO2/g), and number of oxygen layers (NL) for the supports as a function of the temperature.

[image: Table 3]


Table 4. Oxygen storage capacity (OSC), expressed as (μmol CO2/g), and number of oxygen layers (NL) for the catalysts as a function of the temperature.

[image: Table 4]

The trend found for oxygen mobility AuCe50Zr > AuCe > AuCe25Zr, differs from the activity relation. Therefore, although the ability of the support to transfer oxygen could influence the activity, is neither the only factor involved nor the most important one. It is logical to consider that the catalytic activity is affected by a combination of other factors.

The chemical composition of the samples is very similar to a series of catalysts prepared over commercial supports in our previous study (Megías-Sayago et al., 2018). But the activity order in this study do not repeat the order in the previous study, and lower yields of FDCA are produced. If we suppose that, their acid properties are comparable (same Ce/Zr ratio) the difference in activity could be due either to a difference in gold particle size or to catalysts textural properties.

If we compare both series (over commercial Megías-Sayago et al., 2018 and homemade supports) considering dispersion, pore size and volume, acidity, redox properties, and FDCA yield we should be able to conclude on the parameter that influences the activity in greater extent (Figure 7). The data used for this figure are listed in supporting information (Table S1).


[image: Figure 7]
FIGURE 7. Multiple parameters plot over the as prepared series and a series over commercial supports (Megías-Sayago et al., 2018).


The dispersion of gold and the redox properties of the supports (expressed as NL number) do to not fit very well the observed yields, however, the acidity and especially the textural properties, pore size, and volume suits the observed trend. The samples separate in two groups, the commercial with higher pore diameter producing higher FDCA yields, and the samples from this study, with half of pores diameter and lower FDCA yield. It is very interesting to underline that the AuCe sample from the actual series presents higher pore size and as a consequence present activity closer to the group of the commercial samples.

The obtained relation suggests that (i) gold nanoparticles may be located in the pores (ii) the FDCA production occurs in the pores. Both suggestions imply that in small pores solids diffusional limitations could appear.

Deducing which diffusion step is the limiting one is very difficult, due to the multiple mass-transfer processes involved in the reaction, such as (i) the oxygen dissolution in the HMF solution (gas-liquid transfer); (ii) the oxygen and reactants diffusion from the liquid bulk toward the outer surface of the catalyst grain (external diffusion); (iii) the transfer of the substrates from the outer surface inside the catalyst pores toward active sites of the reaction (internal reactant diffusion) and (iv) the transport of the reaction product from the pores to the outer surface of the catalyst grain (internal product diffusion).

In order to verify the presence of external diffusional limitations, different experiments were carried out by changing the stirring rates, at 200 and 600 rpm over both AuCe50Zr and AuCe25Zr samples (Figure 8).


[image: Figure 8]
FIGURE 8. Stirring rate dependence of FDCA yield. (A) AuCe50Zr and (B) AuCe25Zr. Reaction conditions: HMF:Au:NaOH molar ratio 1:0.01:2, 10 bar O2, 70°C.


In both cases the FDCA yield decreases at 200 rpm (5%), resulting also in an important carbon loss of 40–45%. It seems that the low stirring rate prevents the proper diffusion of the HMF molecule to the active sites, being promoted the HMF degradation (via Cannizzaro reaction), resulting in byproducts formation and low carbon balance. Increasing the stirring rate to 600 rpm causes a slight increase of FDCA yield. However, the yields of the FDCA are still lower than those over commercial supports suggesting internal diffusion being present and indicating that an optimal pore size is necessary for the reaction (being the minimum size situated around 12 nm).

It has been demonstrated previously, that the surface Brönsted acidity of gold supported on CexZr1−xO2 oxides plays a pivotal role in the reaction mechanism, being extremely beneficial for the FDCA production. We can assume that increasing the Zr/Ce ratio increases the number of surface hydroxyl groups, deprotonated in basic medium, and also promotes the formation of the alkoxy intermediate of HMFCA, favoring FFCA formation and, therefore, the total oxidation toward FDCA (Megías-Sayago et al., 2018). However, for this mechanism to occur the distribution of the support's non-isolated Brönsted sites situated in the vicinity of gold metal sites have to be fully accessible for adsorption/desorption which is only possible for specific pore size and volume. It seems that 12 nm pore size is the minimum size needed to avoid any of the mass-transfer processes involved, being possible to establish it as a general requirement for the liquid phase HMF oxidation.




CONCLUSIONS

A series of gold catalysts supported on metal oxides have been prepared and tested in HMF oxidation reaction. All catalysts exhibit high catalytic activity (100% HMF conversion) and important selectivity to FDCA. The bare supports do not participate in the reaction; only byproducts via Cannizzaro reaction are formed. However, when gold is present the HMF conversion reaches 100% without byproducts formation. Products distribution changes with the support change as expected, however, the observed trend cannot be related to gold particle size or support redox properties. The Brönsted acidity of the samples is very important for the mechanism of reaction, however the reaction is limited by the catalysts pore size and a minimum pore size of 12 nm is established to avoid internal diffusional limitations during the oxidation process.
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Redox enzymes can be envisioned as biocatalysts in various electrocatalytic-based devices. Among factors that play roles in bioelectrochemistry limitations, the effect of enzyme-enzyme neighboring interaction on electrocatalysis has rarely been investigated, although critical in vivo. We report in this work an in-depth study of gold nanoparticles prepared by laser ablation in the ultimate goal of determining the relationship between activity and enzyme density on electrodes. Nanosecond laser interaction with nanometric gold films deposited on indium tin oxide support was used to generate in situ gold nanoparticles (AuNPs) free from any stabilizers. A comprehensive analysis of AuNP size and coverage, as well as total geometric surface vs. electroactive surface is provided as a function of the thickness of the treated gold layer. Using microscopy and electrochemistry, the long-term stability of AuNP-based electrodes in the atmosphere and in the electrolyte is demonstrated. AuNPs formed by laser treatment are then modified by thiol chemistry and their electrochemical behavior is tested with a redox probe. Finally, enzyme adsorption and bioelectrocatalysis are evaluated in the case of two enzymes, i.e., the Myrothecium verrucaria bilirubin oxidase and the Thermus thermophilus laccase. Behaving differently on charged surfaces, they allow demonstrating the validity of laser treated AuNPs for bioelectrocatalysis.

Keywords: laser, nanoparticles, electrode nanostructuration, enzymes, catalysis, self-assembled-monolayers, electrochemistry


INTRODUCTION

Redox enzymes are sustainable alternatives to noble metal catalysts or to inorganic catalysts requiring synthesis in organic solvents for various electrocatalytic-based devices. Major challenges, however, are to be solved before such biodevices can enter the market. Among these challenges, long-term stability, and costs linked to enzyme production have to be considered through fundamental studies of enzyme behavior at electrochemical interfaces. Considerable advances have been made during the last 20 years in the development of interfaces able to enhance catalytic currents and the stability of bioelectrodes. Redox enzymes for oxygen reduction reaction (bilirubin oxidases (BOD) and laccase (LAC) in particular) have been widely studied (Mazurenko et al., 2017; Hitaishi et al., 2018a,b). Although some key parameters toward bioelectrode rationalization are now available, further optimization requires the knowledge of relationships between orientation, conformation, and loading of enzymes and electroactivity. In particular, the effect of enzyme-enzyme neighboring interaction on electrocatalysis is an intriguing question. In vivo, crowding minimizes protein deformation to unfolded states (Zanetti-Polzi et al., 2014; Kuchler et al., 2016). Does a similar situation occur once an enzyme is immobilized on the electrochemical interface? In a previous work aiming to advance in this knowledge, we highlighted that the full coverage of bilirubin oxidase on gold electrodes does not translate in higher specific activity (Hitaishi et al., 2018a). McArdle et al. (2015) showed an optimum enzyme surface coverage, beyond which the activity decreased, clearly demonstrating the intricate link between electroactivity and enzyme surface coverage. The rigidification of proteins, as well as their aggregation on electrode surfaces, are processes that have been often neglected, but they could influence the percentage of electroactive enzymes (Hitaishi et al., 2018a).

One way to control and tune enzyme surface coverage is the use of patterned surfaces with specific enzyme immobilization. Such surfaces can be obtained via the formation of mixed self-assembled-monolayers (SAMs) based, for example, on thiols carrying different functionalities (Kong et al., 2020). The difficulty here is the partition of the thiol functions on the surface. Controlled assembly of particles on electrode surfaces is another popular functional unit for the modification of electrode surfaces toward enzyme immobilization (Pankratov D. et al., 2014; Kizling et al., 2018). These particles can be of biological origin. As illustrations bacteriophage particles and DNA origami scaffolds were patterned on gold electrodes to study the impact of scaffolding on bioelectrocatalysis (Patel et al., 2017; Ge et al., 2019). Particles can also be metallic, with gold-based nanoparticles (AuNPs) being the most widely used. Many examples in the literature report enhanced bioelectrocatalytic O2 reduction thanks to enzymes including LAC and BOD immobilization on electrodes modified by various AuNPs (Pita et al., 2013; Di Bari et al., 2016; Kizling et al., 2018). However, as far as we are aware, very few studies report patterned electrodes based on AuNPs with the aim to control and vary the enzyme coverage for bioelectrocatalysis. Very recently, however, nanosecond laser–treated and heat-sintered gold films were used for ascorbate sensing (Stankevicius et al., 2019) and enzymatic glucose oxidation (Lee et al., 2019), respectively. The latter work especially suggested that inter-enzyme agglomeration is a critical parameter for bioelectrocatalysis that can be overcome by the spatial control of enzyme immobilization.

Laser-material processing is indeed a convenient tool to obtain NP monolayers on the electrode surface (Naser et al., 2019). Laser technology is widely exploited to heat materials over a short period of time and in a spatially confined region of interest on the material surface (Palneedi et al., 2018). The unique interactions of laser radiation with metal surfaces would lead to permanent changes of the material properties in a specific region such as local chemistry and morphology, depending upon the kind of laser-material interaction. The process of AuNP formation by laser ablation can be divided into two major steps. The irradiation of a metal film by a nanosecond pulsed laser first leads to the melting of the metal film. Nanosecond lasers are widely used for the melting step, as under nanosecond laser irradiation, melting is the dominant process (Henley et al., 2005). Once the thin film is molten, hydrodynamic instability may lead to the formation of droplets if the liquid phase poorly wets the substrate. NP formation from the molten metal phase is explained by the spinodal dewetting (Trice et al., 2007). Spinodal dewetting refers to the growth of a fluctuation in thickness. Generally, in thin metal films, it takes place when attractive intermolecular forces overcome the stabilizing effect of the interfacial tension (Seemann et al., 2001). Compared to more classical AuNP suspension prepared via chemical routes, the expected advantages of laser-treated electrodes are multifold. First, laser-obtained NPs are free from any surfactants/stabilizers (Balasubramanian et al., 2010; Alex and Tiwari, 2015), hence their surface chemistry can be tailored as required for biomolecular interactions. Second in situ formed laser-NP layers are expected to be more stable and controllable than multilayers obtained through AuNP drop casting (Pankratov D. V. et al., 2014). Laser procedure also avoids the uneasy steps of NP post-anchorage for example by dithiol chemistry. Finally, laser-NP assembly does not require any special storage, making the resulting electrode more promising for disposable bioelectronics.

In this article, we describe nanosecond laser interaction with nanometric gold films deposited on indium tin oxide (ITO) support to generate in situ AuNPs (AuNP@ITO). We first discuss the impact on the NP formation of the typical parameters such as the gold film thickness, laser energy, interaction time scale, and pulses. A full analysis of AuNP size and coverage, as well as total surface vs. electroactive surface, is provided as a function of the thickness of the treated gold layer. Using microscopy and electrochemistry, the long-term stability of AuNP@ITO electrodes in the atmosphere and in the electrolyte is demonstrated. Finally, enzyme adsorption and bioelectrocatalysis are evaluated after specific chemical modification of AuNPs. Two multicopper enzymes (MCOs) are particularly studied, i.e., the Myrothecium verrucaria BOD and the Thermus thermophilus LAC to demonstrate the validity of AuNP@ITO electrodes for bioelectrocatalysis.



EXPERIMENTAL


Materials and Reagents

Ethanol analytical grade 96% (v/v), 6-mercaptohexanoic acid (6-MHA), cysteamine (CYST), sodium acetate (NaAc), acetic acid (CH3COOH), sodium hydroxide 97% (NaOH), sodium phosphate (Na2HPO4/NaH2PO4), potassium ferricyanide (FeCN), and sulfuric acid 95–98% (H2SO4) were purchased from Sigma-Aldrich. 100 mM sodium acetate/phosphate buffer solutions were prepared by mixing NaAc, Na2HPO4/NaH2PO4, and acetic acid in an appropriate ratio. All solutions were prepared with Milli-Q water (18.2 MΩ cm). Indium-tin oxide (ITO) slides (25 × 75 mm) were purchased from Osilla (osilla.com). BOD from Myrothecium verrucaria (Mv BOD) was a gift from Amano Enzymes Inc. (Nagoya, Japan). LAC from Thermus Thermophilus HB27 (Tt LAC) was expressed and purified in our lab according to Hitaishi et al. (2020).



Electrode Preparation and Characterization

We used commercially available ITO films on glass as a conductive support to further deposit gold films. In order to use the ITO slides as electrodes, roughly 1 × 1 cm2 square samples were prepared. The ITO samples were sonicated in ethanol/water (1:1) solution for 15 min and dried under heavy air flux. Then, thin gold films of desired thickness on precleaned ITO were deposited using smart coater (JEOL_781186455) under ~4 Pa pressure, and the sample was named Au-film@ITO.

A PSIA XE-100 atomic force microscope (AFM) was used to measure the thickness of the Au-films on ITO. AFM images were analyzed using the XEP software.

A Quanta-Ray LAB-190 pulsed (8 ns) Nd:YAG laser operating at 532 nm with maximum energy 550 ± 10% mJ/pulse and 10 Hz repetition rate was used to perform laser irradiation. Laser energy and irradiation modes were modulated by a conjunction of half wave plate plus polarizer, and a pulse generator controls the irradiation mode. Irradiation fluence (mJ/cm2) was precisely calculated by defining the spot size of the laser-treated area (~ 1.41 × 1.42 mm2) and measuring the incident laser energy. Laser-prepared Au nanoparticles on the ITO sample were named as AuNP@ITO.

AuNP@ITO samples were observed by a JEOL JSM-6390 scanning electron microscope (SEM) with maximal resolution of 3.0 nm (at 30 kV). An accelerating voltage of 10 keV with a small working distance of 10–12 mm was used. Tilted sample imaging has been done using Vega3 Tescan SEM at an accelerating voltage of 20 kV. SEM micrographs were further analyzed using ImageJ software (powered by Fiji) in order to calculate the sizes, densities, projected area (Aprojected), and effective area (Areal) of the AuNPs on the ITO. In each case, at least 3 images taken at different spots were analyzed and averaged.



Electrochemical Setup and Bioelectrode Preparation

Electrochemical measurements (Cyclic voltammetry (CV) and chronoamperometry) with AuNP@ITO, Au-film@ITO, or bare ITO electrodes were performed in a standard 3-electrode cell using a potentiostat from Autolab PGSTAT30 controlled by Nova software (Eco Chemie). Hg/Hg2SO4 and Pt-wire were used as reference and auxiliary electrodes, respectively. All potentials are quoted vs. Ag/AgCl reference electrode by adding 430 mV to the measured potential.

For electrochemistry, an electrode surface of 0.0078 cm2 was defined on Au-film@ITO and AuNP@ITO samples with the help of a KEPTON insulating tape (Scheme 1). Au-film@ITO and AuNP@ITO samples were cleaned electrochemically by cycling (10 CV cycles) the potential between 0.2 and 1.5 V vs. Ag/AgCl in 50 mM H2SO4 at a scan rate of 100 mV·s−1. The electroactive area (Aelect) was calculated from the charge under the CV peak at 0.9 V (peak 3 in Figure 3), assuming the charge for gold oxide reduction to be equal to 390 μC cm−2 (Trasatti and Petrii, 1991). Finally, self-assembled monolayers (SAMs) were formed by incubating the pretreated electrode in 5 mM ethanolic thiol solutions for 15 min. For enzyme adsorption, unless otherwise indicated, electrodes (whether modified or unmodified) were incubated for 15 min at 4°C with a freshly prepared 20 μM enzyme solution in 100 mM phosphate or an NaAc buffer at the desired pH. The enzyme-modified electrode was then gently washed with the same buffer to remove the loosely adsorbed enzymes and transferred to the electrochemical cell containing 100 mM buffer at the desired pH for further electrocatalytic experiments.


[image: Scheme 1]
SCHEME 1. Schematic representations of the samples considered for the calculation of surface areas (S) for Au-film@ITO and AuNP@ITO electrodes. (A) Scheme of the Au-film@ITO or AuNP@ITO electrode showing the electro-accessible surface defined by the kepton mask (0.0078 cm2). (B) Typical SEM image with respective dimensions. The sum of all AuNP surface areas gives the Areal for a given SEM image and is then corrected to the total electrode surface (0.0078 cm2).





RESULTS


Optimizing the Irradiation Parameters to Control the Size and Density of Au Nanoparticles

Metal nanostructures are highly rated and the primary choice for many applications such as catalysis, sensing, and smart and portable electronics and optoelectronics due to their intrinsic physicochemical properties, along with rapid improvements in their preparation methods. In order to minimize the efforts and costs in line to their applications, in situ fabrication of metal nanostructures on a suitable substrate/support with outright control over shape, size, and reproducibility should be targeted. Pulsed laser ablation of thin-metal films deposited on conductive support provides a robust platform toward nanostructured surfaces. Depending upon the applications sought, suitable conditions for size, shape, and distribution-controlled nanostructuration can be defined by adapting both the laser and material parameters. Thus, spatially ordered nanostructures ranging from particles, micro- to nano-bumps, nanojets or spikes can be produced (Reichenberger et al., 2019). Using them in electrochemistry requires designing a specific conductive support that ensures their stability in electrolytes. In this work, we prepared a 2-D array of AuNPs by inducing the molten phase dewetting process via nanosecond pulsed laser irradiation of Au deposited as thin films on ITO support. The laser pulse duration (10 ns) was much higher than the characteristic time (50 ps) to reach the equilibrium between hot electrons and lattice. Hence, it can be expected that the melt dynamics of the gold film would be the dominant process in its nanostructuring under nanosecond laser irradiation (Ivanov and Zhigilei, 2003; Ruffino et al., 2012). Three different thicknesses (named 20, 30, and 40 nm) of the Au films were deposited on ITO-coated glass slides by smart coater. By using AFM, the thicknesses of the gold films were precisely measured to be 19.6 ± 0.6, 30.7 ± 0.2, and 37.61 ± 0.4 for 20 nm, 30 nm, and 40 nm deposited Au films, respectively.

Thereafter, suitable parameters, such as laser fluence and the number of irradiation pulses, were optimized in order to pattern a homogeneous array of AuNPs. 20 and 30 nm films were irradiated by an energy density of 143 mJ/cm2 with 20 and 200 pulses, respectively, whereas optimized conditions used for 40 nm Au film thickness were 190 mJ/cm2 with 20 pulses. Figures 1A–C shows the size distribution of AuNPs and SEM micrographs (inset) obtained after optimization of irradiation conditions for the three different thicknesses of the Au films. The plot of the mean particle diameter, d, and their surface density as a function of the initial Au film thickness, t, is reported in Figure 1D. The density of the AuNPs increases with decreasing Au film thickness in the range (2.6 ± 0.4 – 18.6 ± 3.2 μm−2), while the mean particle diameter increases as the initial Au film thickness increases. The smallest NPs with an average diameter of ~100 nm were obtained by using the thinnest 20 nm Au film. Increasing the film thickness leads to the formation of comparatively larger NPs with average diameters of 167 ± 8 and 230 ± 2 nm for 30 nm and 40 nm Au film thicknesses, respectively, in agreement with previous works (Henley et al., 2005; Stankevicius et al., 2019). A broader range of nanoparticle size distribution was also observed for thicker films (30–40 nm) compared to the 20 nm Au film.


[image: Figure 1]
FIGURE 1. Size distribution and SEM images (inset) of AuNPs obtained from (A) 20 nm, (B) 30 nm and (C) 40 nm Au film thicknesses. Scale bar is 1 μm. (D) Dependence of diameter (blue squares) and density (gray columns) of AuNPs obtained after laser irradiation of Au-films on Au film thickness.


Additional SEM experiments were made on AuNP@ITO samples to evaluate the contact angle of the AuNPs. It is shown that the average contact angle of the AuNPs is close to 90°. AuNPs are mainly hemispheres as observed previously for laser-treated thin metal films on SiO2/Si substrates (Henley et al., 2005) (Figure 2).


[image: Figure 2]
FIGURE 2. SEM images of AuNPs obtained from 40 nm Au film thickness after tilting the sample by 80°C.




Comparative Analysis of Geometric and Electroactive Surfaces Developed by AuNP@ITO Electrodes

Several approaches have been carried out to evaluate the involvement of AuNPs in catalysis on the different AuNP@ITO electrodes compared to both the Au film surface (denoted Au-film@ITO) and to the bare ITO (Scheme 1 and Table 1). Aelect developed by AuNPs on an ITO electrode is calculated from the charge under the Au oxide peak at 0.9 V (peak 3 in the CV of Figure 3) observed by running typical cyclic voltammetry between 0.2 and 1.5 V vs. Ag/AgCl (see experimental section). The AuNP projected area (Aprojected/μm2) for the AuNP@ITO electrode was calculated using ImageJ software by considering a circular footprint of NP, which is realistic considering the SEM images in Figures 1, 2. Aprojected calculation neglects the contribution of spherical NPs, and it is thus only an indication of NP surface coverage on the ITO surface. It is reported in Table 1 as a percentage of ITO coverage. Aprojected will be used in the following to assign the contribution of different catalytic signals, i.e., for, ITO or AuNP@ITO electrodes. Areal is obtained by considering the hemispherical shape of AuNPs for different Au film thicknesses. Using ImageJ software, the evaluation of the AuNP diameter (2R) and corresponding number of particles of a given diameter (N) allows the calculation of the surface area of each AuNP size distribution (N × 2πR2). The sum of these surface areas for all size distribution gives the Areal for a given SEM image and is then corrected to the total electrode surface.


Table 1. Comparative electrode areas and volumes developed by AuNP@ITO and Au-film@ITO electrodes considering electrochemical, projected, or real Au surfaces and volumes developed on the total sample (S = 0.0078 cm2).

[image: Table 1]
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FIGURE 3. CVs of bare ITO (gray), Au-film@ITO (black dashed), and AuNP@ITO electrodes prepared from 20 nm (green), 30 nm (blue) and 40 nm (purple) Au films in 0.05M H2SO4. Scan rate 100 mV/s.


From data in Figure 3 and Table 1, some relevant information can be put forward. As expected, the bare ITO shows no redox activity in H2SO4 (gray curve, Figure 3). Au-film@ITO or AuNP@ITO display the typical redox behavior of Au with well-defined peaks for oxidation (denoted as 1 and 2) and reduction of oxides at 0.9 V (denoted as 3) (Burke and Nugent, 1997; Hitaishi et al., 2018a). Such defined redox character irrespective of the NP size and the density of the AuNPs is observed. Aelect developed by the AuNPs shows no clear dependence on size and distribution of the NPs, however (Figure 3). This is contrary to the finding by Stankevicius et al., where NPs with sizes in the 100 nm range were not electroactive (Stankevicius et al., 2019), a behavior attributed to possible side products deposited during laser treatment. Discrepancy between the two studies could arise from the way by which electrodes are designed for electrochemistry.

A surprising feature is that the highest peak currents are observed for Au-film@ITO electrodes compared to AuNP@ITO electrodes. Since the peak current magnitude is related to the respective Aelect, this implies that Au-film@ITO displays the highest Au surface area. Although a previous study concluded that the effect of roughness of gold surfaces did not control the ET of immobilized cytochrome c (Millo et al., 2009), surface characteristics at the microscale may be an explanation. Indeed, the surface morphology could be different between the thin film deposited by the smart coater and AuNPs formed as a result of melting and cooling. In our conditions, the roughness factor Rf was calculated as the ration between Aelect and Areal (Rf = Aelect/Areal). Rf of ~5.5 and ~6.6–7.5 are calculated for ~100 nm and ~150–230 nm AuNPs respectively, against ~2.7 for the Au-film surface. Rf values would indicate that an Au film is much smoother than an NP surface, which is unexpected for laser-obtained AuNPs.

It must be kept in mind that Aelect is an experimental value calculated electrochemically which is independent of any microscopy observations. However, experimental errors can be more significant in numerical calculations from SEM observations. By this method, we measured a coverage of ITO by the AuNPs (Aprojected) decreasing from 21 to 12.5% when the size of nanoparticles increases (Table 1). The high value of Rf we calculated strongly suggests that some small particles of Au might not have been taken into account from the microscopic observation that could contribute to Areal.

We also compared the volume Vreal developed by AuNPs and the volume corresponding to the Au film for each Au film thickness. As can be extracted from Table 1, only 50% of available Au remains as AuNPs. Some detachment of Au droplets from the surface during laser treatment procedure can explain both this low percentage of Au remaining and hence the decrease in Aelect after AuNP formation (Habenicht et al., 2005). Effectively as a consequence of dewetting, in order to form a local droplet, transportation of melted gold toward the center of the metallic structure leads to a vertical movement of the center-of-mass, which may induce the liquid droplet to leave the surface due to inertia.



Stability of an AuNP@ITO Electrode

Laser-induced AuNP@ITO electrodes were stored at room temperature and SEM micrographs realized before/during/after 6 months storage under air atmosphere were compared (Figure 4). No significant changes in the AuNP morphology, density, or size of the dots can be noticed after storage (Figures 4A–F). The effect of AuNP aging on the AuNP@ITO electrochemical signal was then evaluated (Figure 4G).


[image: Figure 4]
FIGURE 4. SEM micrographs after laser treatment of 30 (A–C) and 40 nm (D–F) Au film thicknesses respectively, before (A,D) and after 3 (B,E) or 6 (C,F) months storage at room temperature in air. (G) CVs in 50 mM H2SO4 of as prepared (black solid curve) and after 3 month storage (red dotted curve) AuNP@ITO sample from 30 nm Au film. Scan rate 100 mV/s. (H,I) SEM micrographs after electrochemical and chemical treatments of AuNPs from 30 nm (H) and 40 nm (I) Au films. (J) Count and size variation of AuNP@ITO samples from 30 nm Au film as prepared and after storage or electrochemical/chemical treatments.


A similar CV response characteristic of Au redox behavior in acid was recorded from AuNP@ITO electrodes either as prepared or stored at RT in air for 3 months. The stability of AuNP@ITO electrodes after typical electrochemical treatment (CV in H2SO4 for cleaning and evaluation of the surface developed by the AuNPs), and further chemical treatments for chemical modification (especially thiol modification required for bioelectrocatalysis in the next steps) was then checked. SEM visualization and analysis of the AuNPs after these treatment steps show no significant changes in NP count or size of the AuNPs (Figures 4H,I). Figure 4J summarized the size and count of the AuNPs in the different conditions investigated, clearly highlighting the high stability of the laser-ablated AuNPs.



Bioelectrocatalysis on AuNP@ITO Electrodes

To investigate the effectiveness of AuNP@ITO electrodes for bioelectrocatalysis, the propensity of FeCN to behave as a reversible electrochemical system on these electrodes was first studied. The effect of modifying the ITO or AuNP surface with organic layers, such as self-assembled monolayers (SAMs) from thiol derivatives, was especially investigated (Figure 5).


[image: Figure 5]
FIGURE 5. CV responses of 5 mM FeCN on (A) bare ITO and (B) AuNP@ITO (from 30 nm Au film thickness) before (gray curves) and after immersion in 6-MHA (green curves). Scan rate 20 mV/s. Phosphate buffer 100 mM, pH 6.


Actually, a preferred adsorption of carboxylic acids functionalities over thiols on semiconductor oxide surfaces, such as ITO, was shown (Gardner et al., 1995; Yan et al., 2000). Multiscale spectroscopic, microscopic and electrochemical studies of preparation and characterization of SAMs on ITO also demonstrated a large percentage of thiols adsorbed as unbound molecules (Millo et al., 2009). In our conditions, the reversible redox process for FeCN was not affected by the immersion of the ITO electrode in a carboxylic end group thiol solution (6-MHA). Both peak currents and potentials remain unchanged (Figure 5A), suggesting that no 6-MHA adsorption on ITO happens in our conditions. When AuNP@ITO electrodes were modified by 6-MHA, a small increase in peak potential difference was observed for the redox signal of FeCN, that may be ascribed to selective thiol modification of AuNPs that slows down ET for FeCN (Figure 5B).

The two redox enzymes were then investigated once immobilized on AuNP@ITO, i.e., bilirubin oxidase (Mv BOD) from the fungus Myrothecium verrucaria and laccase from the bacterium Thermus thermophilus (Tt LAC). The molecular basis for the immobilization of these enzymes were previously determined in our lab (Hitaishi et al., 2018a, 2020). In correlation with values and directions of dipole moments, as well as charges surrounding the first electron acceptor, the Cu T1, we demonstrated that negative (respectively positive) charges on the electrode favored the direct electron transfer (DET) for O2 reduction with Mv BOD (resp. Tt LAC).

The elctroactivity of both enzymes on ITO electrodes was first investigated (Figure 6). The sigmoidal CV curve observed in the presence of O2 with Mv BOD adsorbed on ITO electrodes indicates that bioelectrocatalytic oxygen reduction occurs via DET. From the onset potential (550 mV vs. Ag/AgCl), it also suggests that adsorbed Mv BOD adopts an orientation in which the physiological electron entry site, the Cu T1, faces the ITO surface for electron exchange. Mv BOD adsorption in an electrocatalytically favorable orientation on ITO is most probably triggered by the hydrophilic negative nature of the ITO surface induced through cleaning by ultrasonication in Milli-Q water/ethanol (1:1) (Szot et al., 2013). The positive environment around the T1 Cu associated to a strong dipolar moment at pH 6 thus leads to an orientation favorable for ET, as previously defined (Hitaishi et al., 2018a; Gutierrez-Sanchez et al., 2019). On the other hand, no catalysis was observed when the bioelectrodes were prepared with Tt LAC. A favorable orientation is not adopted for the ET in this case as the net negative charge around T1 Cu (at pH 5) is repelled by the negative ITO surface (Hitaishi et al., 2018a, 2020).


[image: Figure 6]
FIGURE 6. CVs obtained under N2 (green) and O2 (blue) after (A) Mv BOD and (B) Tt LAC adsorption on bare ITO electrode; Inset in (A) CV of Mv BOD adsorbed on ITO treated with 6-MHA (black) or CYST (red). Scan rate 10 mV/s. 100 mM phosphate buffer pH 6 for Mv BOD and acetate buffer pH 5 for Tt LAC. Enzyme adsorption is made at 4°C and electrochemistry is carried out at 25°C.


FeCN electrochemical study above suggested that thiol was not able to adsorb on the ITO. In order to further check the effect of thiol on bioelectrocatalysis on the ITO surface, the ITO electrode was traeted by 5 mM 6-MHA or CYST ethanolic thiol solution followed by Mv BOD adsorption. Whatever the thiol either 6-MHA or CYST, the treatment had no influence on biocatalysis in terms of current, onset of potential, and CV shape, again suggesting the absence of thiol layers on the ITO (Figure 6A). However, we confirmed the validity of the electrostatic model previously proposed by Hitaishi et al. with the enzymes adsorbed on Au-film@ITO modified by the suitable SAM previously demonstrated to allow DET, i.e., carboxylic-based (6-MHA) and amino-based (CYST) SAMs for Mv BOD and Tt LAC, respectively (Figure 7) (Hitaishi et al., 2018a). As expected, DET was obtained in each case with onset potentials of 560 and 420 mV vs. the Ag/AgCl characteristic of Cu T1 in Mv BOD and Tt LAC, respectively.


[image: Figure 7]
FIGURE 7. CVs obtained under N2 (green) and O2 (blue) after (A) Mv BOD adsorption on 6-MHA and (B) Tt LAC adsorption on CYST functionalized Au-film@ITO (30 nm) electrodes. Scan rate 10 mV/s, 100 mM phosphate buffer pH 6 for Mv BOD and acetate buffer pH 5 for Tt LAC. Enzyme adsorption was made at 4°C and electrochemistry is carried out at 25°C.


6-MHA and CYST thiols were finally used to provide negative and positive AuNP@ITO surfaces, respectively (Figure 8). We observe that negative 6-MHA functionalized AuNPs promote DET catalysis with Mv BOD (Figure 8A), whereas no catalysis occurs with Tt LAC (Figure 8B). An opposite catalytic behavior is obtained with Mv BOD and Tt LAC adsorption on positive CYST functionalized AuNPs (Figures 8C,D). The CV recorded with Mv BOD reflects weak catalysis on the remaining ITO surface, while DET is observed with Tt LAC. It is thus strongly suggested that AuNP functionalization drives the bioelectrocatalysis following the electrostatic model described for Au-film@ITO. The current magnitude of the catalytic signal was only weakly affected by the size of AuNPs (data not shown). Actually, it should be reminded that the size (100 to 230 nm of diameter) and density (2.6 to 18.6 μm−2) of the AuNPs are inversely correlated and that both are a function of gold film thickness. Therefore, visualizing the effect of AuNP size only on bioelectrocatalysis remains challenging.


[image: Figure 8]
FIGURE 8. CVs obtained under N2 (green) and O2 (blue) on (A,B) 6-MHA and (C,D) CYST functionalized AuNP@ITO (from Au film thickness of 30 nm) electrodes with adsorption of Mv BOD (A,C) or Tt LAC (B,D). In (A) the black curve corresponds to CV under O2 of AuNP@ITO in the absence of enzyme. Scan rate 10 mV/s, 100 mM phosphate buffer pH 6 for Mv BOD, and acetate buffer pH 5 for Tt LAC.


The stability of the catalytic process obtained using Mv BOD adsorbed on 6-MHA modified AuNP@ITO electrodes was evaluated by continuous CV cycling and chronoamperometry (Figure 9). A small activation of the catalytic activity was observed for the first three CV cycles, and attributed to the rearrangement in the adsorbed enzyme layer under variable applied potential as observed in our previous study (Hitaishi et al., 2018a). After 45 min. of continuous cycling, a mere decrease (4%) in the catalytic current was recorded. Similarly, the application of a fixed potential of 0.1V vs. Ag/AgCl for a duration similar to the CV results in a very stable catalytic response. Only 6% of the initial activity was lost. A stable catalytic behavior on laser treated AuNPs is in good agreement with our previous study on polycrystalline Au electrodes (Hitaishi et al., 2018a), indicating that the laser method can not only be used to form controlled AuNP-based electrodes, but also that they can be applied for durable and efficient bioelectrocatalysis.


[image: Figure 9]
FIGURE 9. Stability of the catalytic signal by (A) CV continuous cycling (45 min) and (B) chronoamperometry (~50 min) after Mv BOD adsorption on 6-MHA AuNP@ITO (from Au film thickness of 30 nm) electrodes. Scan rate 10 mV/s for CV, and chronoamperometry was recorded at 0.1 V. 100 mM phosphate buffer pH 6.


The next question is whether laser-made AuNPs could have an impact on the rate of the interfacial ET. In order to address the issue of orientation of Mv BOD immobilized on ITO electrodes with and without AuNPs, the fitting of electroenzymatic curves was made by following the formalism first developed by Armstrong and co-workers and applied to Mv BOD immobilized on carbon nanotube networks (Mazurenko et al., 2016) (Figure 10). Following the Marcus theory (Marcus and Sutin, 1985) for the biological ET, a distance-dependent constant βd called a “dispersion parameter” is defined, which results in a distribution of ET rates. The lower the βd, the narrowest the distribution of enzyme orientations is. Applied to BOD, d is the distance between the electron entry site of the immobilized enzyme, the T1 Cu, and the electrode surface.


[image: Figure 10]
FIGURE 10. CVs obtained after Mv BOD adsorption on 6-MHA functionalized (A) Au-film@ITO (B) bare ITO or (C) AuNP@ITO (blue curve) electrodes. In (C) the red curve is obtained after subtraction of 86% ITO CV signal from AuNP@ITO one. (D,E) Electrocatalytic modeling (black dotted line) of corresponding CVs (solid line). (F) Changes in βd upon Mv BOD adsorption as a function of different electrode surfaces. AuNPs* represents the values for average subtracted CV (CVAuNPs@ITO – CVITO86%). Scan rate 10 mV/s, 100 mM phosphate buffer pH 6.


The highest value of βd (7.67 ± 0.16) was calculated when Mv BOD was adsorbed on the ITO electrode. This value went along with the shape of the CV curve markedly different than the CV obtained for Mv BOD adsorption on Au-film@ITO. The βd value drops to 4.39 ± 0.22 for biocatalysis on the Au-film@ITO surface, suggesting a narrower distribution of ET rates and enzyme orientations. Hence, Mv BOD attained a more favorable orientation on a 6-MHA-functionalized Au-film@ITO surface due to well-defined electrostatic interactions. The βd value for the Au-film@ITO electrode is in close agreement with our previous studies on polycrystalline Au electrodes, where a βd value of 4.9 ± 0.19 was calculated at pH 6. Further immobilization of Mv BOD on 6-MHA modified AuNP@ITO electrodes gives a βd value of 6.86 ± 0.18, slightly lower than on bare ITO surfaces. This may indicate a weak shift toward narrow orientation distributions. However, since the AuNP@ITO electrode consists of both the AuNP and ITO surfaces, both responding to Mv BOD, a higher βd for AuNP@ITO than for Au-film@ITO surface may signify mixed distribution of enzyme orientations. To evaluate Mv BOD orientation on AuNPs only, we assume that the projected area (Aprojected in Table 1) calculated from imageJ software is the area covered by AuNPs, and that rest of the surface is only ITO. Following this hypothesis, the CV responses on ITO alone were subtracted from CVs on AuNPs@ITO, considering the contribution of the ITO surface (i.e., 86% for 30 nm Au film thickness). The contribution of enzymatic catalysis on AuNP@ITO corrected from the contribution on ITO is given in Figure 10C, red curve. The modeling of this CV signal yields a very low βd value of 2.4 ± 0.4, indicative of a very narrow orientation distribution, never obtained in previous works.

Actually, enhanced bioelectrocatalysis, when using NP-based electrodes, is generally explained by the following three reasons. First, the increase in the surface-to-volume (S/V) ratio of a nanostructured electrode, which is inversely proportional to the NP radius, will promote high protein loadings, and thereby high current outputs, as the NP size decreases (Pankratov D. V. et al., 2014; Monsalve et al., 2015). Second, overpotentials are reduced on smaller NPs, probably due to a fast electron transfer between the electrode and the protein (Melin et al., 2013). Third, the spherical character of the NPs, which depends upon their synthetic strategy, plays an important role in the biocatalytic efficiency (Bastus et al., 2011). It was otherwise suggested that using AuNPs with a size comparable to the enzyme size, the distance between the nanoparticle and the active site of the enzyme should be decreased, inducing higher ET rates (Kizling et al., 2018). This is not the case here, since the AuNP size is ten times higher than the size of the enzyme. To explain the narrow distribution of enzymes, the arrangement of the thiol layer and/or the shape of the AuNPs should be evocated. A preferred adsorption of the enzyme molecules on the AuNPs edges, where their interaction with both Au and ITO surfaces drives a defined set of orientations, cannot be excluded either. Although this has to be investigated in depth in future works, this property appears as a great opportunity to yield efficient bioelectrocatalysis.




CONCLUSIONS AND FUTURE DIRECTIONS

Our previous studies on polycrystalline gold electrodes suggested that inter-enzyme interactions, either during their immobilization or during electrical communication on the electrode surface, could potentially influence the catalytic performance of the bioelectrode (Hitaishi et al., 2018a). Studying such interactions requires innovative strategies toward well-regulated enzyme-enzyme partition or enzyme nano-patterning on the electrode surface. In this work, we aimed at controlling the spatial organization/distribution of enzymes on the electrode surface by designing an ordered AuNP array via nanosecond laser irradiation of thin Au-films predeposited on ITO surfaces.

Such an obtained 2D array of AuNPs shows excellent stability, while offering the possibility of easy suitable functionalization. Two enzymes from the MCO family, namely Mv BOD and Tt LAC, showed opposite surface sensitivities on a given chemistry of thiol-based functionalized NPs, thus highlighting the viability of the electrostatic model previously proposed. Combining the advantages of AuNPs and thiol chemistry, a narrow distribution of enzyme orientations on laser-induced AuNPs was obtained for efficient electrocatalysis. However, NP size and density are changing simultaneously along with the Au film thickness. Therefore, while higher biocatalytic current outputs are expected with smaller AuNP sizes, studying the effect of NP size on biocatalysis is not trivial. This will be investigated in the close future by depositing the Au film on another substrate than ITO, which will allow increasing the laser energy, hence decreasing the thickness of the Au film to further decrease the size of AuNPs. In addition, several other structures can be developed using a laser with a defined shape and morphology that could be helpful in bioelectrochemical studies.
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Molecules that respond to input stimulations to produce detectable outputs can be exploited to mimic Boolean logic operators and reproduce basic arithmetic functions. We have designed a two-state fluorescent probe with tunable emission wavelength for the construction of a molecular logic gate with reconfigurable single– or dual–output capability. The system is based on a BODIPY skeleton coupled with 4-(dimethylamino)benzaldehyde. The behavior of the molecular logic gate can be easily investigated in solution with fluorescence spectroscopy, and the optical readout (fluorescence) can be monitored in one (green) or two (green and red) channels. Depending on the solvent of choice, single INHIBIT or dual INHIBIT/IMPLY logic functions can be achieved using chemical inputs (acid and base). Reconfiguration from single– to dual–output is thus made possible by operating the system in acetonitrile (single output) or toluene (dual output), respectively. The logic gate can be switched by manipulating the fluorescence emission via protonation or deprotonation, even when immobilized onto a glass substrate. At the solid state, the resulting output can be stored for extended periods of time. This feature provides two added benefits: (i) memory function and (ii) “set/reset” capability of the logic gate. Our design thus provides a proof-of-concept interface between the molecular and electronic domains.
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INTRODUCTION

The miniaturization race in the computer industry continues to deliver faster processors, larger capacity memory and electronic circuits with higher chip densities and computational power (International Roadmap for Devices and Systems Executive Summary, 2018). The “top-down” fabrication of smaller electronic devices and components is, however, rapidly approaching a limit due to the fact that the properties of bulk semiconductors vanish at nanometer dimensions (Vollath, 2013; Shi, 2015; Zhang, 2018; Ghatak and Mitra, 2019). Nevertheless, relentless global demand for faster data transmission and storage capacity underpins the need to investigate new materials for encoding large volumes of data at the nanoscale (Sarid and Schechtman, 2007; Reinsel et al., 2018). In computers, information processing is based on Boolean (binary) algebra. In this two-state logic framework, variables can assume only one of two values (1 or 0) at a given time. Digital electronics require the encoding of data as electrical and optical signals in the form of such binary digits, and rely on the utilization of interconnected logic gates, i.e., idealized or physical devices implementing one or more Boolean functions (Hwang, 2016; Deschamps et al., 2017). A logic gate executes a logical operation on one or more binary and produces a single binary output according to convention (Gibson, 2013). Driven by the demand for higher performance capabilities, computer technology continues to stimulate the exploration of innovative materials and methodologies for the construction of logic gates. To this end, extension of information processing and computation to the molecular level can be achieved through the development of a molecular-level electronic set capable of executing functions that mimic those performed by macroscopic components (Sun et al., 2014; Mathew and Fang, 2018).

Organic molecular switches can adjust their structural, electronic and spectroscopic properties when stimulated with chemical or photonic inputs and, in return, produce a chemical, electrical and/or optical output that varies with the switching process (Feringa and Browne, 2011). The resemblance between molecular switches and logic gates is clear: they can both convert input stimulation into output signals. It follows that the principles of Boolean algebra can be applied to signal transduction operated by molecular switches. Indeed, molecular switches have long been considered valuable candidates for the realization of user-programmable electronic devices, and examples have been reported for basic (AND, NOT, and OR) and more complex (NOR, XOR, XNOR) logic functions (de Silva and Uchiyama, 2007; de Silva, 2012a,b; Szaciłowski, 2012; Stojanovic et al., 2014; Andréasson and Pischel, 2015; Erbas-Cakmak et al., 2018). In this context, switchable fluorescent dyes that are sensitive to external chemical stimuli provide convenient platforms for the fabrication of sophisticated molecular devices that communicate through changes in their emission properties (e.g., wavelength, quantum yield) (Daly et al., 2014). In addition, changes in emission spectra can be simultaneously observed at more than one wavelength (dual–output), resulting in the possibility of implementing more than one logic function in a single, unimolecular system (Baytekin and Akkaya, 2000; de Silva and McClenaghan, 2002; Margulies et al., 2004; Coskun et al., 2005; Shiraishi et al., 2005; Jiang and Ng, 2014; Swaminathan and Balasurbamanian, 2019).

Upon the basis of these considerations, we targeted the 3-(dimethylamino)styryl-substituted boron dipyrromethene (BODIPY) dye 1 (Scheme 1). Due to their easily accessible structural modifications and remarkable photophysical properties such as photostability, high quantum yields and absorption coefficients, BODIPY chromophores have been successfully used for the development of selective and efficient chemosensors (Jeong and Yoon, 2012; Leen and Dehaen, 2012; Costero et al., 2018; Kaur and Singh, 2019). Extension of the BODIPY core conjugation by condensation with dialkylaminobenzaldehydes, as in 1, shifts the emission to higher wavelengths and allows the installation of a pH-sensitive appendix that produces distinguishable changes in fluorescence upon protonation/deprotonation (Rurack et al., 2001; Baruah et al., 2006; Yu et al., 2006; Kulyk et al., 2017). Such switchable behavior has been previously exploited to construct an INHIBIT (INH) operator at the molecular level using a phenolic analog of 1 in solution (Coskun et al., 2005). Herein, we considerably expanded upon the logic capabilities of 1 by taking advantage of the solvent-dependency of its quantum yield to simultaneously achieve INH and IMPLY (logical implication) processing. The behavior of the molecular logic gate can be easily investigated in solution with fluorescence spectroscopy. Moreover, we imparted a memory function into the system by immobilizing it on a solid glass substrate, where the resulting output could be stored for extended periods of time.


[image: Scheme 1]
SCHEME 1. The two-state fluorescent molecular switch.




MATERIALS AND METHODS


Synthesis

Syntheses were adapted from previously published protocols (Rurack et al., 2001; Coskun et al., 2005). All reaction schemes are illustrated in the Electronic Supplementary Material.


Synthesis of 4,4-Difluoro-1,3,5,7-tetramethyl-8-phenyl-4-bora-3a,4a-diaza-s-indacene (0)

In a 1000 mL round bottom flask, 2,4-dimethylpyrrole (500 mg, 5.2 mmol), benzaldehyde (276 mg, 2.6 mmol) and trifluoroacetic acid (TFA, 3 drops), were dissolved in 300 mL of CH2Cl2 and placed under N2 atmosphere. The solution was degassed for 20 min, then stirred under nitrogen at room temperature overnight to ensure complete consumption of benzaldehyde. During the process of degassing, a color change from yellow to burnt orange to red was observed. Once TLC confirmed that benzaldehyde was consumed, a CH2Cl2 solution (100 mL) of DDQ (590 mg, 2.6 mmol) was added to the reaction mixture under air. After stirring for 20 min, 3 mL of NEt3 were added followed by 3 mL of BF3 OEt2. After an additional 30 min of stirring, the reaction was extracted three times with 1:1 H2O:CH2Cl2 and once with 1:1 brine:CH2Cl2. The combined organic phases were dried over Na2SO4 and evaporated under reduced pressure, resulting in a dark green solid. The crude compound was purified by column chromatography [SiO2:Hexanes/EtOAc 7:1 (v/v) + 1% NEt3], affording a bright orange solid in 45.8% yield. 1H NMR (400 MHz, CDCl3) δ 7.50 (d, 3H), 7.30 (d, 2H), 6.00 (s, 2H), 2.58 (s, 6H), 1.40 (s, 6H); EI-MS calculated for C19H19BF2N2 (M+) 324.16; found 324.1.



Synthesis of 1

To a clean 500 mL round bottom flask, compound 0 (735 mg, 0.33 mmol), 4-(dimethylamino)benzaldehyde (49.2 mg, 0.33 mmol), toluene (137 mL), glacial acetic acid (1.71 mL) and piperidine (2.05 mL) were added. The solution was refluxed for 72 h, using a Dean-Stark apparatus to remove any water formed. The crude compound was concentrated under reduced pressure and purified by column chromatography [SiO2:Hexanes/EtOAc 7:1 (v/v)]. The blue fraction (9.4% yield) was collected and used for spectroscopic investigations. 1H NMR (400 MHz, CDCl3) δ 7.51–7.49 (m, 6H), 7.32–7.30 (t, 2H), 7.23–7.19 (d, 2H), 6.67–6.72 (m, 2H), 6.59 (s, 1H), 5.96 (s, 1H), 3.03–3.04 (d, 6H), 2.59 (s, 3H), 1.42 (s, 3H), 1.38 (s, 3H).



Synthesis of 4,4-Difluoro-8(4'-hydroxyphenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-inda-cene (0b)

To a clean 1000 mL round bottom flask, 2,4-dimethylpyrrole (500 mg, 5.26 mmol), 4-hydroxybenzaldehyde (320 mg, 2.6 mmol), TFA (3 drops) and CH2Cl2 (300 mL) were added. The reaction was placed under N2 atmosphere and degassed for 20 min. A color change from yellow to orange to deep red was observed. The solution was stirred at room temperature under inert conditions for 24 h. Once the consumption of 4-hydroxybenzaldehyde was confirmed by TLC, DDQ (590 mg, 2.6 mmol) dissolved in 100 mL of CH2Cl2 was added to the reaction mixture under air. The solution was stirred for 30 min followed by addition of NEt3 (3 mL) and then BF3 OEt2 (3 mL). After 30 min of stirring, the solution was washed three times with 1:1 H2O:CH2Cl2 and once with 1:1 brine:CH2Cl2. The combined organic layers were dried over Na2SO4, evaporated under reduced pressure and used for the next step without further purification. Yield 38.5%. 1H NMR (400 MHz, CDCl3) δ 7.53 (d, 2H), 6.95 (d, 2H), 6.59 (s, 3H), 3.02-3.09 (t, 6H), 2.48 (s, 3H), 1.45 (s, 3H), 1.42 (d, 2H).



Synthesis of 2

In a clean, dry 1000 mL flask, compound 0b (310 mg, 0.91 mmol) and 4-(dimethylamino)benzaldehyde (136 mg, 0.91 mmol) were dissolved in toluene (65 mL), followed by the addition of glacial acetic acid (0.7 mL), and piperidine (0.9 mL). The solution was refluxed for 72 h, using a Dean-Stark apparatus to remove any water formed during the reaction. The crude compound was concentrated under reduced pressure and purified by column chromatography [SiO2: Hexanes/EtOAc 1:1 (v/v) then CH2Cl2/MeOH 95:1 (v/v)] The blue fraction was collected and used immediately for the next step (4.2% yield). FTIR-ATR: 3330 cm−1 (νs, O-H); 3000, 2930, 2885 cm−1 (νs, C–H); 1636 cm−1 (νs, C=C, alkene and aromatic); 1560 cm−1 (νb, N–H); 1447 cm−1 (νs, aromatic C=C); 1390 cm−1 (νb, CH3); 1265 cm−1 (νs, C–N aromatic); 1060 cm−1 (νs, C–O); 947 cm−1 (νb, O–H); 766 cm−1 (νb, C–H, oop).



Synthesis of 3

In a clean 100 mL two-neck round bottom flask, a stir bar and compound 2 (3.5 mg, 7.4 μmol) were added. The system was placed under N2 atmosphere and allowed to degas for 30 min followed by the addition of dry THF (18.7 mL). Maintaining inert conditions, 3-(triethoxysilyl)propyl isocyanate (37.4 μL, 151 μmol) was added and the reaction was refluxed at 70°C for 24 h. The reaction mixture was then concentrated under reduced pressure (mass obtained: 13.7 mg) and used for functionalization of glass slides without further purification. FTIR-ATR: 3000, 2910, 2870 cm−1 (νs, C–H); 1720 cm−1 (νs, C=O); 1600 cm−1 (νs, C=C, alkene and aromatic); 1515 cm−1 (νb, N–H); 1456 cm−1 (νs, aromatic C=C); 1380 cm−1 (νb, CH3); 1264 cm−1 (νs, C–N aromatic); 1113 cm−1 (νs, Si–CH2); 1065 cm−1 (νs, Si–OEt); 1040 cm−1 (νs, C–O); 806, 740 cm−1 (νb, C–H, oop).




Methods

2,4-dimethylpyrrole, benzaldehyde, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and boron trifluoride diethyl etherate (BF3 OEt2) were purchased from Sigma Aldrich. Solvents and trifluoroacetic acid (TFA) were purchased from ACP. Dry CH2Cl2 and THF were purified with an MBraun MBM-SPS solvent purification system. Ultrapure deionized water (MilliΩ, 18.2 MΩ) was obtained from a Millipore Purification System. Reactions were monitored by thin layer chromatography using aluminum backed sheets coated with 200 μm silica (60, F254). SiliaFlash® P60, 40–63 mm (230–400 mesh) silica gel from SiliCycle was used for purification of compounds by column chromatography. Mass spectral analysis was performed with a 7890B GC System equipped with a 5977 mass selective detector from Agilent Technologies. NMR spectra were recorded at room temperature with a Bruker Avance 400 spectrometer. Steady-state absorption spectra were recorded with an Agilent Cary 60 UV-visible spectrometer, using quartz cells with a path length of 1 cm. Steady-state emission spectra of aerated solutions as well as functionalized and unfunctionalized glass slides were recorded with an Agilent Cary Eclipse spectrometer operating in right-angle geometry. Diffuse reflectance measurements were performed using an Agilent Cary 5000 spectrophotometer equipped with a DRA-2500 accessory. FTIR Diamond ATR spectra were recorded with a Cary 630 spectrometer by Agilent Technologies. Glass slides were soaked in piranha solution (3:1 H2SO4:H2O2) for 1 h followed by several rinses with deionized and MilliΩ water, respectively. The slides were then stored in MilliΩ water for future use. Crude compound 3 (13.7 mg) was then dissolved in 1 mL of toluene and 300 μL of this solution was drop casted onto each slide. Wet slides were allowed to dry inside a fume hood for 5 days until all the solvent evaporated. Functionalized slides were thoroughly rinsed with toluene and subjected to one full acid/base cycle for equilibration.




RESULTS AND DISCUSSION


Solution Spectroscopy (Combinatorial Logic)

Compound 1 is based on a BODIPY fluorophore, where a 4-(dimethylamino)styryl group was used to replace one of the pyrrolic methyls. This transformation extends the conjugation of the adjacent BODIPY core, shifting its absorption band bathochromically to λAbs = 598 nm (Figure S1, Electronic Supplementary Material). Spectroscopic data from our (Figure 1) and other (Rurack et al., 2001; Baruah et al., 2006; Yu et al., 2006) laboratories have shown that a broad emission band for 1 in CH3CN appears at λEm = 710 nm due to an intramolecular charge transfer (ICT) process between the tertiary amino group, which possesses strong electron donating properties, and the electron-deficient boron-dipyrromethene. In addition, the fluorescence of 1 is almost completely quenched in CH3CN (1 in Figure 1) due to accelerated internal conversion (Baruah et al., 2006). Protonation of the tertiary amine upon addition of 50 equivalents of HClO4 to 1 dramatically alters its electron donating properties and consequently suppresses the charge transfer interaction. As a result, both absorption (Figure S1) and emission (Figure 1) spectra of 1-H+ shift toward shorter wavelengths (λAbs = 550 nm and λEm = 565 nm), mimicking the typical BODIPY-like narrow, structured bands. In contrast to its unprotonated form, 1-H+ is highly fluorescent. Reversible deprotonation of 1-H+ to 1 upon the addition of 50 equivalents of triethylamine (NEt3) restores the original bands (1-H+B in Figure 1, Figure S1), while prior addition of NEt3 to the unprotonated dye (1-B in Figure 1 and Figure S1) has no effect on its spectroscopic properties. This behavior is also illustrated by digital photographs of the same solutions illuminated at 365 nm with a laboratory UV lamp (Figure 1).


[image: Figure 1]
FIGURE 1. (Top) Emission spectra of a CH3CN solution of 1 (1 μM, 20°C, λEx = 460 nm) before (1) and after the addition of 50 eq. HClO4 (1-H+), 50 eq. NEt3 (1-B) and 50 eq. of HClO4 + 50 eq. NEt3 (1-H+B). (Bottom) Digital photographs of the same solutions illuminated at 365 nm with a laboratory UV lamp.


HClO4 (Input 1, IN1) and NEt3 (Input 2, IN2) can be either absent (OFF) or present (ON). Binary digits can thus be encoded such that the acid and base inputs can be logically processed using positive logic convention (OFF = 0 and ON = 1). Under our excitation conditions, the fluorescence intensity of 1 at 565 nm (Output, O) was measured at approximately 10 a.u. in the unprotonated form, but grows to 550 a.u. in the presence of acid (Figure 1). Assigning a threshold of 200 a.u. (I < 200 a.u. = LOW and I ≥ 200 a.u. = HIGH) and once again applying positive logic conventions (LOW = 0, HIGH = 1), this chemical system responds to an input string of two binary digits (IN1 and IN2) producing a binary output (O). For example, the input string (0, 0) indicates that both input stimuli, acid and base, are absent. Under these conditions, 1 is in its unprotonated form and the emission in the green channel (at 565 nm) is below the ON-OFF threshold; the output is 0. In contrast, an input string (1, 0) indicates that the acid input is present. Under these conditions, the dominant species is 1-H+ and the fluorescence at 565 nm is high; the output is 1. Following this convention, the four output strings corresponding to the four possible combinations of input strings can be determined (Table 1 and Figure 2). From Table 1, it can be observed that the logic behavior of the two-state molecular switch in CH3CN corresponds to that of a combinatorial INH logic circuit (Figure 2).


[image: Figure 2]
FIGURE 2. (Top) Column diagram of the fluorescence intensities at 565 nm. The blue line shows the ON-OFF threshold. (Bottom) The INH logic circuit for the two-state molecular switch when operated in CH3CN.



Table 1. Truth table of the two-state molecular switch in CH3CNa−c.

[image: Table 1]

Interestingly, when the molecular switch 1 is operated in CH3CN, the fluorescence in the red wavelength channel is excluded by the molecular processor, due to the low quantum yield of 1 in its unprotonated form (1, 1-B or 1-H+B, Figure 1). Nevertheless, the nonradiative quenching constant knr reduces from 7.58 × 108 s−1 in CH3CN to 0.46 × 108 s−1 in C7H8 (Baruah et al., 2006). In agreement with these data, as well as other examples of polarity-sensitive dyes for which emission is substantially increased with a decrease in solvent polarity (Wagner et al., 2018), the emission spectrum of compound 1 dissolved in toluene (1 in Figure 3) displays a strong fluorescence band. Noticeably, the emission maximum shifts hypsochromically from 710 nm in CH3CN (polar solvent) to 640 nm in C7H8 (non-polar solvent) and is accompanied by a gain of fine structure and a decrease in bandwidth. This is a well-known phenomenon for (dimethylamino)styryl boron dipyrromethene dyes. Quantum mechanical calculations (Baruah et al., 2006) have confirmed that an ICT process is responsible for the observed solvent sensitivity, with polar aprotic solvents such as CH3CN stabilizing the excited state and thus red-shifting the emission. Similarly to CH3CN, subjecting 1 to protonation by addition of 50 equivalents of HClO4 in C7H8 switches the absorption (Figure S2) and emission (1-H+ in Figure 3) to lower wavelengths, as evidenced by the appearance of a strong fluorescence band at 565 nm and almost complete disappearance of the red fluorescence at 640 nm. Similar to the behavior observed in acetonitrile, addition of NEt3 to the unprotonated dye (1-B in Figure 3, Figure S2) has no remarkable effect on its spectroscopic properties, while deprotonation of 1-H+ to 1 reinstates the original bands (1-H+B in Figure 3, Figure S2).


[image: Figure 3]
FIGURE 3. (Top) Emission spectra of a C7H8 solution of 1 (1 μM, 20°C, λEx = 460 nm) before (1) and after the addition of 50 eq. HClO4 (1-H+), 50 eq. NEt3 (1-B) and 50 eq. of HClO4 + 50 eq. NEt3 (1-H+B). (Bottom) Digital photographs of the same solutions illuminated at 365 nm with a laboratory UV lamp.


As visibly shown by the digital photographs reported in Figure 3, the dual fluorescence of 1 in C7H8 translates into the possibility of simultaneously monitoring two separate outputs. Indeed, a change in emission above the set threshold can now be recorded at two different channels, λEm = 565 nm (Output 1) or λEm = 640 nm (Output 2). Using the same threshold value of 200 a.u. (I < 200 a.u. = LOW and I ≥ 200 a.u. = HIGH) and applying positive logic convention (LOW = 0, HIGH = 1), this chemical system responds to an input string of two binary digits (IN1 and IN2) producing two binary outputs (O1 and O2) in toluene. The four output strings corresponding to the four possible combinations of input strings can be determined for the two outputs independently (Table 2). The results presented in Table 2 illustrate that the logic behavior of the two-state molecular switch in C7H8 corresponds to that of a combinatorial INH logic circuit when the output is monitored in the green channel (O1), or as an IMPLY (Figure 4) circuit when tracked in the red channel (O2). The molecular operator can thus be instantaneously reconfigured simply by the selection of monitoring wavelength.


Table 2. Truth table of the two-state molecular switch in C7H8a−c.
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[image: Figure 4]
FIGURE 4. (Top) Column diagram of the fluorescence intensities at 565 (green columns) and 640 (red columns) nm. The blue line indicates the ON-OFF threshold. (Bottom) The dual–output combinatorial logic circuit INH/IMPLY representative of the two-state molecular switch when operated in C7H8.




Solid State Spectroscopy (Sequential Logic)

In digital circuit theory, combinational logic refers to circuits whose outputs are a function of the present value of the inputs only (Lipiansky, 2012). In other words, the outputs obtained by the logic operator are purely a function of the inputs. If the inputs are changed, the outputs are changed (time independent logic). It follows that in combinatorial systems, any information about the previous status of the inputs is lost. Combinational logic circuits have no memory function because the current output state cannot be stored, and thus has no consequence for the next resulting output state. No feedback is required; the operator's output simply reflects the current status of the inputs according to the logic convention obeyed by the logic gate. Consequently, such systems cannot be used to store data. Upon the basis of these considerations, the behavior of the molecular switch 1 in solution can be classified as combinatorial logic. Even though the choice of solvent system (CH3CN vs. C7H8) determines the particular arithmetic capabilities of the logic gate, its behavior lacks memory regardless. In contrast, the output of sequential logic circuits depends not only upon the latest inputs, but also on the condition of earlier inputs. In sequential logic, the output is a function of the present inputs as well as the previous states of the system, and involves feedback from output to input that is stored in the system's memory for the next operation (Lipiansky, 2012). Such systems can be used to store data for extended periods of time. To implement sequential character into the molecular logic gate 1, its chemical structure was synthetically modified by insertion of a hydroxyl group (2, ESI) followed by reaction with 3-(triethoxysilyl)propyl isocyanate (ICPTES) to yield compound 3. Successful modification of 2 with the silane cap was confirmed by FTIR-ATR spectroscopy (Figure S3). Specifically, the FTIR-ATR spectrum of 3 shows the appearance of a peak at ~1720 cm−1 attributable to the C=O stretching vibration and the sharp, well-defined doublet for the stretching absorptions of Si–CH2 at 1065 and Si–OEt at 1110 cm−1. Furthermore, the OH stretching absorption at 3330 cm−1, clearly identified in the spectrum of 2, disappears in that of the capped molecule. Without further purification, compound 3 was dissolved in C7H8 and drop casted onto a clean glass slide (Figure 5). The slides were subsequently washed with C7H8 to remove any unbound 3 or trace amounts of residual 2, then dried prior to use. The presence of 3 was confirmed by diffuse reflectance spectroscopy (Figure S4). Note that Figure 5 illustrates the mode of chemical attachment of 3 to the glass support, but should not be interpreted as conclusive evidence of the formation of a uniform or non-uniform monolayer. Nevertheless, the number of dye molecules immobilized on the glass support was estimated to be on the order of 1013 cm−2, which is within the expected range for a non-uniform monolayer (ESI).


[image: Figure 5]
FIGURE 5. Protonated and unprotonated forms of the molecular switch 3 immobilized on a solid glass support.


With our design, protonation/deprotonation of the molecular switch allows for effective fluorescence modulation at the solid state. Specifically, the fluorescence of 3 is partially quenched (3 in Figure S5) as a result of the formation of aggregated clusters, which favors non-radiative decay processes from the excited state due to π-π stacking. After functionalized glass slides were immersed in 15 mM HClO4 in ethanol for 30 min, and subsequently washed with EtOH and MilliΩ water, the emission intensity increased substantially (3-H+ in Figure S5). We also observed a 45 nm hypsochromic shift, with λEm shifting from 565 nm in solution to 520 nm at the solid state (compare Figures 1, 3 with Figure S5). Both the increase in intensity and blue-shift of the fluorescence upon protonation are consistent with a disruption of π-π stacking interactions by augmented Coulombic repulsion and possible geometric rearrangement into a twisted conformation in the solid state. Such a configuration would also lead to less effective delocalization, which is likely responsible for the observed blue shift. It has also been suggested that blue-shifted emission at the solid state can occur as a result of lower reorganization energy in aggregates compared to solution (Wu et al., 2014). Moreover, the film can be dipped into a 40 mM ethanolic solution of NaOH for 30 min to deprotonate 3-H+ and regenerate 3, concomitantly lowering the fluorescence permanently, or until the system is once again subjected to an acid input (Figure 6). No fluorescence emission was observed for an unfunctionalized glass slide, before or after treatment with acid or base (Figure S6). Thus, the covalent attachment of 3 to a glass substrate permits long-term storage of the resulting emission readout (output) even after the removal of the system from acid or base inputs. This practical benefit generates a feedback loop by allowing the current state of the molecular switch to influence the next output state upon interaction with new inputs. As such, we can transduce the acidification of 3 into a “set” operation, with fluorescence at 520 nm defined as the output (O). Under this condition, the addition of IN1 (acid) can steadily “set” (S or write) the state of the molecular switch to 1, and addition of IN2 (base) would “reset” (R or erase) the system to state 0. Figure 6 illustrates the S-R mode transduced by the bistable solid state switch over several acid/base cycles, operating according to the INH convention set. Noticeably, the switching behavior at the solid state is representative of a single-output logic system, where only the fluorescence in the green channel can be modulated by the acid and base input combinations. In fact, no fluorescence is observed at higher wavelengths (Figure S5). Such behavior mirrors what is observed for the molecular switch 1 dissolved in a polar solvent (CH3CN), which is known to accelerate internal conversion and consequently quenches the fluorescence of the unprotonated species. It is possible that residual hydroxyl groups remaining on the glass surface after treatment with piranha solution are responsible for the relatively high polarity of the local environment, which commonly decreases the emission intensity, and hypsochromically shifts the absorption (compare Figures S1, S2, S4; Wagner et al., 2018). The utilization of a polar protic solvent (EtOH) for the immersion solutions would also have maintained a polar environment during the switching cycles. This rationale is also supported by the fact that a methoxy analog of compound 1 (Baruah et al., 2006) was noted to be almost completely quenched in MeOH.


[image: Figure 6]
FIGURE 6. Fluorescence intensity recorded at 520 nm upon several protonation/deprotonation cycles performed upon 3 immobilized on a glass slide.





CONCLUSIONS

The growing demand for smaller and faster digital devices continues to stimulate the exploration of innovative materials for information processing. Molecules that respond to changes in their environment can simulate the behavior of the fundamental components of integrated circuits. Particularly, fluorescent chemosensors are able to switch from a non-emissive state to a fluorescent one, or change the color of emission in response to chemical inputs. The mechanisms responsible for fluorescence switching require coupling a selective chemical reaction to a photophysical process (emission). The observable changes in the emission of these probes are the result of the complex interplay between excited state dynamics and environmental parameters.

Herein, a bistable unimolecular system based upon the covalent conjugation between a boron-dipyrromethene chromophore and 4-(dimethylamino)benzaldehyde was synthesized in two steps and its environmentally responsive optical characteristics were investigated by steady-state absorption and emission spectroscopy. The system displays solvent and pH dependent emission in solution: the fluorescence quantum yield decreases in a polar aprotic solvent (CH3CN) and experiences a large bathochromic shift compared to the molecule dissolved in non-polar aprotic solvent (C7H8). In both solvents, large spectral shifts are observed in both absorption and emission spectra upon protonation of the tertiary amine. Interconversion between the protonated and neutral forms can be induced by subjecting the system to an acid or base input, and can be monitored by measuring the fluorescence of the two forms. Interplay between the two input stimuli can be exploited to transduce logic operations at the molecular level. Remarkably, the solvent dependency of the emission allows for the implementation of two different logic operators within the same system. Specifically, the logic function executed by this molecular switch in CH3CN is equivalent to that of a combinatorial single–output circuit incorporating an INHIBIT gate; in contrast, a combinatorial dual–output INHIBIT/IMPLY gate can be accessed by dissolving the system in C7H8. In both cases, positive logic conventions can be used to encode binary digits into the chemical inputs and optical outputs. Thus, the molecular system can be easily reconfigured between two modes (logic functions) simply by changing the operating medium. Surface immobilization of the molecular switch onto a solid support instilled sequential (programmable) character and memory, where the resulting output data can be stored for extended periods of time even after removal of the inputs, demonstrating the potential for integration into solid state technology. While the goal of this work was to study the viability of a strategy for information communication at the molecular level rather than to focus on practical applications, this system presents a number of interesting features, such as: (i) all outputs are encoded by optical signals (fluorescence); (ii) output reading by fluorescence spectroscopy does not affect the state of the logic gate; (iii) reconfigurability (currently limited to the solution phase) increases efficiency by reducing the number of logic devices required to form a multifunctional circuit, and (iv) operability (set/reset) at the solid state is the first step toward buildable data memory that can be achieved by integrating single “switchable” cells to form a complex circuit, where acid or base inputs write data along the array, and the output of an upstream gate provides the input for a downstream gate in a functional device.
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Catalysts based on molybdenum carbide or nitride nanoparticles (2–5 nm) supported on titania were prepared by wet impregnation followed by a thermal treatment under alkane (methane or ethane)/hydrogen or nitrogen/hydrogen mixture, respectively. The samples were characterized by elemental analysis, volumetric adsorption of nitrogen, X-ray diffraction, and aberration-corrected transmission electron microscopy. They were evaluated for the hydrogenation of CO2 in the 2–3 MPa and 200–300°C ranges using a gas-phase flow fixed bed reactor. CO, methane, methanol, and ethane (in fraction-decreasing order) were formed on carbides, whereas CO, methanol, and methane were formed on nitrides. The carbide and nitride phase stoichiometries were tuned by varying the preparation conditions, leading to C/Mo and N/Mo atomic ratios of 0.2–1.8 and 0.5–0.7, respectively. The carbide activity increased for lower carburizing alkane concentration and temperature, i.e., lower C/Mo ratio. Enhanced carbide performances were obtained with pure anatase titania support as compared to P25 (anatase/rutile) titania or zirconia, with a methanol selectivity up to 11% at 250°C. The nitride catalysts appeared less active but reached a methanol selectivity of 16% at 250°C.

Keywords: CO2 hydrogenation, carbide, nitride, supported catalysts, TiO2, ZrO2


INTRODUCTION

The use of carbon dioxide (CO2) in current industrial processes is limited to synthesis of urea and its derivatives, carbonates, and salicylic acid, and in the production of methanol from natural gas or coal (Mikkelsen et al., 2010; Wang et al., 2011). With the development of carbon capture technologies, CO2 is considered as an attractive renewable resource. By using it as raw material for the synthesis of chemicals, waste CO2 might turn into a valuable feedstock (Sakakura et al., 2007). The catalytic hydrogenation of CO2 as a C1 building block is one of the promising routes currently investigated (Saeidi et al., 2014).

The catalytic conversion of CO2 to CO can occur via reverse water-gas shift (RWGS) reaction. CO is a valuable precursor molecule that can be used for methanol synthesis and for the production of longer-chain hydrocarbons via the Fischer-Tropsch process (Khodakov et al., 2007; Kattel et al., 2017). Today, most of the methanol is synthesized from syngas, i.e., through CO hydrogenation (Olah et al., 2009). An alternative feedstock is CO2, where methanol can be produced either via CO2 conversion to CO (RWGS) and subsequent hydrogenation, or by the direct hydrogenation of CO2 (Wang et al., 2011; Saeidi et al., 2014). Methanol is used in chemical industries, for the synthesis of formaldehyde and acetic acid, the production of dimethyl ether (used as a fuel), or as a solvent (Olah et al., 2009; Alvarado, 2016). Alternatively, the hydrogenation of CO2 to methane is also an important catalytic process for CO2 valorization (Wei and Jinlong, 2011; Stangeland et al., 2017). Indeed, the methanation (Sabatier's) reaction has gained increasing attention through the “power-to-gas” approach used for energy storage. Throughout this concept, renewable energies such as wind and solar radiation are used to power water electrolysis, generating H2. Subsequently, H2 is combined with CO2 to produce CH4. Methane can be stored in classical natural gas infrastructures and be used on demand (Schiebahn et al., 2015).

Tailoring the selectivity to these products depends on both the reaction conditions and the catalyst nature. For example, higher reaction temperatures can lower the selectivity toward methanol that is produced via exothermic reaction, while favoring the selectivity to CO which is produced via the endothermic RWGS reaction (Saeidi et al., 2014). Copper-based catalysts, such as Cu-Ni/Al2O3, exhibit high selectivity to CO (Liu and Liu, 1999; Wang et al., 2011), and nickel catalysts supported on oxides are the most widely studied materials for methanation (Wei and Jinlong, 2011). Cu/ZnO/Al2O3 is currently the commercial catalyst for methanol production from H2/CO/CO2 (Ott et al., 2012). However, these processes still face challenges; for example, one of the major problems with Ni-based catalysts is their deactivation due to carbon deposition and sintering of nickel (Wei and Jinlong, 2011). Furthermore, in methanol synthesis, relatively harsh reaction conditions (220–300°C and 50–100 bar) are used, leading to thermal degradation and sintering of active metal as well as extensive consumption of H2 (Ott et al., 2012). Besides Cu or Ni, noble metal-based catalysts are reported to be active and stable in CO2 hydrogenation (Kattel et al., 2017). Nevertheless, their high price and scarcity hinder their use.

Recently, transition metal carbides have attracted attention as promising catalysts for the conversion of CO2 into CO, methanol, methane, and other hydrocarbons (Nagai et al., 1998b; Solymosi et al., 2002; Porosoff et al., 2014; Posada-Pérez et al., 2014, 2016a,b; Xu et al., 2014; Chen et al., 2015, 2016; Gao et al., 2016; Liu et al., 2016; Han et al., 2019; Reddy et al., 2019). It has been reported through computational work that transition metal (e.g., Ti, Mo, and V) carbide surfaces are able to uptake and activate CO2 (Posada-Pérez et al., 2014, 2015; Kunkel et al., 2016, 2018, 2019; Liu et al., 2017). In liquid phase, metals (Pd, Cu, Co, Fe) supported on Mo2C have been tested for the hydrogenation of CO2 in dioxane under 40 bars, at 135–200°C (Chen et al., 2015, 2016). Pd and Cu promote the formation of methanol while Co and Fe favor ethanol and C2+ hydrocarbons (e.g., C2H4, C2H6). The hydrogenation of CO2 in gas phase has been evaluated over unsupported cubic MoC [particles Xu et al., 2014 or nanowires Gao et al., 2016], hexagonal Mo2C [particles Liu et al., 2017; Reddy et al., 2019 or nanowires Gao et al., 2016], Mo2C coated with nitrogen and sulfur-codoped carbon (Han et al., 2019), and metals (Au, Cu, Co, Ni) supported on molybdenum carbide (Xu et al., 2015; Posada-Pérez et al., 2016b) or titanium carbide (Rodriguez et al., 2013). The addition of a metal increases the activity and affects the selectivity; e.g., Ni, Co, and Cu favor the formation of methane, hydrocarbons, and methanol, respectively (Xu et al., 2015).

Supported molybdenum carbides have been rarely evaluated for the hydrogenation of CO2. At atmospheric pressure and 300°C, Mo2C/Al2O3 (Nagai et al., 1998b) promotes the RWGS reaction. At 220°C and 30 bar, Mo2C/MCM-41 exhibits high selectivity to CH4 (70–95%), along with CO (0–20%) and methanol (2–27%) at 4 to 10% conversion (Liu et al., 2016). Increasing the Mo2C loading from 10 to 40% over MCM-41 increases the selectivity to CO at the expense of CH4 and methanol. At 300°C, MoxCy/SiO2 generates exclusively CO, CH4, and H2O at atmospheric pressure, while methanol and hydrocarbons (C2H6, C3H8) are also obtained at high pressure (20 bars) (García Blanco et al., 2019).

Molybdenum nitride catalysts have been successfully used to promote ammonia synthesis (Hargreaves, 2014), hydrodesulfurization [e.g., thiophene Gong et al., 2005], hydrodenitrogenation [e.g., carbazole Nagai et al., 1998a], and hydrogenation [e.g., p-chloronitrobenzene Perret et al., 2012] reactions. Although they can exhibit similar activity as carbides (Alexander and Hargreaves, 2010), to date only one study reports the use of a nitride for the hydrogenation of CO2 (Yao et al., 2019). γ-Mo2N is active for the production of CO with selectivity above 98%. The addition of Co increases the conversion in the RWGS reaction.

The synthesis parameters, such as gas composition, gas space velocity, heating rate, and final temperature, influence the final properties of molybdenum nitrides and carbides (Oyama, 1992; Nagai et al., 1998a; Xiao et al., 2000; Hanif et al., 2002; Mo et al., 2016; Cárdenas-Lizana et al., 2018). The presence of a support and its nature also affect the structural and catalytic properties (García Blanco et al., 2019). The crystallographic structure, the metal-to-carbon and metal-to-nitrogen ratio, and the Mo oxidation state are key parameters to be taken in consideration when evaluating the catalytic performances of Mo carbide and nitride catalysts for CO2 hydrogenation (Xu et al., 2014; Posada-Pérez et al., 2016a; García Blanco et al., 2019; Han et al., 2019). For example, at 250°C and 20 bar, hexagonal Mo2C exhibits higher activity and selectivity for methanation, whereas cubic MoC1−x is less active but more selective to CO and methanol (Xu et al., 2014). However, the opposite trend was observed elsewhere (García Blanco et al., 2019). This might be due to the different synthesis method employed in both studies, i.e., reduction–carburization (Xu et al., 2014) vs. carbothermal reduction route with sucrose (García Blanco et al., 2019). At high temperature [400°C Liu et al., 2017 or 600°C Gao et al., 2016], RWGS occurs and a high selectivity to CO (>98%) is obtained over bulk cubic and hexagonal molybdenum carbides. For Mo2C coated with nitrogen and sulfur-codoped carbon, Mo4+ favors the synthesis of methanol while methane is formed in the presence of materials with the highest contents of Mo2+ and Mo3+ (Han et al., 2019).



MATERIALS AND METHODS

Preparation of Catalysts

Commercial TiO2-P (TiO2 P25, Degussa-Evonik, surface area 55 m2 g−1), TiO2-D (TiO2 DT51, Tronox, surface area 85 m2 g−1), and ZrO2 (MEL Chemicals, surface area 129 m2 g−1) were used as supports. Supported molybdenum carbide and nitride catalysts were prepared by impregnation followed by temperature-programmed reduction–carburization and reduction–nitridation, respectively. First, an appropriate amount (10–12% w/w Mo/support) of ammonium molybdate tetrahydrate (NH4)6Mo7O24.4H2O (Aldrich Chemical Co, 99.98% trace metals basis) was mixed with 5 g of support and 60 ml of water and stirred for 2 h at room temperature (RT). Water was evaporated under vacuum and the solid was dried in an oven in N2 at 80°C overnight. For the second step, the fine powder (1–5 g) was placed in a quartz cell under gas stream and submitted to a thermal treatment.

A range of supported molybdenum carbides was prepared by reduction–carburization under 60 ml min−1 (gas hourly space velocity, GHSV = 1090 or 1,530 h−1) of x % v/v C2H6/H2 or CH4/H2, with x = 5, 10, or 20%. The temperature was increased at 0.5°C min−1 up to the final temperature (600, 700, or 800°C) held for 2 h, and then decreased to RT while flowing argon (60 ml min−1).

Two different methods were used for the synthesis of supported molybdenum nitride. For method A, a gas stream of 150 ml min−1 (GHSV = 8,200 h−1) of 17% v/v N2/H2 was used. The temperature was raised at 5°C min−1 to 700°C and held for 2 h, and then decreased to RT while flowing N2 (60 ml min−1). For method B, a gas stream of 432 ml min−1 (GHSV = 23,600 h−1) of 83% v/v N2/H2 was used. The temperature was raised at 9.2°C min−1 to 300°C, then at 0.6°C min−1 to 500°C, then at 2°C min−1 to 700°C, held for 2 h, and then decreased to RT while flowing N2 (60 ml min−1).

The non-passivated (NP) samples were transferred into the reactor via a glovebox, in order to avoid exposure to air. All the other samples were passivated for 4 h under 1% v/v O2/N2 (60 ml min−1).

MoO3/TiO2-D was prepared by impregnation followed by calcination under 180 ml min−1 of air. The temperature was increased at 0.5°C min−1 to 600°C, held for 2 h, and cooled down to RT.



Characterization of Catalysts

The Mo content of the catalysts was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) with an Activa instrument from Horiba Jobin Yvon. Before analysis, the samples were mineralized by fusion with lithium tetraborate in Pt-Au crucibles at 1,100°C and then soaked with 20% HCl.

Carbon elemental analyses were conducted via a Leco SC144 micro-analyzer. The total combustion of the samples was performed at 1,050°C under a stream of helium and oxygen. The carbon was converted to carbon dioxide and quantified by a thermal conductivity detector (TCD).

Nitrogen elemental analyses were performed with a FLASH 2000 analyzer from ThermoFisher. The oxidation/reduction reaction of nitrogen-containing species into N2 gas was performed at 950°C with an O2 flow of 90 ml/min for 17 s. N2 was analyzed via separation on a packed column and detection with a TCD. Helium was used as a carrier gas with a flow of 140 ml/min and as a reference for the detector. A three-point calibration curve was built for quantification with methionine calibration samples purchased from ThermoFisher.

BET surface areas of the samples were determined from N2 physisorption after desorption at 150°C for 3 h under ultra-high vacuum (10−4 mbar) using an ASAP 2020 Micromeritics apparatus. The values are reported with an absolute precision of ± 5 m2 g−1.

Powder X-ray diffraction (XRD) patterns of the catalysts were recorded in the range 2θ = 10–90° at 0.04° s−1 using a Bruker D8 A25 X-ray diffractometer and a CuKα radiation source (λ = 1.54184 Å). Phase identification, lattice parameters, and mean crystallite sizes (d = 4/3 × LVol-IB, with LVol-IB being the volume-averaged column height) were obtained by performing Rietveld refinement using Topas 5 software.

Transmission electron microscopy (TEM) and scanning TEM–high angle annular dark field (STEM-HAADF) images were obtained using an image-aberration-corrected FEI Titan ETEM G2 instrument operated at 300 kV, equipped with an X-MAX SDD EDX detector from Oxford Instruments. Samples were prepared by dispersing the solids in ethanol and then depositing them onto carbon-coated copper grids.



Catalytic Testing

The catalyst evaluation in CO2 hydrogenation was carried out in a fixed-bed flow reactor. In standard conditions, a mass of 400 mg of the catalyst was placed in a tubular Pyrex glass reactor comprising a glass frit. This borosilicate tube was inserted into a stainless-steel U-shaped cover. A graphited Teflon gasket was put around the top of the borosilicate tube to hug the metal cover and pushed by a metal gasket, ensuring at the same time full flow inside the tube reactor and sealing of the cover. The reactor set was placed in a tubular resistive oven. The system was purged with the H2/CO2/N2 (30/10/10 ml/min) reaction mixture and then kept exposed to this flow till reaching a total pressure of 30 bar controlled with a back-pressure regulator, at which heating to 250°C was started. Every valve and connection was heated to maintain the mixture in gas phase for online analyses. All parameters of flow, pressure, and temperature were recorded using a home-made Labview program. The reaction was performed for 3 h. Some of the reaction conditions were varied: the mass of catalyst (400 or 800 mg), the flow of H2/CO2/N2 (30/10/10 or 50/10/10 ml/min), the reaction temperature (from 200 to 300°C), and the pressure (20 or 30 bar).

The reaction system was connected to a R3000 micro gas chromatograph (MicroGC) with a TCD detector, purchased from SRA Instruments, with which samples were taken every 3 min during the reaction. Three modules were used to analyze the gases. H2, N2, CO, and CH4 were analyzed with a 10-m Molsieve 5 A capillary column with a backflush injector and a 3-m PlotU precolumn. An 8-m Poraplot U capillary column was used for CO2, C2-C3 hydrocarbons, methanol, and water. A 10-m Stabilwax capillary column was employed for oxygenated compounds such as dimethyl ether, alcohols, and water as well. The MicroGC was calibrated and operated by using the Soprane software. For the determination of catalytic performances from GC data, we used the following definitions of conversion and selectivity:
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where F(CO2)in and F(CO2)out are the incoming and outgoing flow rates of CO2, respectively.
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where nc(P) is the number of carbon atoms per molecule of P and F(P)out is the (outgoing) flow rate of product P. Conversion and selectivity are given with an error of 8 and 7%, respectively.




RESULTS AND DISCUSSION

Preparation and Characterization of Molybdenum Carbide Catalysts

A series of molybdenum carbide catalysts supported on TiO2-P, TiO2-D, and ZrO2 were synthesized from ethane and methane. The preparation conditions are reported in Table 1 and Table S1: molar fraction of hydrocarbon in H2 (from 5 to 20%), maximal temperature (600°C−800°C), and GHSV employed during reduction–carburization (1,090 or 1,530 h−1).


Table 1. List of the supported molybdenum carbide catalysts synthesized from C2H6/H2, with the corresponding preparation conditions, the C/Mo atomic ratio derived from elemental analyses, and the support composition (% phase).
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The MoC/TiO2-P catalyst (entry C1, Table 1) was first synthesized and used to test several reaction conditions for the hydrogenation of CO2. However, a high GHSV (1,530 h−1) was employed during the synthesis, which resulted in a high carbon content (2.2 wt%) and an excess of carbon on the surface. Our group previously reported that the carbon content decreases as the GHSV decreases (Abou Hamdan et al., 2019), which can be ascribed to the higher hydrocarbon decomposition rate at higher flow rate (i.e., GHSV) (Solymosi et al., 1994). Therefore, the other catalysts were synthesized with a lower GHSV (1090 h−1) in order to limit the formation of graphite.

The molybdenum (9.1–11.8 wt%) and carbon (0.3–2.2 wt%) contents are reported in Table S2. The C/Mo atomic ratios (Table 1 and Table S1) are between 0.2 and 1.5, knowing that this value should be between 0.5 (Mo2C) and 1 (MoC) for stoichiometric fully carburized molybdenum carbide. As expected, MoC20E−700/TiO2-P (C4, Table 1) exhibits a lower C/Mo ratio than MoC/TiO2-P (1.0 vs. 1.5) as the GHSV is lower and the other parameters being identical. MoC20M−600/TiO2-P and MoC5M−700/TiO2-P are only partially carburized, owing probably to the low temperature and the low amount of methane in the gas stream, respectively, during reduction–carburization. It is expected that methane decomposition increases with increasing methane concentration in the methane/hydrogen mixture, as reported elsewhere (Ostrovski and Zhang, 2006). Consequently, the C/Mo ratio increases as the hydrocarbon concentration increases and reaches unity for MoC20E−700/TiO2-P. In addition, the degree of carburization is higher when using ethane instead of methane, as the carburization occurs at lower temperature (Hanif et al., 2002). A C/Mo ratio superior to 1.0 indicates an excess of carbon, associated with the presence of amorphous graphite on the surface, as demonstrated elsewhere by Raman analyses (Abou Hamdan et al., 2019). This is the case for the samples synthesized with a high amount of ethane, a high temperature or a high GHSV. This phenomenon is also more pronounced for TiO2-D and ZrO2 than for TiO2-P, suggesting an influence of the support on the decomposition of the hydrocarbon. There is evidence in the literature on supported Ni and Pd systems that CH4 decomposition depends on metal crystallite size, metal-support interaction, nature, and crystal phase of the support (e.g., tetragonal vs. monoclinic ZrO2) and on acid–base properties of the materials (Solymosi et al., 1994; Bengaard et al., 2002; Zhang et al., 2019). However, we were unable to find any related study for supported Mo or MoOx systems. It is worth pointing out that hydrocarbon decomposition and reduction of the precursor occur at the same time, which complicates the analysis. However, it is beyond the scope of this paper to go into a detailed discussion of hydrocarbon decomposition.

All the samples were characterized by XRD. The patterns associated with MoC10E−700/TiO2-P, MoC/TiO2-P, MoC20E−800/TiO2-P, and MoC20E−700/TiO2-D are presented in Figure 1, while all the others are included in Figures S1, S2. The patterns obtained for the catalysts synthesized at 600°C and 700°C present mainly the peaks associated with the support: a mixture of anatase and rutile phases for TiO2-P, anatase for TiO2-D, and a mixture of monoclinic and tetragonal phases for ZrO2. With catalysts based on TiO2-P (75% anatase/25% rutile), the final amount of anatase is between 55 and 75%, depending on the synthesis conditions (Table 1 and Table S1). In presence of Mo carbide, the anatase is stable up to 700°C under 20% hydrocarbon/H2 while it transforms into rutile under 5% and 10% hydrocarbon/H2 gas streams. Thus, the presence of fully carburized Mo carbide and/or free carbon seems to stabilize the anatase phase. However, after reduction–carburization at 800°C, the support is partially reduced to Ti5O9 and Ti4O7 (Figure 1C and Figure S2F). Finally, the crystallite sizes of the anatase phase (26–29 nm) are similar while the ones associated with rutile vary from 11 to 82 nm (Table S2). Regarding the catalysts based on TiO2-D, the anatase phase is stable, i.e., no rutile was observed and the crystallite size is similar to the bare support (ca. 26 nm). This agrees with the results observed for TiO2-P at 700°C under 20% hydrocarbon/H2. In the same manner, the ZrO2 support is stable, with a composition that remains at 88% monoclinic/12% tetragonal.
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FIGURE 1. XRD patterns of the catalysts: (A) MoC10E−700/TiO2-P, (B) MoC/TiO2-P, (C) MoC20E−800/TiO2-P, and (D) MoC20E−700/TiO2-D. Assignment of peaks: (▴) anatase, (△) rutile, (•) Ti5O9, (○) Ti4O7, and (⋆) MoC.


The specific surface area of Mo carbide supported on TiO2-P and synthesized at 600°C (54 m2 g−1; Table S2) is similar to that of the bare support (55 m2 g−1). However, these values decrease to 43 m2 g−1 as the percentage of anatase decreases to 55%. Finally, the surface area is of 28 m2 g−1 due to the reduction of the support after treatment at 800°C, for MoC20M−800/TiO2-P. The catalysts supported on TiO2-D and ZrO2 exhibit surface areas similar to those of the bare supports (129 m2 g−1 for ZrO2; 90 m2 g−1 for TiO2-D).

XRD analyses suggest the formation of fcc MoC in all the samples. This phase is characterized by two main peaks at 36.4° and 42.2°, associated with the (111) and (002) planes (PDF 01-089-2868). While the first one overlaps with the peaks associated with the supports, the second one can be more easily observed. The Mo carbide crystallite sizes were estimated by Rietveld refinement to be around 2–4 nm for all the samples (Table S2).

STEM-HAADF images of the catalysts (Figure 2) confirm the presence of small particles (size < 4 nm) at the surface of the supports, independently of the synthesis conditions. The interplanar distances and angles estimated by electron diffraction and TEM analyses on selected samples (MoC20E−700/TiO2-D: Figure S3 and Table S3; MoC10E−700/TiO2-P: Figure S4 and Table S4) confirm the formation of the MoC phase with fcc structure.


[image: Figure 2]
FIGURE 2. Representative STEM-HAADF images (scale bars, 20 nm) of (A) MoC/TiO2-P, (B) MoC10E−700/TiO2-P, (C) MoC10M−700/TiO2-P, and (D) MoC20E−700/TiO2-D.




Preparation and Characterization of Molybdenum Nitride Catalysts

In order to compare the nature of the atoms incorporated into the structure, a series of supported molybdenum nitride catalysts were synthesized using method A (MoNA) or method B (MoNB) with TiO2-P, TiO2-D, or ZrO2 as support (Table 2). Based on the literature dealing with the synthesis of bulk molybdenum nitride (Ghampson et al., 2012; Perret et al., 2012; Cárdenas-Lizana et al., 2018), the formation of hexagonal β-Mo2N is favored when using low GHSV, high heating ramp and low N2 content in the gas stream (method A) while the opposite conditions usually generate cubic γ-Mo2N with high surface area (method B).


Table 2. List of the supported molybdenum nitride catalysts with the corresponding preparation conditions, the N/Mo atomic ratio derived from elemental analyses, and the support composition (% phase).
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The molybdenum loading is around 9% for all the catalysts (Table S5). The N/Mo ratios presented in Table 2 are around 0.5, suggesting the formation of Mo2N. For all the samples, the ratios were slightly higher when synthesized with method B as compared to method A. MoNB/TiO2-D exhibits a ratio of 0.70, slightly above what has been reported in the literature for bulk molybdenum (N/Mo ratios: 0.3–0.5) (Gong et al., 2006; Kong et al., 2008; Cairns et al., 2009; Perret et al., 2012). This might be due to the incorporation of some nitrogen atoms in interstitial sites and defects of TiO2. This has previously been reported for molybdenum nitride supported on Al2O3 and SBA-15 (Ghampson et al., 2012; Zheng et al., 2013).

The diffraction patterns associated with MoNA/TiO2-P, MoNB/TiO2-P, and MoNB/TiO2-D are presented in Figure 3, while the other ones are reported in Figure S5. Rietveld refinements suggest the presence of small crystallites of cubic Mo nitride in all the samples (Table S5). However, the two main peaks of the cubic and hexagonal phases of Mo2N are close to each other (37.3°/43.3° and 37.3°/43.1°, respectively). As the minor diffraction lines were not observable by XRD due to the low loading and the small size, it is difficult to discriminate between the two phases. For MoNA/TiO2-P and MoNA/TiO2-D, an additional peak at 40° with a small intensity can be attributed to metallic Mo. In agreement with the elemental analyses, the results suggest that method A does not allow a full nitridation of the samples; hence, some metallic Mo is still present. Similarly to supported carbides, the thermal treatment under reducing atmosphere is associated with a slight transformation of anatase to rutile (from 75 to 65–69% of anatase) for TiO2-P, while TiO2-D and ZrO2 remain stable (Table 2).


[image: Figure 3]
FIGURE 3. XRD patterns of the catalysts: (A) MoNA/TiO2-P, (B) MoNB/TiO2-P, and (C) MoNB/TiO2-D. Assignment of peaks: (▴) anatase, (△) rutile, (⋆) MoN, and (+) Mo.


The catalysts were also characterized by STEM, TEM, and electron diffraction, as shown in Figure 4. The catalysts exhibit small (<5 nm) Mo nitride nanoparticles. Moreover, the d-spacing and angles estimated for some particles correspond to cubic Mo2N (Figures S6, S7 and Tables S6, S7), in agreement with XRD.


[image: Figure 4]
FIGURE 4. Representative STEM image of MoNB/TiO2-D (A); TEM images and electron diffraction patterns (corresponding to the red squares in the images) of MoNB/TiO2-D (B) and MoNA/ZrO2 (C).




CO2 Hydrogenation Over Supported Molybdenum Carbide


Preliminary Catalytic Test Over MoC/TiO2-P

All the preliminary tests were conducted with MoC/TiO2-P (C1, Table 1). For the first evaluation, the reaction conditions used by Rodriguez and coworkers (Xu et al., 2014) were employed. The reaction was performed at 250°C, with a total pressure of 20 bar and a total flow rate of 30 ml min−1 using a reaction mixture of 75% H2/15% CO2/10% N2. Figure S8A shows the temporal evolution of CO2 conversion and product yields. CO2 conversion started around 190°C; it increased with the temperature and reached a maximum (3.5%) at 113 min corresponding to the overshooting of the temperature of the oven (260°C). The evolution of the product selectivity as a function of temperature, shown in Figure S8B, reveals that, at low temperature, only CO was produced. Afterwards, a decrease in CO selectivity was observed, associated with a corresponding increase in CH4. In parallel, C2H6 and CH3OH were formed in small quantities; however, the selectivity of the former product gradually increased. Figure 5 presents CO2 conversion (around 2.5%) and selectivity to products once the temperature is stabilized at 250°C. At quasi-steady state, the major product is CO with a selectivity of 69%, followed by CH4 (24%), C2H6 (4%), and CH3OH (3%).


[image: Figure 5]
FIGURE 5. Temporal evolution of CO2 conversion and selectivity of products during the hydrogenation of CO2 over 400 mg of MoC/TiO2-P at 250°C and 20 bar total pressure, with a total flow rate of 30 ml min−1 of H2 /CO2/N2 with a H2:CO2 ratio of 5:1, 150 min on stream after stabilization of the temperature.


These results suggest that MoC/TiO2-P behaves primarily as a RWGS catalyst. According to the molybdenum carbide content, the conversion (2.5% for 56 mg of MoC) is similar to the one reported for a cubic molybdenum carbide catalyst under the same reactions conditions (11% conversion over 200 mg of MoC) (Xu et al., 2014). However, the product distribution is different and the present catalyst shows higher selectivity to CO and CH4 with lower selectivity to methanol. Indeed, the authors reported that cubic MoC is selective to CO (51%), CH3OH (23%), CH4 (16%), and C2H6 (3%), whereas hexagonal MoC leads to less CO (34%) and CH3OH (12%), but more CH4 (37%) and C2H6 (9%). The authors proposed that methane and ethane would result from the hydrogenation of the carbon generated from the full decomposition of CO2 on the surface. Our results are closer to the ones reported by García Blanco et al. (2019) over cubic MoC1−x under similar conditions (240°C, 20 bar). They measured an 8% conversion, with selectivity to CO (55%), CH4 (30%), C2H6 (4%), and methanol (3%).



Screening of the Reaction Conditions Over MoC/TiO2-P

Several reaction conditions were assessed by varying the total gas flow rate, the H2/CO2 molar ratio, the temperature, and the catalyst weight. Table S8 reports the CO2 conversion and product selectivity results at quasi-steady state. First, the reproducibility and the absence of mass transfer limitations were checked. Afterwards, the total flow rate of the reactant mixture was decreased from 50 ml min−1 to 10 ml min−1. As expected, decreasing the flow rate increased the conversion to the same extent (from 4 to 12%). The selectivity to CH4 and C2H6 increased at the detriment of CO and methanol.

The effect of temperature on the reaction kinetics was investigated for 200, 250, and 300°C. When the temperature increases, the quasi-steady-state conversion increases from 0.5 to 11.4%. This is associated with a slight increase in selectivity toward CO (from 72 to 79%) and C2H6 (from 0 to 3%), along with a decrease in selectivity toward CH4 (from 26 to 18%) and methanol (from 2 to 0.4%). Less methanol is expected when the temperature is increased, according to the Le Chatelier principle (Romero-Saez et al., 2019). However, as far as CO and methane are concerned, Xu et al. (2014) measured a lower CO selectivity and a higher CH4 selectivity at higher temperature for cubic MoC.

Finally, the influence of the passivation treatment on the catalytic performance of MoC/TiO2-P was evaluated by conducting another test with a fresh non-passivated catalyst transferred into the reactor through a glovebox. This catalyst appears more active than the passivated one, while the product selectivity is unaltered. This is consistent with the study of Nagai et al. (1998b), who showed that passivation decreases the activity of Mo carbide catalysts supported on alumina in CO2 hydrogenation at 300°C and atmospheric pressure (however, the authors did not mention whether passivation had an influence on the selectivity).



Effect of the Catalyst Carburization Conditions on the Activity of MoC/TiO2-P

MoC/TiO2-P catalysts were prepared with different methane or ethane concentrations (5, 10, and 20%) and carburization temperatures (600, 700, and 800). The XRD, STEM, and TEM analyses confirmed the formation of well-dispersed fcc MoC particles on the support. The main difference between these catalysts lies in the C/Mo ratios.

The evolution of CO2 conversion with time-on-stream for MoC/TiO2-P catalysts prepared with ethane is presented in Figure 6. Figure 7 reports the corresponding product distributions at quasi-steady state (CO is not shown). The general trend is that CO2 conversion decreases with the increase in carbon content (higher C/Mo ratio, Figure S9), which is in accordance with the literature (Posada-Pérez et al., 2014; Xu et al., 2014). Substantial increases in the selectivity toward CO and methanol were reported when moving from a C-rich surface to a Mo-rich surface. In our case, the selectivity to CO (72–75%), methane (20–23%), and ethane (3%) does not significantly differ between the catalysts. However, differences appear in terms of methanol selectivity, which varies from 1 to 3%. It is worth noting that all the conversions and selectivity remained stable with time. A previous study on supported molybdenum carbide (Mo2C/MCM-41) reported that the conversion decreased with time and the selectivity varied (Liu et al., 2016).
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FIGURE 6. CO2 conversion over MoC/TiO2-P as a function of the amount of ethane used for carburization at 700°C (A) and the carburization temperature used for 20% ethane (B). Catalytic conditions: 400 mg of catalyst, 50 ml min−1, 250°C, 30 bar, H2:CO2 = 3:1, 150 min on stream after stabilization of the temperature.



[image: Figure 7]
FIGURE 7. Selectivity to methane, ethane, and methanol, and conversion for MoC/TiO2-P as a function of the carburizing ethane concentration (5, 10, or 20% in H2), and the carburization temperature (600 or 700°C). Catalytic conditions: 400 mg of catalyst, 50 ml/min, 250°C, 30 bar, H2:CO2 = 3:1, 150 min on stream after stabilization of the temperature.


Regarding the catalysts synthesized at 700°C (Figure 6A), the higher the alkane concentration during the catalyst preparation, the lower the CO2 conversion is. The preparation of the carbide with a low concentration (5%) of ethane favors CO2 conversion: 4.3% for MoC5E−700/TiO2-P, which is the highest value. In contrast, a high concentration of ethane (MoC20E−700/TiO2-P) leads to the highest selectivity to methanol (3%), but at the lowest conversion (1.5%).

The performances of the catalysts prepared with ethane at different carburization temperatures are shown in Figure 6B. The conversion decreases from 4% to near-zero value with the increase in the carburization temperature from 600 to 800°C. The graphitic carbon present on the surface of the fully carburized catalysts may block the access of the reactants to the active surface of the material, i.e., it may act as a poison, as previously reported (Nagai et al., 1998b). The support undergoes significant phase changes at 800°C (section Preparation and Characterization of Molybdenum Carbide Catalysts), which might also explain the lack of activity of MoC20E−800/TiO2-P. As this catalyst was barely active, its selectivity is not reported in Figure 7.

The same trends are observed when using methane as carburizing hydrocarbon (Figures S10, S11). Thus, the increase in carbon content of the carbide appears to moderate its activity, consistently with previous work (Posada-Pérez et al., 2016a). The selectivity to methanol increases up to 3% with the increase in temperature of preparation or hydrocarbon content, when using ethane. The highest selectivity to methanol (5.3%) is observed for the catalyst with the lowest C/Mo ratio, i.e., MoC20M−600/TiO2-P.



Effect of the Support Nature

The nature of the support is known to affect catalytic performances. For example, Kim et al. have shown that the support crystal structure of Ru/TiO2 strongly affects the hydrogenation of CO2 (Kim et al., 2018). Moreover, PtCo/ZrO2 and PtCo/TiO2 exhibit distinct selectivity in CO2 hydrogenation, the former catalyst being more selective to CH4 (Kattel et al., 2016). In both studies, the differences in behaviors were attributed to distinct metal–support interactions in the catalysts.

The performances of Mo carbide catalysts synthesized from ethane at 700°C and supported on TiO2-P, TiO2-D, and ZrO2 are compared in Table 3. The catalyst supported on TiO2-D (pure anatase) shows a higher conversion than those supported on TiO2-P and ZrO2. This is in agreement with the results obtained with Ru/TiO2, where the conversion of CO2 increases with the anatase content in the support (Kim et al., 2018). A significant difference is observed in the product selectivity, which is affected by the nature of the support more than by the C/Mo ratio. The selectivity to methanol of the catalyst supported on TiO2-D is superior by ca. 8% compared to the case of TiO2-P. This catalyst also shows lower CO and CH4 selectivity. The selectivity of MoC20E−700/ZrO2 is similar to that of MoC20E−700/TiO2-P. The same trends are observed for the catalysts synthesized using methane as hydrocarbon (Table S9). These results make the use of TiO2-D preferable over the other supports as CO2 conversion and methanol selectivity both increase in the order: MoC supported on TiO2-D > TiO2-P ≈ ZrO2.


Table 3. Effect of the support nature on the catalytic performances.
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The active sites reported for molybdenum carbide catalysts in the hydrogenation of CO2 are Mo-terminated and C-terminated Mo2C (Posada-Pérez et al., 2016b). Molybdenum and carbon defects are also present at the surface and may affect the catalytic response (de Oliveira et al., 2014). As the conversion increases with the decrease in C/Mo ratio (section Effect of the Catalyst Carburization Conditions on the Activity of MoC/TiO2-P), our results suggest that the amount of carbon vacancies affects the catalytic performance and/or that the C-terminated sites are inactive. The supported carbides were compared with MoO3/TiO2-D in order to assess the respective roles of molybdenum and carbon species. The XRD diffraction pattern (Figure S12) confirmed the formation of orthorhombic MoO3. A very low conversion (0.5%) was measured with this catalyst (Table 3); hence, Mo6+ are not active for this reaction. We have previously shown that MoC/TiO2 exhibits mainly Moδ+ (δ+ < 2) species (Abou Hamdan et al., 2019). Therefore, it seems that the combination of Moδ+ (δ+ < 2) species with C vacancies is favorable to the hydrogenation of CO2.




CO2 Hydrogenation Over Supported Molybdenum Nitride

The series of Mo nitride catalysts supported on TiO2-P, TiO2-D, and ZrO2 was tested for the hydrogenation of CO2 in the same conditions as those used for the carbides. The performances at quasi-steady state are reported in Figure 8. The conversions are in the range 0.7–1.1%, which implies that the nitride catalysts are less active than their carbide counterparts. Similarly to the carbides, the activity of supported MoN varies in the order: TiO2-D > P25 TiO2-P ≈ ZrO2.


[image: Figure 8]
FIGURE 8. Conversion and selectivity for supported Mo nitride catalysts. Catalytic conditions: 400 mg of catalyst, 50 ml min−1, 250°C, 30 bar, H2:CO2 = 3:1, 150 min on stream after stabilization of the temperature.


The selectivity to CO, methane, and methanol are in the ranges 69–84, 7–15, and 9–16%, respectively. The highest CO selectivity are those of the TiO2-supported samples, while the highest methane and methanol selectivity are those of ZrO2-supported catalysts. With respect to the carbides, the CO/CH4 selectivity ratio is higher for the nitrides. Moreover, no ethane is produced on these catalysts, which suggests a weaker adsorption of CO2, leading to the absence of CO2 decomposition to atomic carbon (Xu et al., 2014).

Finally, despite the different degrees of nitridation provided by methods A and B, the synthesis method poorly affects the catalytic performance, confirming the low activity of N-terminated sites. Moreover, Mo2N catalysts are characterized by the presence of Moδ+ (2 ≤ δ+ < 4) (Perret et al., 2012), which confirms that the oxidation states of Mo affect the hydrogenation of CO2.

γ-Mo2N synthesized using reduction–nitridation under NH3 at 700°C was reported to be active and selective for the RWGS reaction (Yao et al., 2019). At 350°C, ca. 2.5% conversion and a CO selectivity above 98% was measured. Our results confirm that Mo2N is able to uptake and activate CO2 as ca. 1% conversion was observed under our reaction conditions. However, supported molybdenum carbides outperform the nitride counterparts. Simple ways of increasing CO2 conversions consist in decreasing the reactant gas flow rate and increasing catalyst weight, as done during the preliminary tests (Table S8).




CONCLUSION

Molybdenum carbide and nitride nanoparticles supported on TiO2 and ZrO2 were evaluated in the hydrogenation of CO2 for the first time. The catalysts were synthesized by impregnation followed by reduction–carburization or reduction–nitridation. Synthesis parameters such as temperature, nature, and composition of the gas stream, and space velocity were varied. Characterization by TEM/STEM and XRD showed the formation of cubic MoC and Mo2N nanoparticles. Different degrees of carburization (Mo/C molar ratio) and nitridation (Mo/N) were obtained depending on the synthesis conditions.

For MoC/TiO2, employing a low concentration of hydrocarbon in hydrogen and a low temperature during the synthesis results in a lower C/Mo ratio and a higher activity. Moreover, the presence of graphite inhibits the reaction. The carbide catalysts generate mainly CO, along with methane, ethane, and methanol. The nature of the support affects the catalytic performances, which are higher for TiO2-D (commercial DT51) support. The preparation conditions and the support affect the selectivity to methanol, which varies from 1 to 11%. The Mo nitride catalysts are less active than their carbide counterparts. The Mo/N molar ratio does not affect the conversion and the product distribution. Regarding the carbide catalysts, the presence of carbon vacancies seems to be crucial. Further work will focus on the control of the amount of these vacancies in an attempt to increase the catalytic activity and tune the selectivity.
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Rare-earth elements (which include all lanthanides, scandium, and yttrium) play a key role in many fields including oil refining, metallurgy, electronics manufacturing, and other high-technology applications. Although the available lanthanide resources are enough for current levels of manufacturing, increased future demand for lanthanides will require new, efficient recovery methods to provide a sustainable supply. Membrane adsorbers are promising separation materials to recover lanthanides from high volumes of wastewater due to their tailorable surface chemistry, high binding capacity and high throughput. In this work, membrane adsorbers were synthesized by first using ultraviolet-initiated free radical polymerization to graft a poly(glycidyl methacrylate) (p-GMA) layer to the surface of polyethersulfone membranes. Then, the reactive epoxy groups of the grafted p-GMA were used for the covalent attachment of lysine molecules via a zinc perchlorate-catalyzed, epoxide ring-opening reaction at 35°C. Changes in membrane surface chemistry throughout the functionalization process were monitored with Fourier Transform Infrared Spectroscopy. The degree of grafting for the p-GMA film was quantified gravimetrically and increased with increasing polymerization time. Equilibrium adsorption experiments were performed for single specie solutions of La3+, Ce3+, Nd3+, Na+, Ca2+, and Mg2+ at pH 5.25 ± 0.25. Lysine-modified membranes showed negligible uptake of Na+, Ca2+, and Mg2+. The maximum capacities modeled by the Langmuir isotherm for La3+ and Ce3+ were 6.11 ± 0.58 and 6.45 ± 1.29 mg/g adsorbent, respectively. Nd3+ adsorbed to the membrane; however, the fit of the Langmuir model was not significant and it adsorbed to a lower extent than La3+ and Ce3+. Lower adsorption of the higher charge density species indicates that the primary binding mode is through the amine moieties of lysine and not the carboxylic acid. Dynamic adsorption experiments were conducted with 1 ppm La3+ feed solutions at different flow rates using either a single membrane or three membranes in series. The dynamic binding capacity at 50% breakthrough was independent of flowrate within the tested range. The low-temperature membrane functionalization methodology presented in this work can be used to immobilize biomolecules with even higher specificity, like engineered peptides or proteins, on membrane surfaces.

Keywords: membrane adsorbers, surface modification, UV polymerization, epoxide ring-opening, amino acids, lanthanide recovery, rare-earth recovery


INTRODUCTION

Lanthanides, which constitute the majority of the rare earth elements (REEs), are gaining increased attention worldwide due to their versatile applications in oil refining (Kilbourn, 1986), agriculture (Xu et al., 2002), metallurgy and alloys (Biesiekierski et al., 2019) and in high-technology applications such as super magnets, batteries, and electronics (Balaram, 2019). Currently, China produces 75% of lanthanides and >90% of REEs worldwide. Increasingly strict export controls and many countries' lack of minable repositories within their boundaries are causing them to seek alternative strategies for acquiring REEs to supply high-tech industries. Such strategies may include sequestering lanthanides from recycled electronic waste (circuits, cellphones, magnets) or from industrial waste streams. One abundant source of REEs is the fly ash and wastewater from coal-fired combustion power plants (Binnemans et al., 2015; Dai and Finkelman, 2018; Wang et al., 2019). The composition of lanthanides in the waste varies with the geographical location from which the coal was mined. To recover the lanthanides, strong acids are used to leach them from the solid waste. The acid leachate is further processed to recover any high-value products. Unfortunately, these valuable elements exist in low concentrations (3–7 ppm) in the strong acid leachate before dilution to even lower concentrations (0.5–0.6 ppm) (Taggart et al., 2016). Due to the large volume of this wastewater, there is still a high quantity of REEs to recover like yttrium, neodymium, and cerium. Other prevalent ions in the leachate, like Na+, Mg2+, Ca2+ exist at much higher concentrations ranging from tens to thousands of parts per million. Therefore, recovering the lanthanides from these waste waters requires a selective separation.

Currently, technology for recovering lanthanides on the industrial scale is premature and <1% of the lanthanides were recycled using lab-scale research efforts through 2011 (Binnemans et al., 2013). New processes for recycling lanthanides have been explored using conventional liquid-liquid extraction (Le et al., 1993), ionic liquids (Yang et al., 2013), polymeric resins (Cui et al., 2020), and polymeric nanofiltration membranes (Kose Mutlu et al., 2018). Solid-phase extraction is generally preferred to liquid-liquid extraction because those processes produce less hazardous waste, require shorter operation times and have simpler operation while maintaining high separation efficiency. Within solid-phase extraction techniques, some approaches are more amenable to processing large volumes of waste than others. For example, ion-exchange resins are known to be diffusion limited due to their mesoporous structure and the location of binding ligands on the surface and the inner pore of the resin. To achieve high product capture, resin-packed columns must be operated at low flowrates (ml/min) and use large bed volumes. Nanofiltration membranes can be operated at much higher flowrates (L/min) and moderate pressures (90–150 psi); however, current nanofiltration designs do not allow for highly-selective separations.

One promising solid-phase technology is membrane adsorbers. Membrane adsorbers consist of a microporous substrate coated with a nano-thin, covalently bound polymer layer which contains binding sites for molecules or ions. The selectivity of the membrane adsorbers can be tailored by changing the chemistry of the membranes. In doing so, membrane adsorber materials are an alternative to traditional ion-exchange resins that can achieve the high-throughput of nanofiltration membranes with the selectivity of ion-exchange resins. Membrane adsorbers have been synthesized by a variety of methods including controlled polymerizations, and photo-induced free radical polymerization (He et al., 2009; Zhao et al., 2013). Photo-induced free radical polymerization is a convenient method due to its short reaction time (minutes) and, unlike many controlled polymerizations, it does not require a catalyst or oxygen-free environment. A useful approach to introduce tailorable polymer brushes on a membrane surface is to graft poly(glycidyl methacrylate) from the membrane surface, then utilize the reactivity of the epoxide ring to add a functional group (Yune et al., 2012; Dong et al., 2019). Epoxide rings readily react with alcohols, amines, alkoxides, or Gringard agents, enabling the facile addition of binding groups. This functionalization strategy has been used to modify polymer membranes for peptide/protein immobilization (Becker et al., 2002; Danisman et al., 2004; Xu et al., 2005, 2010; Misra et al., 2014; Wei et al., 2015).

Amino acids, peptides and proteins are promising ligands to sequester REEs due to the unique ability to customize their sequences and, ultimately, binding chemistries using modern polypeptide engineering tools. Polypeptides with tailored amino acid sequences and secondary structures can give rise to a variety of functions and highly specific binding. In previous studies which explored the complexation (chelation) between a variety of amino acids and lanthanides in the liquid phase, amino acids were found bind lanthanide species and the chelation mechanisms were observed to be pH dependent (Kremer et al., 2005; Zheng, 2012). At low pH (pH 1–4), ionized carboxylic acid groups mainly participate in the coordination with lanthanides; at near-neutral pH (pH >6), multi-modal interactions or infinite chain formation between hydrolyzed lanthanides and amino acids occurred. There have been some promising studies that incorporate amino acids into membrane separation processes. Xin et al. (2015) used dopamine as a cross-linker to incorporate cysteine in graphene oxide membranes to enhance CO2 selectivity. Most relevant to this work, Hestekin et al. (1998) employed an aldehyde-schiff base reaction to covalently couple poly(glutamic acid) to a cellulose membrane to remove heavy metals, Pb and Ni, from industrial wastewater. One of the goals of the present work is to tether amino acids to membrane adsorbers via an epoxide ring opening reaction. Lysine was chosen for our experiments because each molecule contains two amine groups—one amine participates in epoxide reaction to covalently attach lysine to the membrane while the second amine remains available for binding.

The ring-opening reaction between amines and epoxides is a mature chemistry that proceeds at temperatures above 90°C (Yune et al., 2012). Most biomolecules, will degrade at high temperatures, destroying their secondary structure or hydrolyzing them. To maintain their biological activity, many researchers have pursed an alternative chemistry to immobilize peptides (Xu et al., 2010; Wei et al., 2015) and proteins (Becker et al., 2002; Danisman et al., 2004; Xu et al., 2005; Misra et al., 2014) which can proceed at room temperature. Under these conditions, the reaction can progress; however, it would proceed at a slow rate, and thus require a longer reaction time for immobilization. Despite longer reaction times, the total amount of ligand loading is still quite low. To speed up the rate of the ring-opening reaction in homogeneous catalysis conditions, some researches have studied the use of catalysts (Saddique et al., 2016), one of which is zinc perchlorate hexahydrate (Shivani et al., 2007). Zinc perchlorate hexahydrate is a Lewis acid and has high catalytic efficiency compared to various metal perchlorates and zinc salts, and could decrease the reaction time, thus allowing the reaction to occur at a lower temperature, protecting biomolecules.

In this work, we synthesize a lanthanide-binding, amino acid-functionalized membrane adsorber by (1) ultraviolet (UV)-initiated free radical polymerization to graft a poly(glycidyl methacrylate) layer then (2) a room temperature, catalyzed ring-opening reaction to attach the lysine functionality. The synthesized membranes are evaluated for their permeability, affinity toward lanthanides and dynamic binding capacity. The methods for membrane synthesis reported in this work can be extended to the immobilization of other biomolecules, such as polypeptides, on a membrane surface. Incorporation of biomolecules with highly-specific binding sites may enable the development of high selectivity membrane adsorbers.



EXPERIMENTAL


Materials

Polyethersulfone (PES) microfiltration membranes (0.45 μm pore diameter, 47 mm diameter) were purchased from MilliporeSigma (Burlington, USA). Glycidyl methacrylate (≥97.0%), lanthanum(III) nitrate hexahydrate (99.999% trace metal basis), cerium(III) chloride heptahydrate (99.9% trace metal basis), neodymium(III) nitrate hexahydrate (99.9% trace metal basis), zinc perchlorate hexahydrate, calcium chloride (anhydrous, Redi-Dri, ≥97%), sodium standard for ICP (1,000 mg/L ± 2 mg/L), calcium standard for ICP (1,000 mg/L ± 2 mg/L), and magnesium standard for ICP (1,000 mg/L ± 2 mg/L) were purchased from Sigma-Aldrich. Magnesium chloride hexahydrate (99–102%, ACS grade) was purchased from VWR Life Science. L-lysine (98%, powder) was purchased from Alfa Aesar. Ethyl alcohol (absolute, 200 proof, ≥99.5%, ACS Reagent grade) was purchased from Acros Organics. Denatured ethyl alcohol (88–91%), sodium chloride (≥99%, certified ACS grade, crystalline), nitric acid (68–70%, certified ACS plus grade), and hydrochloric acid (36.5–38%, certified ACS plus grade) were purchased from Fisher Chemical. Arsenazo (III) was purchased from Pointe Scientific. Sodium hydroxide (10 N, biotech reagent grade) was purchased from Avantor. Deionized water (DI water) was made from a RiOS-DI 3 water purification system (MilliporeSigma, Burlington, MA, USA).



Membrane Preparation
 
UV-Initiated Free Radical Polymerization

Commercially available polyethersulfone microfiltration membranes were used as a substrate and functionalized with glycidyl methacrylate (GMA) to form poly(ether sulfone)-graft-poly(glycidyl methacrylate) membranes (PES-GMA) according to the following procedure. A monomer solution was prepared by dissolving 0.5840 g GMA into 20 ml of solvent composed of 4 ml ethanol and 16 ml DI water to form a 0.2 M GMA solution (20/80, ethanol/DI water by volume) (Yune et al., 2012). A single membrane sample (76 mg) was placed in a glass petri dish (Pyrex). Two ml of the monomer solution was pipetted on top of the sample, then the membrane was covered with a second petri dish for 30 min at room temperature to allow the monomers to swell the membrane and penetrate the pores. After that, the membrane was sandwiched between two glass petri dishes and irradiated by a UV lamp (15 Watt, λ = 302 nm, Analytik Jena, Germany) for 3–15 min. The distance between the membrane and the UV light source was controlled at 1 cm. After UV functionalization, the membrane was rinsed thoroughly with ethanol followed by DI water. The membrane was then washed with DI water on a shaker table (Orbital Environ-shaker, Lab-line) overnight at 160 RPM and room temperature to completely remove unreacted and physically adsorbed monomers. Finally, the membrane was dried for 3 days in air at room temperature and saved for future characterization.



L-lysine Immobilization by Ring-Opening

A lysine solution was prepared by dissolving 7.5 mg lysine powder (ligand) and 10 mg zinc perchlorate hexahydrate (catalyst) in 10 ml DI water. Single PES-GMA membrane samples (15 mg), which were previously prepared by UV irradiation for 6 min were immersed in the solution. Then, the membrane-containing solutions were heated to 35°C in a sand bath situated atop a hot plate with temperature control (7 × 7 Hot/Stir Pro, 120 V, VWR) and stirred continuously using a magnetic stirrer at 320 RPM for 24 h. The lysine immobilized membranes (PES-GMA-Lysine) were rinsed with DI water from a wash bottle then washed with DI water overnight on a shaker table at 160 RPM and room temperature to completely remove any physically adsorbed molecules. Finally, the membranes were dried in air at room temperature for three days until further characterization and experiments.




Membrane Characterization
 
Infrared Spectroscopy

Attenuated total reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used to analyze the functional groups on membrane surface. This study used a Nicolet iS50 FT-IR (Thermo Scientific, USA) with a diamond crystal. Each spectrum was collected in a range from 400 to 4,000 cm−1 wave numbers with 4 cm−1 resolution for a total of 32 scans. The absorbance spectra were analyzed using Omnic 9 software, version 9.8.372 (Thermo Scientific, USA).



Degree of Grafting

The degree of grafting (DG) of PES-GMA membranes was calculated to quantify the total amount of polymer grafted onto membranes. Reproducibility of grafting was assessed by weighing three different membranes at each UV irradiation time. The initial and final weights of PES-GMA membranes were measured by an analytical balance (Ohaus Explorer EX224, New Jersey—same model used throughout study) and the DG for GMA was calculated by Equation (1).

[image: image]

In this equation, wi is the initial PES membrane weight before UV grafting and wf is the final weight of the PES-GMA membrane after the grafting reaction and drying procedure.



Pure Water Permeability Test

The permeability coefficient (A) of each membrane was calculated to study the influence of membrane modification on throughput. In this study, we only tested the permeability of unmodified PES membranes and PES-GMA membranes. To conduct the membrane permeability experiments, membranes were placed in a dead-end filtration cell (50 ml capacity, 45 mm diameter, Amicon), then DI water was pumped through membranes at different transmembrane pressures (0.689, 1.034, 1.379 bar). The DI water was pressurized in a 10 L stainless steel tank with laboratory grade compressed air. The transmembrane pressure was measured with an inline pressure transmitter (A-10 pressure transmitter, WIKA Instrument, LP) and a digital meter (ProVu PD6000 process meter, Precision Digital Corporation) directly before the dead-end filtration cell. Membrane permeate was collected at 1-min intervals and weighed on a digital balance (OHAUS Ranger 7000, OHAUS, New Jersey). Before the experiment began, the membranes were compressed by pumping DI water through the membrane at 1.379 bar for 10 min. The data were recorded three times at each pressure for each membrane. Permeability measurements were made for three different membranes with the same DG to assess reproducibility. The permeability coefficients of the membranes were calculated by using Equations (2) and (3).
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In these equations, A is the permeability coefficient [image: image], J is the flux through the membrane [image: image] and ΔP (bar) is the transmembrane pressure. The flux through the membrane, J, can be calculated by dividing ΔV, the volume of effluent collected during time interval t and the membrane filtration area, a.




Equilibrium Adsorption Experiments

Equilibrium adsorption experiments were performed to quantify the maximum binding capacity and binding affinity of PES-GMA-Lysine membranes for common lanthanides found in coal fly ash (La3+, Ce3+, Nd3+) and common competitors (Na+, Ca2+ and Mg2+) (Kose Mutlu et al., 2018). Single-specie stock solutions (500 ppm) were mixed for each individual cation. Cation stock solutions were prepared by weighing representative salts with an analytical balance and dissolving salts in 500 ml DI water. Solutions for the static binding experiments were prepared by diluting the concentrated stock solutions to concentrations of 1–30 ppm. Lanthanides from solid waste like coal fly ash are typically leached out by strong acid (Taggart et al., 2016), then, further treatment can be performed in a moderate or weak acid. We chose pH 5.25 ± 0.25 because it represents a diluted acidic leachate, and is an acceptable pH for biomolecules. The pH of each diluted solution was adjusted to pH 5.25 ± 0.25 using <0.4 ml of hydrochloric acid for salts containing chloride, nitric acid for salts containing nitrate or sodium hydroxide, if needed. The pH was measured using a Ag/AgCl pH probe and meter (Orion Star A211, Thermo scientific).

Adsorption experiments were conducted by immersing single PES-GMA-Lysine membrane samples (15 mg) in 15 ml ion-containing solutions in 15 ml centrifuge tubes (Thermo Fisher Scientific). Membrane-containing solutions were equilibrated on a shaker table at 160 RMP and room temperature for 24 h. Adsorption experiments were conducted three times for each cation using different membranes prepared by the same technique. This approach allowed us to account for batch-to-batch reproducibility of the membranes. The initial and equilibrium liquid phase concentrations of La3+, Ce3+, and Nd3+ were measured by UV-visible spectrophotometry using a Cary 3500 UV-Vis multicell peltier spectrophotometer (Agilent, USA). Arsenazo (III) was used as a colorimetric indicator. Arsenazo (III) has a pink color; however, when it chelates with the lanthanides (La3+, Ce3+, Nd3+), it forms a complex with a blue color that absorbs light at 652 nm (Hiro et al., 1967). Samples were prepared for UV-Vis by mixing the single ion-solution with a 20% molar excess of arsenazo (III). The percent excess is in reference to the initial concentration of the ion in each solution to ensure there is sufficient arsenazo (III) available for complexation. The pH of the testing solutions was controlled at 8.2 ± 0.15, at which the arsenazo (III) and lanthanides will form 1:1 stable complex (Rohwer and Hosten, 1997). The total volume of the solution prepared for UV-Vis analysis was 3 ml and was transferred totally to a disposable PMMA cuvettes. Spectra were collected in the range of 500–800 nm with 1 nm resolution. The peak intensity was measured by Cary UV Workstation 1.0.1284 software (Agilent, USA). The initial and equilibrium liquid phase concentrations of Na+, Ca2+, Mg2+ were detected by a 730-ES inductively coupled optical emission spectrometer (ICP-OES, Agilent Technologies, Santa Clara, CA, USA). Intensities of each metal ion at the characteristic wavelengths were collected by ICP Expert II v.2.0.2 software. Calibration curves for all 6 species are included in Figure S2.

Using data from the adsorption experiments described above, the equilibrium adsorption capacity Qe (mg of adsorbed species/g of membrane adsorber) was calculated by Equation (4).
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In this equation, C0 is the initial concentration in solution (ppm) and Ce is the equilibrium concentration in solution (ppm), V is the volume of the binding solution (L) and m is the mass of the membrane adsorber (g). The data were modeled using the Langmuir absorption isotherm Equation (5).
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In this equation, Qm is the maximum adsorption capacity of the membrane adsorber (mg ion/g membrane), KA is the equilibrium constant of adsorption (ppm−1) which reflects the binding affinity and Ce is the equilibrium concentration of the ion in solution (ppm). Here only the Langmuir adsorption isotherm is used to model the adsorption behavior of membrane adsorbers. Because for ion-exchange membrane adsorbers, the mechanism for ions binding to the ligands is through chemisorption (complexation), so a site-specific monolayer adsorption behavior is expected. But for Freundlich isotherm, a multi-layer adsorption process is considered, which doesn't match the system (Chung et al., 2015).



Dynamic Adsorption Experiments

Dynamic adsorption experiments were performed for two membrane configurations: single membrane and three membranes in series. For each experiment, the feed solution was delivered at a constant flowrate and the effluent was collected in fractions. The mass of La3+ accumulated on the membrane was calculated by a mass balance for each effluent fraction. Dynamic breakthrough curves were plotted using normalized concentration (i.e., ratio of effluent concentration to feed concentration, C/C0) verses eluted volume.

The dynamic binding capacity of the column describes the mass of La3+ bound to the membrane column at a specific percent breakthrough. In membrane chromatography, the dynamic binding capacity is often defined at a breakthrough below 100%, because complete column breakthrough leads to high product loss. For characterization purposes, the dynamic binding capacity of the column at 100% breakthrough is a useful tool because it can be compared to equilibrium adsorption data, like the Langmuir isotherm. In this work we refer to a dynamic binding capacity at 50% breakthrough (DBC50) and dynamic binding capacity at 100% breakthrough (DBC100). The dynamic binding capacity (DBC) was calculated by integrating breakthrough curves according to Equations (6) and (7) (Cussler, 1984).
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In these equations, C0 is the feed concentration (ppm), and C is effluent concentration (ppm). Vb is total eluted volume at a given percent breakthrough (ml). The DBC50 and DBC100 can be represented on a per column basis (mg/column) or a per mass basis (mg/mass of membrane).


Single Membrane Dynamic Adsorption Experiments

In dynamic adsorption experiments, La3+ was selected as a representative lanthanide ion. The La3+ breakthrough curves of membrane adsorber samples were gathered at a constant flowrate. More than 20 ml of a 1 ppm feed solution at pH 5.25 ± 0.25 was drawn into a 60 ml syringe. The concentration of 1 ppm was chosen because it is on the same order as dilute acid conditions in fly ash wastewater. The syringe was mounted in a programmable syringe pump (New Era Syringe Systems NE-300). The membrane was placed in a plastic filter holder (Pop-Top Membrane Holder, Whatman) with 0.8 cm2 filtration area then the plastic filter holder was connected to the syringe by 11 cm of flexible tubing (1/8″ ID, 1/4″ OD, Tygon S3™ E-3603, Saint-Gobain) and Luer-lock fittings. The membrane holder was situated above an automated fraction collector (Model 2110, Bio-Rad).

In a typical experiment, the syringe pump was programmed to deliver a constant volumetric flowrate of feed to the membrane at 0.25 or 0.125 ml/min to study the effect of flowrate on the dynamic binding capacity. The membrane filter effluent was collected in 1 ml aliquots and cation concentrations were measured using UV-Vis spectroscopy. A control experiment was conducted by using a single PES-GMA membrane at 0.25 ml/min to confirm that the observed La3+ binding was due to lysine and not the GMA functionality. Experiments in each flow rate were tested three times with three different membranes to access the reproducibility.



Multiple Membranes Dynamic Adsorption Experiments

A major benefit of membrane technology is its modularity. To increase the capacity of a membrane adsorption system, membranes can be physically stacked on top of each other or connected in series. In this experiment, three membrane filter holders each containing one membrane were connected in series. The feed concentration was 1 ppm of La3+ at pH 5.25 ± 0.25 and the flow rate was controlled at 0.25 ml/min. The membrane permeate was collected in 2 ml aliquots and the La3+ concentrations were measured using arsenazo (III)-assisted UV-Vis spectroscopy, as described above. Dynamic adsorption experiments were performed in triplicate. New membranes were used for each repeat trial to assess the reproducibility of the membranes between batches. In this case, nine total membranes were used for three different trials.




Statistical Analysis

All data, except Langmuir adsorption parameters, are represented by the mean ± the standard deviation. All statistical tests were performed using Minitab 19 Software, with a threshold value of α = 0.05. To assess constant variance, values of DG and permeability (Figure 2) at 15 min of UV-irradiation time were compared to all other time points using Levene's test (p > 0.05), and it was determined the equal variance assumption could be applied. To determine if DG and permeability coefficient changed significantly with UV-irradiation time, single factor analysis of variance (ANOVA) was performed. Tukey's honestly significant difference post-hoc tests were performed to compare means. Data were transformed to obtain random residual plots as needed. To test if the Langmuir model was appropriate for the equilibrium adsorption experiments, the data were plotted as 1/Qe vs. 1/Ce (see Equations 4, 5). Linear regression was performed and ANOVA determined if the linear relationship was significant. To assess differences in dynamic binding capacity when the flow rate was increased, and between a single membrane and three membranes in series, a two-sided t-test assuming equal variance was conducted.




RESULTS AND DISCUSSION


Membrane Preparation

Lysine functionalized poly(ether sulfone)-graft-poly(glycidyl methacrylate) (PES-GMA) membranes were prepared by UV-initiated free radical polymerization followed by zinc catalyzed ring-opening reaction of epoxy groups with the amine under mild temperatures (35°C) to achieve the final PES-GMA-Lysine membrane. The reaction is shown in Scheme 1. Both free amine groups of lysine could react with the epoxide group through the ring-opening reaction, however we have only shown one reacting for simplicity.


[image: Scheme 1]
SCHEME 1. Membrane functionalization. First poly(GMA) is grafted by UV-initiated free radical polymerization. Next, lysine is covalently bound to the polymer brushes by a zinc catalyzed ring-opening reaction.




Membrane Characterization
 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

Membranes were analyzed by ATR-FTIR after each synthetic step during membrane preparation to analyze changes in the surface chemistry. Figure 1A shows representative ATR-FTIR spectra for unmodified PES membranes and poly(GMA) functionalized membranes at increasing UV–grafting times (3, 6, 10, and 15 min).


[image: Figure 1]
FIGURE 1. ATR-FTIR spectra of (A) unmodified PES membrane (black line) and membranes modified with poly(GMA) at different UV-irradiation times of 3 (red line), 6 (blue line), 10 (green line), and 15 (purple line) min and (B) unmodified PES membrane (black line), membrane modified by 6 min irradiation time (red line) and further modified by L-lysine (blue line). Arbitrary units (Au) describe the normalized absorbance.


After functionalization, a new peak appears at 910 cm−1 which corresponds to the epoxy C-O asymmetrical ring stretching and 1,725 cm−1 which corresponds to carbonyl group C=O stretching of GMA. The intensity of the characteristic peaks increases with time indicating that more polymer is grafted to the membrane at longer reaction times.

After the epoxide-ring opening reaction was performed to covalently bind lysine to the poly(GMA) brushes, a new broad peak appeared at 3,394 cm−1 as shown in Figure 1B. The new broad peak was attributed to amine group N-H stretching and hydroxyl group O-H stretching that both have characteristic peaks in similar wavelength ranges (Silverstein et al., 2005). The appearance of the peak at 3,394 cm−1 supports successful attachment of lysine.



Degree of Grafting and Pure Water Permeability

The degree of grafting (DG) and pure water permeability coefficients (A) were measured at increasing UV-irradiation times. Figure 2 shows that UV-irradiation time significantly affects DG and the permeability coefficient (ANOVA p < 0.05 in both cases). The DG has as significantly lower value at 3 min vs. at 15 min and the permeability coefficient has a significantly higher value at 0 min than at 15 min. The degree of grafting increasing with increasing UV-irradiation indicates that the reaction time is a suitable independent variable for controlling the mass of polymer grafted from the membrane. Figure 2 also clearly demonstrates the common trade-off between binding capacity and throughput for membrane adsorbers, where higher degrees of grafting (e.g., binding sites) come with lower permeability. This is a well-known phenomenon where long reaction times (and high degrees of polymer brush grafting) fill the pores and cause more resistance to water flow though the membrane. Therefore, the PES-GMA membrane with 6 min polymerization time was chosen for further experimentation because it had significant grafting while maintaining relatively high permeability and good reproducibility.


[image: Figure 2]
FIGURE 2. Degree of grafting and permeability coefficient as a function of different UV-irradiation time. Longer UV-irradiation time leads to a higher degree of grafting, but lower permeability. Data are represented as the mean ± the standard deviation (n = 3 separate membranes). Tukey's honestly significant difference post-hoc tests were performed on permeability data (red letters) and DG data (black letters) separately. Means that do not share a letter are significantly different (p < 0.05).





Equilibrium Adsorption Experiments

Equilibrium adsorption experiments were performed to evaluate the affinity and binding capacity of the PES-GMA-Lysine membranes for individual ions. Due to the potential presence of various ions in the actual working environment, La3+, Ce3+, Nd3+ were chosen as representative lanthanides and Na+, Ca2+, Mg2+ were chosen as potential competitors. The solution pH was adjusted to 5.25 ± 0.25. Lysine has three pKas corresponding to the carboxylic acid (2.16), α-amine (8.95) and the terminal amine (10.53) (Damodaran and Parkin, 2017). At pH 5.25 both amines are pronated and the carboxylic acid group is deprotonated.

To test if the Langmuir model was appropriate for the equilibrium adsorption experiments, the data were plotted as 1/Qe vs. 1/Ce and linear regression was performed to calculate KA and Qmax (Figure S3 and Table S1). ANOVA revealed that the model is significant (p < 0.05) for La3+ and Ce3+ but not for Nd3+. Adsorption data and Langmuir models based on the calculated KA and Qmax are shown in Figure 3. The maximum adsorption capacities, Qmax (mg/g) and equilibrium constants, KA (ppm−1), are summarized in Table 1. The PES-GMA-Lysine membranes had similar maximum adsorption capacities for La3+ (6.11 ± 0.58 mg/g) and Ce3+ (6.45 ± 1.29 mg/g). While Nd3+ adsorption cannot be modeled by the Langmuir isotherm, the data show that less Nd3+ is adsorbed to the membrane than La3+ or Ce3+. The functionalized membranes exhibited little absorption of the monovalent and divalent competitors as shown in Figure 3.


[image: Figure 3]
FIGURE 3. Equilibrium adsorption data for La3+, Ce3+, Nd3+, Na+, Ca2+, and Mg2+ of PES-GMA-Lysine membranes and Langmuir adsorption isotherms for La3+, Ce3+, Nd3+ were modeled. Data are represented as the mean ± the standard deviation (n = 3 separate membranes).



Table 1. Langmuir adsorption isotherm parameters for La3+, Ce3+, Nd3+ of PES-GMA-Lysine membranes. Error is from non-linear curve fitting.

[image: Table 1]

Trivalent lanthanides have the same formal charge; however, the ionic radius for lanthanides decreases with increasing atomic number, Z, shown in Table 1. This so called lanthanide contraction leads to a higher charge density for higher Z elements. In accordance with hard-acid hard-base theory, increasing charge density increases the hardness of the cation and ultimately increases its complexation strength with hard, electron-rich donor ligands (i.e., carboxylic acid). Saxena and Dhawan (1983) measured stability coefficients for lanthanides (La, Ce, Pr, Nd, Sm, and Gd) with free (unbound) lysine in an aqueous solution at pH 7.5–8. Stability constants (K1) for the 1:1 ion-ligand complex followed the trend of Nd3+ > Ce3+ > La3+, i.e., stronger binding coincides with an increase in atomic number. They found that free lysine forms 1:1 complexes with La3+ and Ce3+ while lysine forms both 1:1 and 2:1 complexes with Nd3+. They also analyzed the relationship between the charge density and the stability coefficient of the metal-ligand complexes for the six lanthanides by linear regression. They concluded that the charge densities and stability coefficients are not linearly correlated, therefore slight differences in the covalent nature of the lanthanide-ligand bonds must contribute to the differences in complex stability. Equilibrium adsorption data indicate PES-GMA-Lysine membranes have lower adsorption of Nd3+ than La3+ and Ce3+. Interestingly, the present data do not follow the trend of charge density; however, without fundamental thermodynamic data for the complexation of these lanthanides to the bound lysine moiety, it would be speculative to assign a binding mechanism. We can conclude that the bound lysine exhibits different complexation behavior than the free lysine and that it does not correlate with increasing charge density.

Ultimately, these membrane materials are selective for trivalent lanthanides over divalent and monovalent competitors. The selectivity is attractive for the practical application because these competitors exist in higher concentrations than lanthanides in many industrial wastewaters. If the membrane were not selective, undesired ions could compete for binding sties and limit the recovery of target lanthanides. In real fly ash processing conditions, the total lanthanide concentration is 0.5–0.6 ppm. Except extremely high Na+ concentration which is usually around 6,000 ppm, the other competitor ions Mg2+, Ca2+ concentrations are typically around tens of ppm. Thus, a very selective adsorption behavior would be expected in a simulated wastewater condition. Future work for this project will involve making more realistic solutions of simulated wastewater.



Dynamic Adsorption Experiments

The dynamic binding capacity reflects the ability of the membrane to concentrate lanthanides in a flow cell configuration. The breakthrough curves for individual PES-GMA-Lysine membranes using a 1 ppm lanthanum feed solution at two different flow rates (0.25 and 0.125 ml/min) are plotted in Figure 4A. In this work, the dynamic binding capacity was calculated at 50% or 100% breakthrough of the feed solution, DBC50 and DBC100, respectively. The DBC50 was 1.22 ± 0.10 mg La3+/g membrane at a volumetric flowrate of 0.125 ml/min and 0.76 ± 0.36 mg La3+/g membrane at a 0.25 ml/min volumetric flowrate. Therefore, the dynamic binding capacity did not change when the volumetric flowrate was doubled (p > 0.05). In a dynamic binding experiment, the maximum amount of La3+ that can be adsorbed on the membrane is dictated by the feed concentration (Cussler, 1984). In our dynamic binding experiments, the feed solution was 1 ppm La3+ therefore, the Langmuir model predicts a DBC100 of 1.74 mg/g. The measured DBC100 was 1.77 ± 0.04 mg La3+/g membrane at a volumetric flowrate of 0.125 ml/min and 1.34 ± 0.47 mg La3+/g membrane at a 0.25 ml/min volumetric flowrate. Therefore, our dynamic binding results are consistent with our equilibrium adsorption data presented in Figure 3. The DBC50 and DBC100 normalized per membrane mass and per column are summarized in Table 2. A control experiment was performed using the PES-GMA membranes (e.g., not modified with lysine) to confirm that all binding was due to the lysine functionality (and not accumulation within the tubing, membrane holder or on the PES-GMA membrane). Figure S1 showed that PES-GMA membranes had immediate column breakthrough and no lanthanum was adsorbed. So, we conclude that the dynamic binding capacity is independent of the volumetric flowrates tested in this study.
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FIGURE 4. Breakthrough curve of lanthanum solution with (A) single PES-GMA-Lysine membrane under two different flow rates (0.25 and 0.125 ml/min) and (B) three PES-GMA-Lysine membranes in series connection under 0.25 ml/min. Data are represented as the mean ± the standard deviation (n = 3 separate membranes). Dynamic binding capacities at 50% breakthrough (DBC50) are shown next to the breakthrough curves.



Table 2. Summary of dynamic binding capacities, DBC50 and DBC100, on a per mass and per column basis for a 1 ppm La3+ feed solution in single membrane and three membrane in series systems.
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In an ideal breakthrough curve, the normalized effluent concentration at time = 0 would be zero. This zero-baseline would continue (indicating quantitative capture of the analyte) until the column becomes saturated and 100% and the analyte from the feed breaks through to the effluent. To determine whether or not the instantaneous breakthrough of the single-membrane column was due to thermodynamic limitations (i.e., operating near the saturation capacity of the column), three membranes were stacked in series. The breakthrough curve of three membranes in series under 0.25 ml/min flow rate is shown in Figure 4B. The 50% breakthrough dynamic binding capacity is 0.90 ± 0.10 mg La3+/g membrane, which is statistically the same as the single membrane under the same flow rate (p > 0.05). As shown in both breakthrough curves in Figure 4A, the normalized effluent concentration does not begin at a baseline of zero for the single-membrane column. Adding column capacity (i.e., the three membranes stacked in a column) triples the feed volume needed to achieve 100% breakthrough and the total amount of La3+ retained, shown in Table 2.; however, it did not increase the dynamic binding capacity on a per mass basis (mg La3+/g membrane), indicating that the performance was not limited by the column capacity. We speculate that the elevated baseline is due to the slow swelling of the polymer brushes grafted from the membranes. Membranes were not conditioned prior to use and simply used in their dry state after functionalization. If slow swelling of the polymer brushes happened at the beginning of the dynamic adsorption experiment, not all binding sites would be exposed and available to La3+ (Gugliuzza, 2015). As the entangled membrane brushes expand, they will expose more binding sites that can capture lanthanum. Typically, for ion-exchange resin columns preconditioning is performed by pumping a background solution that has similar properties (i.e., pH) to the feed solution. In our breakthrough curves, the effluent concentration typically decreases and then increases, which may be a sign of swelling. If insufficient time was given for the membranes to fully swell and be wetted by the feed solution, it is possible that there would be premature breakthrough in the column (Izak et al., 2007). Future work will focus on column conditioning protocols to fully wet the membrane adsorber and swell the polymer brushes prior to dynamic adsorption experiments. While the lack of conditioning is not ideal, all membranes were used in their dry state so the experiments were consistent with each other, and do not change the overall conclusions of the study.

Currently glycolamide-functionalized resins are popular for lanthanide chromatography (Ansari and Mohapatra, 2017). A persistent problem in the field of lanthanide and actinide adsorption chromatography is the inconsistent characterization of new adsorbents (Florek et al., 2016; Bertelsen et al., 2020). To our knowledge, this is the first membrane adsorber synthesized for lanthanide capture. A direct comparison of the PES-GMA-Lysine membrane adsorbers to other adsorbents would require both materials to be characterized using the same ions (La, Ce, Nd) at the same feed concentrations and pH. While that data does not exist, we can make qualitative comparisons to similar materials in the literature. Gujar et al. prepared a lanthanide resin by physisorbing the ligand, N,N,N′,N′-tetra-n-octyl diglycolamide (linear DGA) into a Chromsorb-W silica support using a room temperature ionic liquid as a diluent (Gujar et al., 2014). Static and dynamic binding capacities were made using Eu3+ from 3M HNO3. The maximum capacity modeled by the Langmuir isotherm was 9.17 ± 0.39 mg/g and the KA was 0.10 ± 0.04 ppm−1. In the dynamic binding experiments, a flowrate of 0.05 ml/min was used to load a 0.5 g/ml Eu3+ feed onto a 0.3 g column. Dynamic binding capacities at 100% breakthrough were 75% of the capacity predicted by the Langmuir isotherm for the same feed concentration. The authors concluded that the discrepancy between the static and dynamic binding capacities was due to the slow sorption of Eu3+. The PES-GMA-Lysine membrane adsorbers in the present work were tested at much higher flowrates (0.125 and 0.250 ml/min) and exhibited dynamic binding capacities that were consistent with the equilibrium adsorption capacities predicted by the Langmuir model. These results indicate that the membrane adsorbers do not suffer from the same slow sorption as the silica particles.

More closely related to the present membrane adsorbers is the work of Maheswari and Subramanian (2005) in which 4-ethoxy-N,N-dihexylbutanamide was covalently attached to the surface of chloromethylated resins. The maximum binding capacity in 6 M HNO3 was determined to be 44.45 mg La3+/g and 60.58 mg Nd3+/g through equilibrium adsorption experiments. Dynamic experiments were performed with a feed concentration of 0.01 ppm at a flowrate of 10 ml/min using a column packed with 0.5 g resin. The columns were only operated to 80% breakthrough so we cannot make a direct comparison with the present work; however we can perform an order of magnitude comparison by calculating the DBC80. Breakthrough volumes were 5.5 and 6.0 L which correspond to a DBC80 of 0.10 mg La3+/g and 0.11 mg Nd3+/g, respectively. Dynamic binding capacities can only be compared directly when the feed conditions are the same. To compare the PES-GMA-Lysine membranes to the resins, we must scale our system to match the feed concentration used in the resin work. Previously, we established that our equilibrium capacities predicted by the Langmuir isotherm were consistent with our dynamic binding capacities; therefore, we can use the model to estimate the DBC100 for a 0.01 ppm feed. Our model predicts a DBC100 of 0.024 mg La3+/g; whereas the resin-packed column had a DBC80 of 0.10 mg La3+/g. While the PES-GMA-Lysine membranes have a lower DBC100 than the DBC80 of N,N-dihexylbutanamide resins, the membrane exhibited different affinity between La3+ and Nd3+ as shown by the equilibrium sorption experiments. This difference can be exploited to separate lanthanides from each other. Future work will focus on refining the reaction conditions to achieve a higher loading of ligands on membrane to increase the capacity.




CONCLUSIONS

In this study, a poly(glycidyl methacrylate) film was grafted from the surface of polyethersulfone microfiltration membranes by a UV-initiated free radical polymerization method. Then, lysine molecules were covalently immobilized on membrane surface by a zinc catalyzed ring-opening reaction between anime groups and epoxy groups at 35°C, a biomolecule-friendly temperature. The maximum binding capacity of the functionalized membrane was calculated using the Langmuir model for La3+ (6.11 ± 0.58 mg/g) and Ce3+ (6.45 ± 1.29 mg/g). While Nd3+ adsorbed to the membrane, it did not conform to the Langmuir adsorption isotherm suggesting that it weakly coordinates with bound L-lysine. Strong adsorption of La3+ and Ce3+ coupled with weak adsorption of Nd3+ indicates that lanthanide binding does not correlate with the charge density of the cation in this system. Therefore, the binding mechanisms of lanthanides with L-Lysine differs between the free (in solution) and bound (tethered to the membrane) forms. Negligible adsorption was observed for selected competitors Na+, Ca2+, and Mg2+ supporting the selectivity of the immobilized L-lysine for lanthanides. The dynamic binding capacity (mg La3+/g membrane) was found to be independent of flowrate (0.25 vs. 0.125 ml/min) and the number of membranes in the column (one vs. three). In all cases, a non-zero baseline was observed for the dynamic breakthrough curve. Since the dynamic binding capacity (mg La3+/g membrane) did not increase with increasing column capacity (i.e., number of membranes), we conclude that the system was not thermodynamically limited. In summary, this study has established a biomolecule-friendly membrane functionalization methodology that may be extended to engineered peptides or proteins in the future, potentially achieving even higher specificity.
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Maculatin 1.1 (Mac1) is an antimicrobial peptide (AMP) from the skin secretions of Australian tree frogs. In this work, the interaction of Mac1 with anionic phospholipid bilayers was investigated by NMR, circular dichroism (CD) spectroscopy, neutron reflectometry (NR) and molecular dynamics (MD). In buffer, the peptide is unstructured but in the presence of anionic (DPC/LMPG) micelles or (DMPC/DMPG/DHPC) bicelles adopts a helical structure. Addition of the soluble paramagnetic agent gadolinium (Gd-DTPA) into the Mac1-DPC/LMPG micelle solution showed that the N-terminus is more exposed to the hydrophilic Gd-DTPA than the C-terminus in micelles. 2H and 31P solid-state NMR showed that Mac1 had a greater effect on the anionic lipid (DMPG). A deuterium labeled Mac1 used in NR experiments indicated that the AMP spanned across anionic (PC/PG) bilayers, which was compatible with MD simulations. Simulations also showed that Mac1 orientation remained transmembrane in bilayers and wrapped on the surface of the micelles regardless of the lipid or detergent charge. Thus, the peptide orientation appears to be more susceptible to curvature than charged surface. These results support the formation of transmembrane pores by Mac1 in model bacterial membranes.

Keywords: antimicrobial peptide, bicelles, neutron reflectometry, paramagnetic relaxation enhancement, solid-state NMR, solution NMR, molecular dynamics, mode of action


INTRODUCTION

Maculatin 1.1 (Mac1)s is an antimicrobial peptide (AMP) from the skin secretions of the Australian tree frog Litoria genimaculata (Rozek et al., 1998). The peptide forms part of the frog's innate immune system and is effective at killing a wide range of Gram-positive bacteria (Fernandez et al., 2009). This makes Mac1, along with a range of other AMPs found across nature, a possibility for development of alternative antibiotics (Lee et al., 2015). Alternatives are required due to the increasing prevalence of antibiotic resistance by bacteria to the most commonly used antibiotics currently available, making what were once treatable infections increasingly difficult to treat (Rice, 2009). Mechanistically, what makes most AMPs an attractive target is that they target disrupting the cell membrane rendering the cell unviable and making it improbable for resistance to occur, rather than targeting a metabolic process where bacteria can evolve to develop resistance (Lee et al., 2019).

Bacteria are broadly classified as either Gram-positive or Gram-negative based on the difference in the cell envelopes and their membranes consist of at least 15% anionic lipids (Epand and Epand, 2009). Membrane-active AMPs usually disrupt bacterial membranes in one of three ways: lysis of the membrane through an action known as the carpet mechanism, formation of a toroidal pore or formation of a barrel-stave pore (Sani and Separovic, 2016). The mode of action of AMPs is normally determined by the presence of positively charge residues, amphiphilicity, secondary structure, and lipid composition and charge of the target cell membrane (Koehbach and Craik, 2019). Previous investigations found that AMPs severely perturb anionic bacterial membranes but are less active against eukaryotic membranes (Balhara et al., 2013; Lee et al., 2013). The first driver of AMPs to approach a target cell membrane is the electrostatic interaction between the positively charged residues of the peptide and the negatively charged cell surface. The second driver is then the hydrophobic interactions between the amphipathic domains of the peptide and the acyl chains of the lipids that make up the membrane (Brogden, 2005). As peptides increase in length, net charge and/or hydrophobicity, the ability to disturb anionic lipid systems also increases (Jiang et al., 2008; Lee et al., 2014). Mac1 is 21 amino acids long and is disordered in aqueous solution but when bound to a membrane can span both leaflets of the membrane and adopt an alpha-helix structure (Chia et al., 2000; Fernandez et al., 2013a). At neutral pH Mac1 is cationic so has a strong affinity for anionic membranes such as bacterial membranes but will still bind to zwitterionic membranes (Mechler et al., 2007). The lipid tail composition as well as headgroup makeup will also influence Mac1 membrane binding with a preference for fluid phospholipid bilayers with alkyl chains that are 14 to 16 carbons in length (Sani et al., 2012; Lee et al., 2018). The final characteristic to note is that Mac1 has a proline residue that induces a kink in the structure of the peptide, and substitution of this residue with alanine or glycine results in reduced binding to membranes (Fernandez et al., 2013b). This is the result of the proline creating a wedge which allows the peptide to insert into the bilayer (Sani et al., 2015b).

Determining the structure and orientation of peptides bound within lipids is challenging due to the difficulty in having a single stable conformation of the peptide-lipid aggregate. A number of studies have investigated the location and orientation of Mac1 in lipid bilayers of various lipid compositions and a range of biomimetic membranes. Earlier work showed that Mac1 inserts into the hydrophobic core of the membrane at an angle of approximately 30° to 40° from the bilayer normal, depending on peptide concentration and lipid composition used, and with anionic lipids showing larger tilt angles (Chia et al., 2002; Marcotte et al., 2003). However, from this work, the location of Mac1 could not be ascertained. Previous molecular dynamics (MD) simulations concluded that Mac1 could have multiple insertion angles over a large range (0° to 150°) but clusters of multiple peptides arranged in a parallel fashion in planar bilayers of dipalmitoylphosphatidylcholine, with the N-terminus first making contact with the outer leaflet to facilitate further insertion (Bond et al., 2008). Further MD simulations in an anionic POPE/POPG phospholipid system showed that maculatin spans the lipid bilayer in a parallel fashion but, although a higher density of the N-terminus was found in one leaflet, it was not sufficiently high enough to conclude a preferred orientation (Balatti et al., 2018). Other studies also found that Mac1 can adopt several different aggregate arrangements with dimers to pentamers dominant in phospholipids with short chains, such as DMPC, and hexamers or more dominating in lipids with longer chains (Wang et al., 2016). In the aggregates a mix of anti-parallel and parallel arrangements could be adopted but with the anti-parallel form dominating (Wang et al., 2016). In previous experimental and MD simulation work we have found that Mac1 adopts a preferred orientation in zwitterionic phosphatidylcholine (PC) membranes with the N-terminus in the outer leaflet (Sani et al., 2020). Mac1 will bind to a range of different model membranes that replicate various characteristics of the Gram-positive bacterial membrane (Sani et al., 2015a), and in this study we investigate the orientation of Mac1 in anionic phosphatidylglycerol (PG) membranes that better reflect the charge state of bacterial membranes which is the principal target of Mac1. We use neutron reflectometry and solid-state NMR spectroscopy to determine the location of deuterated Mac1 in PC/PG bilayers that better mimic the properties of membranes of Gram-positive bacteria.



MATERIALS AND METHODS


Materials

Lipids were purchased from Avanti Polar Lipids (Alabaster, USA) and were used without further purification. Lipids used were: 1,2-dimyristoyl-sn-glycero-3-phosphocholine (h-DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (h-DMPG), 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d54-DMPC), and 1,2-dimyristoyl-d54-sn-glycero-3-phospho-(1′-rac-glycerol) (d54-DMPG), with the d54 in d54-DMPC and d54-DMPG denoting that the myristoyl chains are labeled with deuterium. Two types of labeled Mac1 were used in this work: 15N-labeled Mac1 (GLFGVLAKVAAHVVPAIAEHF-NH2), made by solid phase peptide synthesis (in-house facility, Bio21 Institute, Melbourne, Australia) and 2H-labeled Mac1 (abbreviated to d-Mac1) (GLFGVLAKVAAHVVPAIAEHF-NH2), was used for neutron reflectometry (NR) experiments and was also made in-house by solid-phase synthesis. For the d-Mac1 only the methyl hydrogens of side chains were deuterated. The underlined amino acids in each case indicate which residues were labeled. Deuterated dodecylphosphocholine (d38-DPC), deuterated sodium dodecyl sulfate (d25-SDS), lysomyristoylphosphatidylglycerol (LMPG) and all other chemicals were purchased from Sigma-Aldrich (Castle Hill, Australia). Silicon wafers were purchased from El-Cat Inc. (Ridgefield Park, USA).



Solution NMR Experiments

The solution NMR samples were made of: 1 mM multiple (x 11) 15N-labeled Mac1 with 98% purity, dissolved in phosphate buffer (10 mM, pH 7.4) containing 50 mM KCl, 1 mM EDTA and 10% (v/v) D2O with 120 mM of d38-DPC/LMPG (9:1 mol/mol) and 1 mM unlabelled Mac1 in phosphate buffer containing 150 mM d25-SDS micelles.

1H-15N HSQC spectra of 15N labeled Mac1 were acquired at 35°C using a Bruker 600 MHz NMR spectrometer for experiments performed with d38-DPC/LMPG micelles. For each time increment, 16 transients were taken with 4k and 512 points in the 1H and 15N dimensions, respectively, and a 1.5 s recycle delay. Spectral width of 13 ppm centered at 4.7 ppm for 1H and 40 ppm centered at 118 ppm for 15N were used. 1H-15N-1H HSQC-NOESY were performed with same parameters as HSQC experiments and with 4k, 64 and 128 points in the direct and indirect dimensions. For gadolinium titration, a concentrated stock solution of gadolinium diethylenetriamine-pentaacetic acid (Gd-DTPA) in MilliQ water was made and aliquots added directly into the NMR tube to reach 1 mM, 4 mM, 7 mM and 15 mM Gd3+. The total added volume of Gd3+ was ca. 5% of the total sample volume. The NMR tube was allowed to equilibrate for 30 min at 35°C prior to each measurement. The volume of each resonance after Gd-DTPA addition was obtained by integration, corrected for effect of dilution and normalized relative to the Gd3+-free resonance volume.

The unlabelled Mac1 in d25-SDS micelles sample was investigated at 37°C on an 800 MHz Bruker Advance II spectrometer. 1H homonuclear TOCSY (mixing time τmix = 80 ms) and NOESY (τmix = 150 and 300 ms) were acquired with 512 points and 1k points in the F1 dimension, respectively, and 4k points in the F2 dimension. Between 16 and 32 transients were accumulated with a 1.5 s recycle delay. The data were multiplied with a squared sine bell function shifted by 90°. The 1H spectral window was set to 9,600 Hz. 13C-1H HSQC experiments were performed with 256 points in the F1 dimension and 4k points in the F2 dimensions. 64 transients were accumulated with a 2 s recycle delay. The 13C spectral window was set to 33,200 Hz. Non-uniform sampling 15N-1H HSQC experiments were performed with 37.5% of 128 points in the F1 dimension and 4k points in the F2 dimension. 1,024 Transients were accumulated with a 1.5s recycle delay. The 15N spectral window was set to 3,240 Hz.

All data dimensions were zero-filled to twice the respective FID size. 1H chemical shifts were referenced to DSS (sodium trimethylsilylpropanesulfonate) at 0 ppm. Data were processed in Topspin (Bruker) and analyzed using the CCPNmr Analysis program (Vranken et al., 2005). Backbone and side chains were assigned using all experiments.


Structure Calculations

The NOESY cross-peak assignments were subsequently used to generate distance restraints for the structure determination. The nOe distance restraints were supplemented with dihedral angle restraints predicted with DANGLE from Hα, HN, NH, Cα, Cβ chemical shifts (Cheung et al., 2010). A standard CNS 1.1-based protocol was employed using the ARIA 2.2 interface (Rieping et al., 2006). The 10 lowest energy structures were refined in a water shell and evaluated with MolProbity (Chen et al., 2010).




Solid-State NMR Experiments

The solid-state NMR sample consisted of the unlabelled Mac1 dissolved in anisotropic bicelles at a lipid to peptide molar ratio of 50:1. The anisotropic bicelles were composed of either d54-DMPC and DMPG, or DMPC and d54-DMPG, at a molar ratio of 4:1 and DHPC lipids mixed at a molar ratio (DMPC+DMPG)/DHPC (q) of 3.6. The lipid concentration (CL) was 20% (w/v) in imidazole buffer. The sample was then packed into a 4 mm Bruker MAS rotor.


31P NMR Experiments

31P NMR experiments were performed on a 400 MHz Bruker Avance III NMR spectrometer at a frequency of 161.5 MHz. A 4 mm triple resonance probe was used in a double resonance mode. 62.5 kHz direct excitation pulse experiments were used under 31.25 kHz 1H SPINAL64 decoupling scheme and a recycle delay of 3 s. Typically, 1k scans were acquired and processed with 8k zero-filling and linebroadening from 20 Hz to 100 Hz were used.



2H NMR Experiments

The static 2H solid-state NMR experiments were performed on a 400 MHz Bruker Avance III NMR spectrometer at a frequency of 61.5 MHz. A 4 mm triple resonance probe was used in a double resonance mode. The solid echo pulse sequence was used with 45.5 kHz 2H excitation, an echo delay of 26 μs and a recycle delay of 0.5 s. The spectra were recorded with a 500 kHz spectral window and typically 128 k transients were accumulated. The FIDs were processed using 4 k zero filling and a 150 Hz line broadening.




Circular Dichroism Experiments

The CD samples were made with phosphate buffer since imidazole prevents signal acquisition below 210 nm. Similar lipid to peptide molar ratios were used as for NMR. CD spectra were acquired on a Chirascan spectropolarimeter (Applied Photophysics Ltd, UK) between 180 and 260 nm using a 0.1 mm path length cylindrical quartz cell (Starna, Hainault, UK). Spectra were acquired at 1 nm intervals, 1 s integration time and 3 scans accumulated. CD signal was recorded in milli-degree units at 35°C and reported as mean residue ellipticity (MRE) using the conversion formula:
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where CD is the signal in mdegree, [Mac1] the concentration of peptide in mol.L−1, L the cell path length in cm and Nr the number of residues.



Neutron Reflectometry

D2O and H2O solutions for NR experiments were buffered with 10 mM MOPS pH/D 7.0 and 150 mM NaCl. Samples for NR were prepared on round silicon wafers that were 100 mm in diameter and 10 mm thick. Before use the silicon wafers were cleaned in a Jelight UV-ozone cleaner for 20 min and then extensively washed with 2% (v/v) Hellmanex solution, followed by ultrapure (>18 MΩ) water, and then analytical grade ethanol. The wafers were dried under a stream of nitrogen. The polished side of the wafer was held against a roughened backing silicon wafer that had inlet and outlet holes that were connected to a HPLC pump for solution exchange. There was a 100 μm thick PTFE gasket that separated the sample and backing wafer creating a 283 μL volume for sample/solution injection. The wafers were held together in aluminum clamping plates that were also connected to a Julabo water bath for temperature control. Solid-supported membranes were created through vesicle deposition as described previously (Fernandez et al., 2013a) by injecting a 0.1 mg mL−1 vesicle solution in the reservoir, incubating for 1 h at 30°C and then rising excess vesicles away with 5 mL of buffer. After characterization of the membranes 2 mL of d-Mac1 at 10 μM was injected and incubated for 1 h before excess peptide was removed with a 5 mL wash of buffer.

Neutron reflectometry measurements were conducted on the blank silicon wafer, the formed solid-supported membrane, and after Mac1 incubation on the Platypus time-of-flight neutron reflectometer at the 20 MW OPAL Research Reactor (Sydney, Australia) (James et al., 2011). The instrument views the cold-neutron source and utilizes a useable wavelength bandwidth of 2.5 to 20 Å using a disc chopper system that was set to a Δλ/λ ~ 8.4% and 24 Hz. The instrument has horizontal sample geometry and collimation slits of 0.71 and 2.91 mm were used for an angle of incidence of 0.85° and 3.5°. Neutrons were detected on a 2D 3He detector and the raw data was reduced using in-house software that stitches the two angles together at the appropriate overlap region, re-bins the data to instrument resolution, correctly scales the data so that any critical edge is unity and corrects for detector efficiency (Nelson, 2010). The final data is then presented as reflectivity vs. momentum transfer, Q, which is given according the equation below:
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where θ is the angle of incidence and λ the wavelength.

Data was analyzed using an Abele's matrix method in the MOTOFIT software package (Nelson, 2006). The membrane system is divided into a series of layers and each layer is defined by its thickness (in Å), its scattering length density (SLD) (in Å−2) and interfacial roughness (in Å). An initial model is created and then a reflectivity profile calculated and compared against the experimental data. Parameters are then adjusted until the calculated profile adequately matches the experimental data using a least-squares regression. A genetic algorithm is used so that reasonable limits can be placed on each varied parameter and to avoid becoming trapped in global minima. A scattering length density is analogous to a neutron's refractive index and can be calculated according to:
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where Vm is the molecular volume and bi is the scattering length for each isotope within the molecule. The theoretical SLD and molecular volumes of the materials used can be found in Supplementary Table S1. As scattering length varies across each different isotope (e.g., for hydrogen bH = −3.741 × 10−5 Å and for its stable isotope deuterium bD = +6.667 × 10−5 Å), different components of each layer can be determined through contrast variation and the total SLD of a layer is determined through the sum of the SLD for each component according to:
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where Ø is the volume fraction. The phase of the lipid bilayer at the different temperatures was determined through calculating the area per lipid, Alipid, using the fitted properties of the lipid tails as follows:

[image: image]

where τ is the thickness of the lipid tails. Error values for each fitted parameter were determined using Monte Carlo resampling as described previously (Heinrich et al., 2009; Holt et al., 2009). Briefly, 1008 fits of the data were completed and the distribution of fitted values plotted for each parameter varied. The error is then the 95% confidence interval of the distribution.



Molecular Dynamics

The starting conformation of Mac1 peptide was generated from NMR data. The CHARMM-GUI membrane builder (Jo et al., 2007, 2008, 2009; Wu et al., 2014) was then used to prepare the peptide-bilayer system with 40 DMPC and 10 DMPG lipids per leaflet and the peptide-micelle complex with 58 DPC and 7 LMPG lipid molecules randomly distributed. Each system was generated using a rectangular box containing 50 mM KCl and a 12.5 Å layer of water. All histidine residues were singly protonated to model the ionization state expected at pH 7.4 and the peptide C-terminus was amidated to match the experimental conditions. The simulations were performed using the CHARMM-36m force fields. The minimization, equilibration and production runs were performed with the NAMD package on a desktop machine fitting a GPU GeForce GTX 1080 titanium and a CPU with 12 cores.

Each system was first minimized for 2500 steps using the steepest descent method followed by 2500 steps of the conjugate gradient method with a 12 Å non-bonded interaction cut-off. The peptides and lipids were restrained with a 10 and 2.5 kCal.mol−1 potential, respectively. Then, 25 ps equilibration MD simulations were run at 308 K for each system, using a 10, 5, 2.5 kCal/mol restraint to maintain the peptide backbone and 2.5, 0 and 0 kCal/mol restraint on the lipids atom positions with 0.001 ps time step. Next, the peptide positional restraints were reduced to 1, 0.5, and 0.1 kCal/mol for 100 ps with 0.002 ps time step. All covalent bonds involving hydrogen atoms were constrained using the SHAKE algorithm (Ryckaert et al., 1977) and the rigid internal geometry for TIP3P water molecules was constrained with the SETTLE algorithm (Miyamoto and Kollman, 1992). The system temperature was maintained at 308 K using a Langevin thermostat (Izaguirre et al., 2001) with a 1 ps−1 collision frequency. The system pressure was controlled at 1 bar using a Langevin barostat for the DPC/LMPG micelle and a semi-isotropic Berendsen barostat with a xy surface tension for the DMPC/DMPG bilayer. Finally, the systems were run for 1 ns prior the production runs. 100 ns long simulations were performed with a random restart every 1 ns, the trajectories were then concatenated together, and the analysis was performed on the full 100 ns simulation.

The MD trajectories were visualized and analyzed using VMD (Humphrey et al., 1996) with custom scripts and the CPPTRAJ (Roe and Cheatham, 2013) software and fitting procedures and plots were created in Gnuplot.




RESULTS


Effect of Negatively Charged Membranes on Mac1 Helical Conformation and Preferential C-Terminus Insertion

The effect of the membrane curvature on the secondary structure and insertion of Mac1 has been recently characterized in neutral membrane mimetics using solution NMR and CD techniques (Sani et al., 2020). Here, similar investigations were performed in anionic membrane mimetics to probe the role of electrostatic interactions in AMP mode of action. The addition of 10% mol of the anionic LMPG in DPC micelles induced slightly different chemical shift perturbations along the peptide sequence. Comparing the 15N HSQC obtained in DPC micelles and DPC/LMPG (9:1) showed that the N-terminus of Mac1 exhibited small chemical shift changes at Val5, Leu6, and Ala7 while the middle and C-terminus sections exhibited more pronounced chemical shift perturbations, the highest observed for Ala16 (Figure 1A). Interestingly, the shielding from the hydrophilic gadolinium moiety was greater for the middle section and the C-terminus while the N-terminus was severely exposed to paramagnetic effects as seen in the signal intensity loss upon Gd3+ titration (Figure 1C). The circular dichroism spectra of Mac1 in the presence of DPC and SDS micelles showed small differences: the lineshapes exhibited the typical Hα features of two minima at 222 nm and 209 nm and a maximum at about 195 nm (Figure 1B). The 10 lowest energy structures of Mac1 (Figure 1D) were determined using solution NMR restraints obtained from the NOESY experiments performed in SDS micelles (Supplementary Figure S1). Mac1 showed a continuous Hα stretch with a bend located near Ala16, adjacent to the Pro15 residue. The electrostatic surface of Mac1 was computed using the averaged structure and exhibited an amphipathic distribution. Altogether, these results are consistent with the previously reported structure of Mac1 in DPC micelles and indicate that Mac1 retained a preferential insertion through its C-terminus, despite a slightly greater hydrophilic surface.
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FIGURE 1. (A) 15N HSQC spectra of 1 mM Mac1 in the presence of zwitterionic d38-DPC micelles (green) or anionic d38-DPC/LMPG (9:1) micelles (red). Assignments were made using TOCSY and NOESY experiments and previously published data (Sani et al., 2020). The NMR experiments were performed at 35°C in imidazole buffer (pH 7.4). (B) CD spectra of Mac1in aqueous buffer (black squares), in the presence of zwitterionic DPC micelles (blue triangles) or anionic SDS micelles (red circles). The CD experiments were performed at 37°C in phosphate buffer (pH 5). (C) Resonance peak intensity of 15N labeled Mac1 residues as a function of the Gd-DTPA concentration in the presence of d38-DPC/LMPG (9:1) micelles. The NMR experiments were performed at 35°C in imidazole buffer (pH 7.4). (D) 10 lowest energy structures of Mac1 calculated from the solution NMR experiments (Supplementary Figure S1 and Supplementary Table S2) performed in SDS micelles (pH 5) at 37°C. (E) Electrostatic surface representation of Mac1 averaged structure with the hydrophobic (red), hydrophilic (blue) and neutral (white) residues according to Kyte and Doolittle (1982).




Preferential Interaction of Mac1 With Anionic Lipids

Highly curved surfaces are not optimal to understand the molecular mechanism of interaction between Mac1 and cell membranes. Thus, lipid bilayers of DMPC and DMPG (4:1 mol/mol) were used and anisotropic bicelles were formed using a short chain DHPC lipids (q = 3.6). This lipid system increases the spectral resolution due to spontaneous alignment in the magnetic field. By either adding d54-DMPC or d54-DMPG, specific modulations were observed for neutral or anionic lipids, respectively, and Mac1. The 2H spectra displayed in Figure 2A clearly showed that Mac1 decreased strongly the dynamics (or increased the order) of the d54-DMPG lipid chains as seen in the increase of the 2H quadrupolar splitting. The 2H spectrum of the d54-DMPC showed little change in the quadrupolar splitting but significant line broadening was observed.


[image: Figure 2]
FIGURE 2. (A) 2H static NMR spectra of: (top) d54-DMPC/DMPG/DHPC anisotropic bicelles (red line) and in the presence of Mac1 (black line); (bottom) DMPC/d54-DMPG/DHPC anisotropic bicelles (red line) and in the presence of Mac1 (black line); and (B) 31P static NMR spectra of d54-DMPC/DMPG/DHPC anisotropic bicelles (red line) and in the presence of Mac1 (black line). All experiments were performed at 35°C with a DMPC to DMPG molar ratio of 4:1, a DMPC+DMPG to DHPC molar ratio of 3.6:1 and with a L/P molar ratio of 50:1.


A similar broadening of the overall 31P line shape was observed in the presence of Mac1, and interestingly, the 31P chemical shift of DMPG and DHPC was significantly shifted while DMPC 31P chemical shifts remained mainly unchanged but broadened. This also indicates that PG headgroup is in more curved regions near DHPC; and supports that the cationic Mac1 peptide had a stronger impact on anionic lipids than on the neutral lipids, yet, without heavily disturbing the lipid packing at this lipid to peptide molar ratio.



Mac1 Bound Within Solid-Supported Phospholipid Membranes

Neutron reflectometry is a technique able to probe the structure of surfaces and interfaces at nanoscale dimensions. The information obtained is a one-dimensional description of the structures through the different layers of the system (Penfold and Thomas, 2014). This information is useful for membrane systems as many surface sensitive and microscopy techniques can only view the surface topology whereas NR can probe through the entire bilayer (Wacklin, 2010; Lakey, 2019). The first part of the measurements is creation of a solid-supported phospholipid membrane on a silicon wafer. The membranes, consisting of d54-DMPC/d54-DMPG or h-DMPC/h-DMPG with a PC to PG mole ratio of 3:1, were deposited using the widely used vesicle deposition technique onto silicon wafers which were found to have a 8.3 ± 3.3 Å and 10.7 ± 2.1 Å oxide layer with a 3.2 Å and 2.6 Å roughness for the deuterated and hydrogenous bilayer, respectively. All reflectometry experiments were characterized in a buffered D2O and H2O contrast which were fitted simultaneously (Figure 3). For the modeling the bilayer was divided into three separate layers consisting of inner headgroups (those closest to the silicon oxide surface), tails and outer headgroups (those closest to the bulk solvent). The bilayers were characterized at 30°C and were found to have a good coverage with a volume fraction of 0.894 ± 0.133 and 0.965 ± 0.030, and total thicknesses of 52.0 ± 1.7 Å and 59.4 ± 3.6 Å, which corresponds to an area per lipid of 57.4 ± 8.6 Å2 and 49.0 ± 1.8 Å2 each for the deuterated and hydrogenous bilayers, respectively (Supplementary Table S3). These results are consistent with previous observations of solid-supported membranes with similar lipid composition at 30°C and correspond to being in the liquid crystalline (Lα) phase (Fernandez et al., 2013a). The bilayers were cooled to 15°C and the bilayer re-measured. Upon cooling the fringe in the reflectivity profile shifts to lower Q-values (Figure 3B) indicating the bilayer has become thicker. After complete data analysis the bilayer properties at 15°C the area per lipid reduces to 45.4 ± 0.8 Å2 and 45.0 ± 5.2 Å2 for the deuterated and hydrogenous bilayers, respectively (Supplementary Table S3), indicating that the bilayer is now in the gel (Lβ) phase, with the thickness for each bilayer also increasing with the volume fraction remaining largely unchanged (within error). It should be noted that bilayers deposited directly onto solid-supports through methods such a vesicle deposition do not display the ripple (Pβ) phase (Naumann et al., 1992).


[image: Figure 3]
FIGURE 3. Neutron reflectivity profiles (points with error bars) and fits (solid lines). (A) Data collected at 30°C with red for tail-deuterated bilayers only, black as tail deuterated bilayers with Mac1 bound, magenta as hydrogenous bilayers only, and cyan as hydrogenous bilayers with Mac1 present. (B) Data collected at 15°C with green for tail-deuterated bilayers only, blue as tail deuterated bilayers with Mac1 bound, orange as hydrogenous bilayers only, and purple as hydrogenous bilayers with Mac1 present. In all cases the D2O contrast is represented with + symbols and H2O contrasts with × symbols.


After characterization of the bilayers 2 mL of d-Mac1 prepared in buffered D2O at 10 μM was flowed into the sample cell and left to incubate on the bilayer for 1 h at 30°C. After the incubation period the excess peptide was removed with a wash of buffered D2O the NR was measured. A version of Mac1 where six of the amino acids in the N-terminal half of the peptide are deuterated creates a substantially different SLD between the N- and C-terminal halves of the peptide (see Supplementary Table S1 and section Materials for details). This means that if Mac1 embeds within the membrane in a specific orientation this will be highlighted as the two leaflets of the membrane will have different SLD values. As can be seen in Figure 3A the reflectivity profiles before and after peptide look different suggesting that d-Mac1 has bound to the bilayer. Initially, the bilayers with peptide bound were fitted using the same three layer model above. However, a four layer model, where the tails were split into two separate layers of inner and outer tails with the SLD allowed to vary for each layer, was more suitable. After peptide addition it was observed that, overall the combined thickness of the tails layers increased in the presence of d-Mac1 (Figure 4 and Supplementary Table S4), which is consistent with previous observations of h-Mac1 binding to anionic lipid bilayers (Fernandez et al., 2013a). The SLD of the tail layer changed in both leaflets with an overall decrease for the deuterated bilayer (Figure 4A) and increase for the hydrogenous bilayer (Figure 4B), which indicated that the d-Mac1 has inserted across both leaflets of the bilayer.


[image: Figure 4]
FIGURE 4. Real-space SLD profiles of the bilayers with and without Mac1 bound at 30°C. (A) Tail-deuterated bilayers without (black) and with Mac1 (red) present. (B) Hydrogenous bilayers without (magenta) and with Mac1 (cyan). Solid lines are the D2O contrast and dashed lines are the H2O contrast.


Examining more closely the SLD of each leaflet, a difference between the two sides of the bilayer (Figure 4 and Supplementary Table S5), which is particularly notable in the h-DMPC/h-DMPG (3:1) membrane (Figure 4B), can be seen. One interpretation is that the variation in SLD across the bilayer leaflet after peptide addition is due to an uneven distribution of d-Mac1 across the lipid leaflets. Upon calculating the volume fractions of d-Mac1 using this scenario, the volume fraction for the inner/outer leaflet are 0.172/0.209 and 0.118/0.182 for the deuterated and hydrogenous bilayer, respectively (Supplementary Table S4). However, as d-Mac1 is 21 amino acids and long enough to span a bilayer then, if the peptide is assembling in the lipid bilayer in a parallel fashion, the uneven SLD could be due to a preferred orientation. In most cases the SLD of the inner leaflet is slightly higher than that of the outer leaflet. This would suggest an orientation where the N-terminal half of the peptide is buried in the lower leaflet, which is curiously the opposite orientation of the d-Mac1 in a pure DMPC bilayer where the N-terminal half is found in the outer leaflet (Sani et al., 2020). The volume fraction of peptide in this scenario would be 0.256 for the deuterated bilayer and 0.176 for the hydrogenous bilayer. In either scenario, lipid is lost from the surface suggesting some lytic activity. It should be noted that for the anionic membranes used in this study, the difference in SLD this time is within error of each other and there is also a contribution to the SLD of the layer from the volume fraction of solvent present, which would have an uneven distribution across the two bilayer leaflets.

The bilayers with d-Mac1 bound were cooled to 15°C and remeasured. As for peptide-free bilayers the reflectivity shifts to lower Q-values (Figure 3), indicating that the membrane has become thicker. Looking at the values for thickness the bilayer does indeed become thicker with an increase of 2.2 Å (Supplementary Table S4). A difference in SLD across the two leaflets was also maintained showing that changes in the phase state of the membrane for a DMPC/DMPG (3:1) composition is not influenced by the presence of d-Mac1. Additionally, cooling the DMPC/DMPG (3:1) bilayers to the gel phase did not alter the orientation or distribution of d-Mac1 within the bilayer with no change observed in the orientation of the peptide (Figure 5). The difference in SLD in the inner tails increases when the temperature was changed from 30°C to 15°C in the d54-DMPC/d54-DMPG (3:1) case (Supplementary Table S5) with this difference corresponding to a loss of lipid and, therefore, an increase in the peptide volume fraction (Supplementary Table S4).
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FIGURE 5. Real-space SLD profiles of the bilayers with and without Mac1 bound at 15°C. (A) Tail-deuterated bilayers without (green) and with Mac1 (blue) present. (B) Hydrogenous bilayers without (orange) and with Mac1 (magenta). Solid lines are the D2O contrast and dashed lines are the H2O contrast.




Mac1 Exposure to Solvent Is Dependent on Membrane Curvature Rather Than Surface Charge

Full atom MD simulations were used to gain residue specific details of Mac1 interaction with anionic micelles and bilayers. The initial configurations were set as a single Mac1 peptide fully inserted into a micelle made up of 54 DPC and 6 LMPG or a bilayer made of 40 DMPC and 10 DMPG molecules per leaflet. Each system was equilibrated for ca. 1 ns at 35°C as described in the Methods section. The 35°C temperature was chosen as this is well above the phase transition temperature for both lipid types and are thus unlikely to form different phase domains (Lewis et al., 2005).


Effect of Anionic Lipids on Mac1 Topology and Length

Mac1 migrated to a peripheral location with a wrapped configuration around the micelle but remained in a transmembrane orientation in the bilayer, a similar outcome as for MD simulations performed in neutral lipid systems (Sani et al., 2020). The N-Cα-C backbone structure fluctuations were also similar for both anionic systems and neutral systems across the 100 ns simulations, indicating that Mac1 secondary structure was not greatly different in neutral and anionic lipid systems. Furthermore, the peptide length, measured as the head to tail distance between the nitrogen backbone atoms, (Figure 6) showed little variation in the micelle (about 3 nm) but some fluctuation in the bilayer system were observed with a significantly lower averaged peptide length (2.7 nm). As seen in Figure 7, the difference corresponded to a flexible bend initiated at Val14 (before Pro15), bringing the lowest peptide length to 2.3 nm, well below the optimal theoretical length for a 21 amino acid long linear peptide in an α-helical configuration of 3.15 nm.


[image: Figure 6]
FIGURE 6. Analysis of the trajectories obtained from 100 ns simulation of Mac1 in lipid environments. N-Cα-C backbone rmsd from the equilibrated structure in: (A) a DPC/LMPG (9:1) micelle, and (B) a DMPC/DMPG (4:1) bilayer using residues 1-21 (black line). The averaged rmsd was fitted with a linear function (red line). Distance fluctuation between the 1Gly and the 21Phe nitrogens of Mac1 inserted in: (C) a DPC/LMPG (9:1) micelle, and (D) a DMPC/DMPG (4:1) bilayer. The averaged distance was obtained by fitting the data to a linear function (red line).



[image: Figure 7]
FIGURE 7. Depth-cued snapshot of Mac1 in DMPC/DMPG (4:1) bilayers (sticks) at 57 ns showing a bent structure with water (dark blue surface) penetrating through the bilayer. Lys8 is snorkeling out to reach the water interface and His12, Pro15/Ala16, and Asp19 provide the hydrophilic surface for water molecules to hydrate the peptide within the hydrophobic core.




Insertion Depth and Water Penetration

The depth of Mac1 penetration into the lipid core (Supplementary Figures S2, S3) and its exposure to water (Supplementary Figures S4, S5) were calculated over the 100 ns simulations. On average, Mac1 was positioned mainly just below the phosphates in the micelle (Figure 8A), the middle section of the peptide (from Leu6 to Val14, excepting Lys8) was slightly deeper within the hydrophobic core and the N-terminus was a little more exposed than the C-terminus (Figure 8C) as previously observed with MD simulation performed in neutral DPC micelle (Sani et al., 2020). In the bilayer system, the peptide maintained a transmembrane orientation (Figure 8B), with residues 6-18 significantly shielded from water exposure. Interestingly, some water molecules were found to reside for a notable amount of time near Lys8 (side chain), His12 and Ala16 (Figure 8D). A snapshot showed Mac1 with a bent structure and 8Lys extending to reach the phosphate-water interface and water flowing along the hydrophilic i,i+4 side of the peptide as shown in Figure 1E. Note, however, that the simulations performed herein were with an inserted peptide but earlier MD results (Wang et al., 2016) show that Mac1 inserts transmembrane into a phospholipid bilayer from the aqueous phase.


[image: Figure 8]
FIGURE 8. Averaged distance from the Nth residue to the center of mass of (A) the DPC/LMPG (9:1) micelle, and (B) DMPC/DMPG (4:1) bilayer, as a proxy of Mac1 insertion depth into the hydrophobic core of the lipids. Averaged contact number between the nth residue nitrogen and water molecules within 5 Å in (C) DPC/LMPG (9:1) micelle, and (D) DMPC/DMPG (4:1) bilayer. The dashed lines correspond to the phosphates averaged position to the center of mass of the lipid systems.




Peptide Pairing With Anionic vs. Neutral Lipids

Mac1 is a cationic peptide, but with a rather low overall charge of +1 at neutral pH. It has been shown to interact with many types of lipid membranes, inducing severe leakage in neutral and anionic membranes, but to a greater extent in the former (Fernandez et al., 2013a). However, electrostatic attractions have been shown to dominate the first binding step, as competition between neutral and anionic lipids have a larger preference to the latter surface. Nonetheless, once bound and inserted within the lipid hydrophobic core, MD simulations showed that the lipid headgroup has little influence on the peptide-lipid pairing as no segregation was observed within the simulation timeframe (Figure 9). Several possibilities are to be considered: (1) the simulation was not long enough to reach a pairing equilibrium; (2) Mac1 is mainly located below the phosphate headgroup and thus less prone to sense the headgroup difference between phosphocholine and phosphoglycerol moieties; and 3) the density of anionic lipids is not sufficient for statistically significant pairing to occur.


[image: Figure 9]
FIGURE 9. Averaged contact number within 8 Å between all Mac1 Cα atoms and phosphates of (A) DMPC and nitrogen atoms, (B) DMPG and hydroxyl atoms, (C) DPC and nitrogen atoms, and (D) LMPG and hydroxyl atoms. The averaged contact number was obtained by fitting the data to a linear function (red line).






DISCUSSION

Previous studies investigating the location and orientation of Mac1 within phospholipid membranes focused on using zwitterionic PC headgroups (Sani et al., 2020), which generally model most eukaryotic cell membranes well, but do not replicate the anionic nature of bacterial membranes which are rich in PG and other anionic lipids. Whilst knowing how AMPs behave in zwitterionic membranes environments is important as it has to be understood how host cells are going to be affected by AMP treatment, ultimately it is the interactions with the bacterial pathogen that are of interest and this work has addressed the structure of the peptide-lipid aggregates that form. We find that the secondary structure of Mac1 remains unchanged whether in a zwitterionic lipid or an anionic environment (Figure 1). This suggests that headgroup composition plays little or no role in Mac1 structure once embedded within a membrane and that, as previous studies have shown, tail composition is the important factor in driving Mac1 conformation when embedded within a membrane (Sani et al., 2012). In addition, Mac1 still embeds deeply into the membrane in the presence of anionic lipids and assembles in a parallel fashion as observed for zwitterionic membranes (Sani et al., 2020). However, with zwitterionic membranes and the use of d-Mac1 it was observed that Mac1 adopts a preferred orientation with the N-terminus in the outer leaflet of the membrane (Sani et al., 2020). In this work, however, a preferred orientation within anionic membranes could not be conclusively determined in solid-supported membranes as the difference in SLD between the tails in each leaflet was with within error of each other (Figure 4 and Supplementary Table S5). This does not mean that a preferred orientation is ruled out as a preferred orientation in this case can be masked either due to the greater solvent content observed with d-Mac1 bound to anionic membranes, or some uneven distribution of the peptide across the bilayer leaflets. The location of d-Mac1 also was not influenced by the phase of the membrane (Figure 5).

Mac1 orientation was inconclusive in solid-supported anionic bilayers with the difference in SLD either being due to a uneven distribution of peptide across the different leaflets or parallel assembly with a preferential orientation. Other studies have examined the orientation of Mac1 within a phopholipid bilayer and show a variety of orientations based on different lipid compositions and model membranes (Chia et al., 2002; Bond et al., 2008; Wang et al., 2016), with a defined orientation being inconclusive for anionic bilayers (Balatti et al., 2018). However, in each case Mac1 spans the bilayer and, given that the volume fractions between each leaflet in the solid-supported bilayers are within error of each other (Supplementary Table S4) and the MD simulations suggest a similar orientation as for zwitterionic membranes with the N-terminus more exposed to water (Figure 8), it is likely that in this case d-Mac1 also spans the anionic bilayer. Where previous MD work has shown uneven distribution of Mac1 across the leaflets of a planar bilayer (Bond et al., 2008; Balatti et al., 2018), the difference in distribution is small (<15% difference) and these small difference would not greatly impact on the NR results, further supporting a membrane spanning model. Interestingly, the helical structure of Mac1 generates a hydrophilic surface, which in addition to Lys8 snorkeling out to reach the water interface, allowed water to penetrate deeply into the bilayer hydrophobic core (Figures 7, 8). This may be the initial step for promoting peptide-peptide self-assembly that would form larger pore structures, as previously demonstrated experimentally (Sani et al., 2013) and in μs-long MD simulations (Wang et al., 2016).

It has been previously shown that membranes containing anionic lipids bind more peptide molecules per lipid (Mechler et al., 2007; Fernandez et al., 2013a), despite neutral membranes being more prone to lytic activity (Sani et al., 2014), and this work is no exception to that. However, what is shown here is that anionic lipids are important in their preferential binding to cationic Mac1. Figure 2 demonstrates that Mac1 has a preference for anionic lipids and has little impact on zwitterionic lipids in a mixed phospholipid bilayer. Possibly the presence of Mac1 causes the PC and PG headgroups to laterally separate (Fernandez et al., 2013b) but the techniques used in this work do not demonstrate this, which is the subject of future studies.

There is a wide range of AMPs that target anionic lipids either for entry into a bacterial cell to reach its final target or because the mode of action is membrane disruption (Epand and Epand, 2009). How different AMPs target and assemble in bacterial membranes varies greatly depending on the peptide and the lipids used. In the case of indolicidin, when bound to model bacterial membranes the distribution of lipids and the membrane thickness are unaffected (Nielsen et al., 2018). Whereas, the short 13 amino acid peptide aurein 1.2, which operates through the carpet mechanism causes lateral segregation of mixed lipid systems (Sharma and Qian, 2019). Our results show that for the case of Mac1 when presented to a phospholipid bilayer of mixed anionic and zwitterionic lipids, the AMP preferentially assembles in a transmembrane fashion and targets the anionic lipids.

In conclusion, Mac1 embeds itself within a model bacterial membrane in a fashion that spans the whole membrane. The presence of anionic lipids does not dramatically alter the overall mechanism of Mac1 compared to membranes composed entirely of zwitterionic lipids; however, the presence of anionic lipids does attract Mac1 to the membrane which allows the peptide to better target membranes from pathogenic bacteria over host membranes.
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Cancer became recently the leading cause of death in industrialized countries. Even though standard treatments achieve significant effects in growth inhibition and tumor elimination, they cause severe side effects as most of the applied drugs exhibit only minor selectivity for the malignant tissue. Hence, specific addressing of tumor cells without affecting healthy tissue is currently a major desire in cancer therapy. Cell surface receptors, which bind peptides are frequently overexpressed on cancer cells and can therefore be considered as promising targets for selective tumor therapy. In this review, the benefits of peptides as tumor homing agents are presented and an overview of the most commonly addressed peptide receptors is given. A special focus was set on the bombesin receptor family and the neuropeptide Y receptor family. In the second part, the specific requirements of peptide-drug conjugates (PDC) and intelligent linker structures as an essential component of PDC are outlined. Furthermore, different drug cargos are presented including classical and recent toxic agents as well as radionuclides for diagnostic and therapeutic approaches. In the last part, boron neutron capture therapy as advanced targeted cancer therapy is introduced and past and recent developments are reviewed.
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NEED FOR TARGETED CANCER THERAPY

For a long time, cardiovascular diseases were the leading cause of death among middle-aged adults globally. This changed recently in high-income countries, where cancer is now responsible for twice as many deaths as cardiovascular diseases (Dagenais et al., 2019). In 2018, cancer was responsible for 9.6 million deaths and 18.1 million new cases were diagnosed globally (Bray et al., 2018). The most frequently occurring cancer in women is breast cancer and in men, prostate cancer is most common. Notably, the leading cause of death is lung cancer in both sexes (Siegel et al., 2019). It is predicted that these numbers will rise in the future and 27.5 million new cases of cancer will be diagnosed worldwide each year by 2040 (Bray et al., 2018). This trend clearly demonstrates that novel therapeutic approaches have to be developed and efforts have to be strengthened in the future to improve the efficacy of already existing treatments.

For the last 60 years, chemotherapy remained the trademark of cancer treatment (Gilman, 1963; DeVita and Chu, 2008). In this approach, highly cytotoxic drugs are systemically administered, which seek into rapidly dividing cancer cells. However, these chemotherapeutic drugs affect also healthy cells that exhibit high proliferation rates like intestinal epithelium cells. This peripheral toxicity is the reason for frequently occurring side effects, which can vary from hair loss, anemia, bruising and bleeding to neuropathy and many more (Strebhardt and Ullrich, 2008). The occurrence of undesired effects depends highly on the patient and the applied chemotherapeutic drug. This holds not only true for chemotherapeutics, but rather for any therapeutically active molecule that is administered systemically without bearing any selectivity providing features.

One possibility to reduce side effects is to waive a systemically administered drug and only apply the tumor harming treatment locally to the affected tissue. Radiation therapy can provide this local harm even though the radiation doses are delivered to all cells within the irradiation area. Nevertheless, radiation therapy remains an important curative treatment modality, with more than 50% of the patients benefiting from this treatment (Barton et al., 2006; Chen and Kuo, 2017). In principle, high-energy radiation is used to destroy cancer cells by depositing energy that damages the genetic material and prevents further cell proliferation. The type of radiation and the chosen method for delivering the energy to the malignant tissue is highly dependent on the type of tumor. Radiation can mainly be divided into two classes: X-rays and gamma-rays belong to the group of electromagnetic radiation whereas electron, neutron, proton and hole atom irradiation can be assigned to particle radiation (Gianfaldoni et al., 2017). Even though radiation therapy is often used in combination with surgery and chemotherapeutic modalities to increase the anti-tumor effect, long term cancer survivors have a higher risk for developing second malignancies because the radiation does also harm genetic material of healthy tissue (Dracham et al., 2018). Thus, the delivered dose has to be as low as possible to prevent harm to healthy tissue but it has to be effective enough to eliminate cancer cells. Various approaches were developed to increase the radiation sensitivity of tumor cells, but all of them require the administration of drugs, which selectively seek into cancer cells. This can be achieved by exploiting biochemical characteristics, which mark cancer cells differently from healthy tissues (Hanahan and Weinberg, 2011). For example, the dysregulation of translational regulators (Bhat et al., 2015), altered epigenetic regulation mechanisms (Pfister and Ashworth, 2017), the overproduction of enzymes (DeBerardinis and Chandel, 2016) or changes in the cellular microenvironment such as a lower pH (Kato et al., 2013) can be facilitated for selective therapeutic drug delivery. Moreover, cancer cells frequently overexpress cell surface proteins, which bind ligands of different nature, allowing the targeting of tumor cells by various molecule classes (Vhora et al., 2014).

The idea of targeted therapy was envisioned over 100 years ago by the German scientist Paul Ehrlich, who was awarded with the Nobel Prize in Medicine in 1908. Originally, he proposed the concept of specifically killing pathogens, which cause diseases in the body, without harming the body itself. Ehrlich named the hypothetical agent, which could facilitate this “magic bullet” (Ehrlich et al., 1956). His idea evolved over the time and his concept was transferred into cancer therapy where malignant cells have to be eliminated. Therefore, apoptosis inducing agents are combined with molecules, which selectively bind tumor cells. Although this concept seems to be quite simple, the fine-tuning is fairly elaborate and still challenging nowadays.

Various approaches have been investigated to achieve a selective delivery of different effector molecules to cancer cells. In principle, all conjugates used for selective drug delivery consist of three modules (Figure 1). The first component is the carrier, which facilitates tumor targeting. Besides aptamers also small molecules and biologics such as peptides, proteins and antibodies have been investigated intensively to facilitate sufficient tumor selectivity (Yoo et al., 2019). The second component is the drug itself, which can induce a variety of biological functions, but in context of cancer treatment mostly cytotoxic molecules or radionuclides are used. The third module links the former two. In dependence of the used payload, either cleavable or non-cleavable linkers can be applied to enable a controlled drug release, if necessary. Since all three components contribute to the overall biological efficacy and selectivity, they are described separately in more detail in the following sections.
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FIGURE 1. Schematic structure of receptor targeting drug conjugates. The drug conjugates are comprised of three modules: payload, linker, and carrier.




TUMOR-HOMING AGENTS: ANTIBODIES VS. PEPTIDES

The first component is the tumor-homing molecule. Multiple classes of molecules were investigated, including small molecules (Fitzgerald et al., 2016; Kue et al., 2016; Fernández et al., 2018), aptamers (Kaur et al., 2018; Kim et al., 2018), and polysaccharides (Choi et al., 2011). Even though these molecule classes led to promising results in preclinical studies, monoclonal antibodies (mAbs) evolved as fastest-growing drug class, with more than 30 mAbs being approved and more than 100 in clinical development over the past years (Carter and Lazar, 2018). So far, five antibody-drug conjugates (ADC) have received regulatory approval of the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) (Chau et al., 2019). All of them bind to cell surface receptors such as the CD22, CD30, CD33 or the human epidermal growth factor receptor 2 (HER2), which internalizes together with the ADC. After degradation of the ADC in the lysosome, the attached cytotoxic payload is released and the desired effect is induced. Although these conjugates reached the market and proved the feasibility of this approach, antibodies have serious limitations. Most mAbs do not penetrate into tumors. With a molecular weight of about 150 kDa, they are too big to diffuse efficiently into malignant tissue (Dreher et al., 2006; Jain and Stylianopoulos, 2010). Monoclonal antibodies can be immunogenic, even when they have been humanized and they tend to aggregate in excretory organs like liver and kidneys (Borsi et al., 2002; van Schouwenburg et al., 2010; Carrasco-Triguero et al., 2013). Moreover, the generation of mAbs is very expensive as well as time-consuming and non-selective payload conjugation can lead to reduced product homogeneity (Nejadmoghaddam et al., 2019).

Most of these drawbacks can be eliminated by using smaller biomolecules like peptides. In fact, peptide-drug conjugates (PDC) comprise several advantages as carrier molecules. Peptides with up to 50 amino acids can be easily synthesized in large scale to a reasonable price and modifications as non-natural amino acids can be directly introduced in the synthesis process (Firer and Gellerman, 2012; Mäde et al., 2014). The straightforward synthesis allows a rational optimization of side chains and backbone structures, which can result in increased binding affinities and physicochemical properties can be directly influenced (Erak et al., 2018). Furthermore, peptides are considered to be rapidly cleaved by proteolytic enzymes and quickly cleared from the blood circulation by liver and kidney. Those pharmacodynamic properties can be modulated by different modification and stabilization approaches (Vlieghe et al., 2010). One of the most known concepts of peptide stabilization is lipidation, which involves the incorporation of fatty acids into the peptide (Zhang and Bulaj, 2012). Fatty acids bind to serum albumin, preventing proteolytic cleavage in the blood by proteases and leads thereby to a prolonged circulation time (Frokjaer and Otzen, 2005). The long-acting glucagon-like peptide-1 (GLP-1) receptor agonists liraglutide (Victoza®) (Guryanov et al., 2016) and semaglutide (Ozempic®) (Marso et al., 2016), which are used to treat type-2 diabetes and obesity, are recent examples for this approach. Peptides are generally considered safe, since they feature low immunogenicity and produce non-toxic metabolites (Ahrens et al., 2012). Furthermore, their low molecular weight leads to an enhanced penetration into solid tissues resulting in better anti-tumor effects (Firer and Gellerman, 2012; Hock et al., 2015).

Peptides used in PDCs can be divided into two categories: cell-penetrating peptides (CPPs) and cell-targeting peptides (CTPs). The uptake mechanisms of CPPs across the cell membrane are not fully understood yet. Some CPPs are reported to cross the cell membrane by an energy-dependent cellular process like endocytosis- or receptor-mediated uptake, whereas others use energy-independent non-endocytic translocation pathways (Derossi et al., 1996; Thorén et al., 2005). Nevertheless, a significant increase in drug delivery was reported for small toxophores as well as for proteins being attached to CPPs like the TAT peptide, Pep-1 or Transportan (Morris et al., 2001; Muratovska and Eccles, 2004; Duong and Yung, 2013). However, extensive application of CPPs is limited due to its low cell specificity (Regberg et al., 2012).

In contrast, CTPs are ideal carrier molecules as they possess the same ability as mAbs. They bind with high affinity to overexpressed receptors on the tumor cell surface without exhibiting the disadvantages of mAbs. However, the conjugation of payloads to the peptide molecules is more critical because receptor binding and selectivity can be affected due to the steric demand of the payload, which can interfere with receptor recognition. Therefore, extensive knowledge of the interaction between peptide and receptor is needed to introduce drug cargos rationally. Amino acids like lysine, cysteine, glutamate, serine, which are not involved in the receptor recognition, can be used directly for payload conjugation at the sidechain or not required positions can be exchanged by those to introduce possible modification sites (Mäde et al., 2014). Many peptides also allow simple N-terminal modification because their N-terminus is not involved in the receptor recognition. Ideally, peptide carriers contain multiple modification sides, which allow the incorporation of multiple payloads per peptide molecule. The increased payload loading can enhance the therapeutic effects due to the increased drug concentrations at the tumor site (Dubowchik et al., 2002; Böhme et al., 2016).



PEPTIDE RECEPTORS AS TARGETS IN CANCER THERAPY

A major challenge in the development of novel and highly effective anti-cancer drugs is the selective drug-delivery to the tumor site while healthy tissue is spared. Cell surface receptors are of high interest in the targeted cancer therapy approach as they provide the desired properties to allow selective tumor targeting (Table 1) (Reubi, 2003; Vhora et al., 2014). One of these requirements is the ectopical overexpression in high amounts on the malignant tissue to facilitate a sufficient selectivity. A tumor-to-normal-cell expression ratio of 3:1 or higher is usually desired. Secondly, the amounts of overexpressed receptors have to be sufficient to ensure drug delivery in appropriate amounts to obtain the desired therapeutic effect (Reubi, 2003; Vrettos et al., 2018). The determination of these expression levels is not trivial since tissue sampling and processing is difficult to standardize. Expression levels can vary not only within biopsies, but also over the time course of the therapy and therefore each treatment plan has to be tailored for every patient.


Table 1. Overview of peptide-binding receptors studied for anti-cancer drug delivery.
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Even though two peptide-drug conjugates have already been approved by the FDA for treatment and diagnosis of cancer, the development of novel peptide-drug conjugates targeting overexpressed receptors is still very challenging. In the following section, comprehensively studied peptide binding receptors will be presented, which are considered as promising targets in targeted cancer therapy.


Integrins

A frequently used peptide carrier is the tripeptide motif arginine-glycine-aspartic acid (RGD), which was identified in the 1980s within fibronectin that was known to bind integrins (Pierschbacher and Ruoslahti, 1984; Plow et al., 2000; Kapp et al., 2017). The membrane-bound receptor family appears as heterodimers of non-covalently connected α- and β-subunits. Integrins link the extracellular matrix with the intracellular cytoskeleton to mediate cell adhesion, migration, and proliferation (Hynes, 1987; Schwartz et al., 1995). Since all of these processes are highly relevant for carcinogenesis, the integrin αvβ3 evolved as important anti-cancer target primarily because it is associated with tumor angiogenesis and metastasis (Cox et al., 2010). It is overexpressed also in activated endothelial cells, new-born vessels, and various other tumor cells but is not found in most adult epithelial cells (Cai and Chen, 2006; Desgrosellier and Cheresh, 2010).

Targeting of these cancer types is mostly accomplished by using the cyclic RGD variant c(RGDfK) owing to its improved affinity for the integrin receptors (Ryppa et al., 2008; Chen and Chen, 2011; Gilad et al., 2016a). Recently, internalizing RGD (iRGD) conjugates gained considerable attention due to its improved vascular and tumor-tissue permeability (Sugahara et al., 2009). The sequence CRGDKGPDC, in which the cysteines at the C- and N-terminus are connected through a disulfide bond, allowed a proteolytic cleavage after integrin binding. The cleaved peptide gains affinity for neuropilin-1 (NRP-1), which is then involved in a not fully understood internalization mechanism (Sugahara et al., 2009; Kadonosono et al., 2015). However, using this peptide as carrier allows the generation of smart delivery vehicles that facilitate an active and directed uptake of the drug into tumor cells (Cho et al., 2016).



Epidermal Growth Factor Receptor (EGFR)

Another highly interesting transmembrane protein is the epidermal growth factor receptor (EGFR), which belongs to the ErbB family. Apart from EGFR/HER1 (ErbB-1), HER2/neu (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4) belong also to this tyrosine kinase family (Wieduwilt and Moasser, 2008). EGFR was found to be overexpressed in very high amounts in various cancer types and is associated with a strongly enhanced proliferation rate of cancer cells (Yarden and Pines, 2012). Therefore, many monoclonal antibodies and small molecule inhibitors target the EGFR in a clinical setting, inhibiting EGFR and decelerating tumor growth (Seshacharyulu et al., 2012).

EGFR is also considered as a uptake system for targeted drug delivery owing to its internalization behavior upon ligand binding and receptor dimerization (Grandal and Madshus, 2008). Several short peptides have been identified by phage display libraries (Li et al., 2005; Ai et al., 2013). For example, the GE11 peptide (YHWYGYTPQNVI) was conjugated to liposomes (Zou et al., 2018), nanoparticles (Li et al., 2019), or toxophores like doxorubicin (Fang et al., 2017).



G Protein-Coupled Receptors (GPCRs)

G protein-coupled receptors form the biggest class of transmembrane proteins with more than 800 receptors. Approximately 15% of these are targeted by ca. 35% of all FDA approved drugs, demonstrating the tremendous pharmacological potential of this receptor class (Sriram and Insel, 2018). GPCRs share the common structure of seven transmembrane (TM) helices, which are linked by three intra- and three extracellular loop regions, an extracellular N-terminus, and an intracellular carboxyl-terminal domain (Rosenbaum et al., 2009). Classical GPCR signaling is initiated by an extracellular ligand binding, which induces a conformational change in the receptor that initiates binding and activation of intracellular heterotrimeric G proteins (Gαi, Gαq, Gαs) (Weis and Kobilka, 2018). The physiological response depends strongly on the activated G protein. Since the induced signaling cascades control elementary processes within the cell, malfunctions in this system are often associated with cancerogenesis (Nieto Gutierrez and McDonald, 2018). In these cases, GPCRs are frequently found to be overexpressed, allowing the specific targeting of tumor cells with peptide-drug conjugates (Insel et al., 2018).

Besides the overexpression, GPCRs are known to desensitize after activation by intracellular phosphorylation mediated by GPCR kinases (GRKs). The subsequent recruitment of adaptor proteins such as arrestin induces the clathrin-mediated endocytosis (Moore et al., 2007). The entire receptor-ligand complex is internalized in this process and translocated to the lysosome. Some GPCRs are separated from the ligand in the endosome and recycle back to the cell membrane, where they can be reactivated and internalized. This mechanism can be exploited to actively accumulate drug molecules inside the cell making peptide-drug conjugates a highly interesting and suitable class of molecules as a cellular drug delivery system (Figure 2) (Vrettos et al., 2018). In this review, the gastrin-releasing peptide receptor and the human Y1 receptor will be presented in more detail.


[image: Figure 2]
FIGURE 2. Schematic outline of targeting a tumor-expressed G protein-coupled receptor for anti-cancer drug delivery with a peptide-drug conjugate. The drug can be released intracellularly by intentionally using a cleavable linker or just by endo-lysosomal degradation of the peptide-drug conjugate.



NPY Receptor Family

The human Y1 receptor (hY1R) is a member of the neuropeptide Y (NPY) receptor family, which is comprised of three additional receptors, namely the Y2 receptor (hY2R), the Y4 receptor (hY4R), and the Y5 receptor (hY5R) (Michel et al., 1998). The human Y receptors (hYR) are recognized and activated by the neuropeptide Y peptide hormone family including the 36-amino-acid NPY, peptide YY (PYY), and pancreatic polypeptide (PP) (Figure 3). All native peptides are composed of a flexible N-terminus, a C-terminal amphipathic α-helix and an amidated C-terminus (Larhammar, 1996; Monks et al., 1996). The Y receptor/NPY hormone family forms a multi-ligand/multi-receptor system in which NPY and PYY display high affinity for the hY1R, hY2R, and hY5R, whereas PP has the highest affinity for the hY4R (Pedragosa-Badia et al., 2013). However, all three peptides bind and activate all four receptors to some extent. While NPY is mainly expressed in the central nervous system (CNS) where it acts as a neurotransmitter regulating energy homeostasis and anxiety (Colmers and Bleakman, 1994; Wettstein et al., 1995), PYY and PP were found in peripheral tissues acting as hormones regulating the vasoconstriction (Michel and Rascher, 1995), insulin release (Wang et al., 1994), and gastrointestinal and renal epithelial secretion (Playford and Cox, 1996). The association with metabolic diseases like diabetes, obesity, hypertension, and dyslipidemia led to the development of various selective small molecules, which bind and activate only one of the Y receptors (Yulyaningsih et al., 2011; Tan et al., 2018; Yi et al., 2018). hY1R-selective molecules were particularly interesting, not only because inhibition of the hY1R leads to an anorexic effect (Brothers and Wahlestedt, 2010) but also because the hY1R was found to be present in certain tumor tissues. While ovarian sex cord-stromal tumors, nephroblastomas, gastrointestinal stromal tumors and testicular tumors were found to express the hY1R in combination with the hY2R, adrenal cortical tumors, Ewing sarcoma tumors, and renal cell carcinomas display exclusive hY1R expression (Körner and Reubi, 2007; Körner et al., 2008).
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FIGURE 3. (A) Three-dimensional solution structure of human NPY determined by nuclear magnetic resonance spectroscopy (PDB: 1RON). Substituted amino acids in [F7,P34]NPY are indicated in blue. (B) Amino acid sequences of pNPY, hPYY, hPP, and the hY1R-preferring [F7,P34]-NPY.


An outstanding hY1R expression profile was identified in breast cancer by Reubi et al. (2001). He demonstrated that the hY1R is expressed in very high density in 85% of investigated primary human breast tumors and in 100% of breast cancer-derived metastases (Reubi et al., 2001). In contrast to the previously described tumors, the non-neoplastic breast tissues showed no hY1R expression. Instead, the hY2R was predominantly found in non-malignant tissue. This switch in the expression profile from hY2R in healthy tissue to hY1R in breast tumors allows the selective targeting of these cancer cells if a hY1R-preferring ligand is used (Figure 3).

The use of selective agonists is favored because agonists exploit the desensitization mechanism of the Y-receptors to deliver certain payloads to intracellular compartments. All Y receptors desensitize by clathrin-mediated endocytosis in complex with the bound ligand after activation. While the internalization process for the hY5R is relatively slow, the other Y-receptors internalize rapidly within few minutes (Gicquiaux et al., 2002). The recycling of the hY1R and hY2R back to the cell membrane has been observed by fast and slow endosomal routes (Gicquiaux et al., 2002; Mörl and Beck-Sickinger, 2015). These recycling processes are essential for an active drug accumulation inside the cell.

In order to use this drug shuttle system, many studies focused on the development of hY1R preferring agonists, which turned out to be challenging due to the great similarities between the receptors and native peptides (Zhang et al., 2011). Nevertheless, the shortened, C-terminally derived analog [Pro30, Nle31, Bpa32, Leu34]NPY(28-36) was identified as a hY1R-selective agonist in 2009 (Zwanziger et al., 2009). Another hY1R-selective agonist is the full length NPY analog [F7,P34]-NPY, which exhibits nanomolar potency at the hY1R and a highly reduced affinity for the hY2R (Söll et al., 2001). This derivative was already used in in vivo studies and serves as a first proof of concept for this receptor targeting approach. A fluorine-18 (18F)-labeled, fluoroglycosylated [F7,P34]-NPY analog was synthesized and enabled the visualization of hY1R-expressing MCF-7 tumor cells in a xenograft mice model (Hofmann et al., 2015). Furthermore, four breast tumor patients received a technetium-99m labeled [F7,P34]-NPY conjugate. While no significant peptide uptake was observed in healthy volunteers, the primary tumor in all four patients as well as the metastatic sites were clearly visualized by whole-body scintimammography (Khan et al., 2010). These studies demonstrated the tremendous potential of the hY1R as a target in a selective drug delivery system for breast cancer.



Bombesin Receptor Family

The mammalian bombesin (Bn) receptor family consists of three GPCRs: the neuromedin B (NMB) receptor (NMBR or BB1-receptor), the gastrin-releasing peptide (GRP) receptor (GRPR or BB2-receptor) and the orphan bombesin receptor subtype 3 (BRS-3 or BB3-receptor) (Jensen et al., 2008). All three receptors are widely expressed in the CNS where they are associated with processes including satiety, thermoregulation, stress and fear responses (Roesler et al., 2006; González et al., 2008). They are also found in the gastrointestinal tract, where they are mainly involved in smooth muscle contraction and gastrin release (Uehara et al., 2011).

These receptors form together with their natural ligands a multi-ligand/multi-receptor system. While NMB binds with high affinity to the NMBR, GRP prefers the GRPR. The endogenous ligand of the BRS-3 could not be identified so far. Nevertheless, all three receptors are combined in one family because the amphibian 14-mer peptide homolog Bn (Sequence: Pyr-QRLGNQWAVGHLM-NH2), which was isolated from the skin of the European fire-bellied toad, binds and activates all three receptors (Anastasi et al., 1971; Erspamer et al., 1972). All bombesin-like peptides share two common features: their C-terminus is amidated and the last seven C-terminal amino acids are highly similar (McDonald et al., 1979; Erspamer, 1988; Kroog et al., 1995; Hellmich et al., 1997). The Bn receptors (BnR), especially the GRPR, have been extensively studied and found to be overexpressed in several human cancers including breast, colon, non-small cell lung cancer, gliomas, meningiomas, head/neck squamous cell, ovarian, pancreatic, and prostate cancers, and neuroblastomas (Table 2) (Gugger and Reubi, 1999; Markwalder and Reubi, 1999; Reubi et al., 2002a,b; Moody et al., 2004; Pu et al., 2015; Moreno et al., 2016). Since the BnR are expressed in a number of common tumors, increasing interest rose not only to target the BnR for tumor localization and visualization but also to deliver cytotoxic agents (Schroeder et al., 2009; Sancho et al., 2011; Yu et al., 2013).


Table 2. Incidence of bombesin receptor subtype expression in various human cancers (Reubi et al., 2002b).
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More than 200 reports were published focusing on the investigation of various Bn-like peptides conjugated primarily with radionuclides, including 9mTc, 111In, 67Ga, 68Ga, 64Cu, 177Lu, 90Y or 213Bi, which were either used for tumor diagnostic or peptide receptor radionuclide therapy (PRRT) (Dash et al., 2015).

A number of these studies reported excellent visualization of BnR overexpressing tumors like prostate cancer in vivo as well as in humans (Scopinaro et al., 2002, 2004; van Essen et al., 2009). Thereby, radiolabeled BnR antagonists were found to be more suitable for tumor visualization applications then BnR agonists because they showed higher tumor uptake and better imaging properties (Ginj et al., 2006; Cescato et al., 2008; Mansi et al., 2013). This might be explained by better plasma stability of BnR antagonists compared to agonists, and their higher selectivity for the GRPR. In many studies the synthetic Bn peptide agonist [D-Phe6, β-Ala11, Phe13, Nle14]Bn(6–14) and its D-Tyr6 analog were used due to their high affinity for the GRPR (Mantey et al., 1997; La Bella et al., 2002; Schroeder et al., 2009). However, the NMBR and the BRS-3 were bound with similar potencies (IC50, 0.3–2 nM) leading to off-target effects and reduced effective concentrations at the tumor side (La Bella et al., 2002). Thus, the potential tumor uptake is theoretically lower in comparison to a stable antagonist, which features comparable binding properties. Moreover, the rapid degradation of common Bn agonists in blood plasma reduces the potential uptake by tumor cells even further (Bläuenstein et al., 2004). A stable and selective GRPR-agonist could potentially feature similar or even better tumor uptake values compared to antagonists. Nevertheless, the development of GRPR-selective peptide agonists, which feature sufficient plasma stability is still challenging and was addressed only in few studies (Darker et al., 2001; Valverde et al., 2013). Recently, we could identify the peptide [D-Phe6, β-Ala11, NMe-Ala13, Nle14]Bn(6–14), which displays high activity at the GRPR, more than 4,000-fold selectivity and > 75% blood plasma stability after 24 h (Hoppenz et al., 2019) (Figure 4).
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FIGURE 4. Chemical structure of a stable GRPR-selective agonist.


By using agonistic Bn peptides, the desensitization mechanism of the GRPR can be exploited for an active drug shuttling into the tumor cells. Following the clathrin-mediated internalization, the GRPR is separated from the endosome and recycles back to the cell membrane rapidly, where it can be activated again (Slice et al., 1998). Based on this approach, different bombesin conjugates were synthesized bearing toxophores (Stangelberger et al., 2006; Moody et al., 2007), siRNA (Rellinger et al., 2015), nanoparticles (Jafari et al., 2015), or liposomes (Accardo et al., 2012) demonstrating great results in preclinical and clinical studies.



Somatostatin Receptors (SSTRs)

Another very intensely studied receptor family is the somatostatin receptor (SSTR) family, which is comprised of five members (SSTR1–5). Their natural ligand is the disulfide-cyclized oligopeptide somatostatin (SST), which occurs in two active isoforms, the SST-14 and SST-28 (Reisine and Bell, 1995). Both of these isoforms bind and activate the SSTRs, which are widely expressed in different tissues in the body including nervous, pituitary, kidney, lung and immune cells (Patel, 1999). The interaction of SST and its receptors not only controls the endocrine system and neurotransmission but also provides potent antisecretory and antiproliferative activities (Patel, 1999; Olias et al., 2004). Owing to these features, metabolically stabilized derivatives of somatostatin including octreotide (Sandostatin®), lanreotide, or pasireotide are directly used to treat growth hormone-producing tumors (Keskin and Yalcin, 2013). The SSTR2 and SSTR5 are thereby primarily targeted because they have been found in various neuroendocrine tumors as well as other tumors such as breast, ovarian and lung cancer (Reubi et al., 1992; Volante et al., 2008). Besides the direct targeting of the SSTRs, peptide-drug conjugates were intensely studied to even further boost the antiproliferative effect of these peptides. For example, Paclitaxel (Shen et al., 2008), Doxorubicin (Nagy et al., 1998), and Camptothecin (Sun et al., 2008) were conjugated to octreotide analogs and provided impressive toxicities and selectivity for SSTR2 and SSTR5 expressing cells in vivo. Furthermore, the conjugation of 111Indium to octreotide led to the first FDA approved peptide-drug conjugate (Octreoscan®), which can be used for diagnostic tumor imaging (Forssell-Aronsson et al., 2004).




Other Receptors

In addition to the already introduced receptor targets, a number of other peptide receptors are also investigated as potential targets for anti-cancer drug delivery and will be covered briefly in this section.

The first example is the gonadotropin-releasing hormone receptor (GnRH-R), also known as luteinizing hormone-releasing hormone (LHRH) receptor, which is primarily expressed on gonadotrope cells in the pituitary but also found in lymphocytes, breast, ovary, and prostate (Harrison et al., 2004). The activation of the GnRH-R causes the release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which are known as gonadotropins. Over the past decade, the GnRH-R emerged as promising drug delivery systems owing to its ectopic overexpression in a variety of human tumors such as prostate, endometrial, epithelial ovarian, bladder, breast, lymphomas, and lung cancers (Halmos et al., 2000; Keller et al., 2005; Gründker et al., 2011). This receptor can be addressed by agonistic peptides or small molecules in cancer therapy (Gründker and Emons, 2017). For the generation of drug conjugates, the selective GnRH analog [D-Lys6]-GnRH-I is frequently used and reached as a doxorubicin derivative (AEZS-108) clinical phase III (Kovács et al., 2007; Yu et al., 2017).

Another example are the vasoactive intestinal peptide (VIP) receptors 1 and 2, which were found to be overexpressed in colon, breast, and endocrine tumors. The natural ligand VIP and its analogs are considered to be a valuable target for the molecular imaging of tumors and therapeutic interventions (Moody et al., 2007; Tang et al., 2014).

The melanocortin receptor 1 (MC1R) is also a highly attractive target as it has been found to be highly expressed in the majority of melanomas (Miao and Quinn, 2008). Since traditional chemotherapy treatment of metastatic melanoma is not very effective, MC1R targeting peptide-drugs are highly desired (Helmbach et al., 2001). Apart from the natural ligand α-melanocyte-stimulating hormones (α-MSH), the short agonistic peptide NAPamide is used as a base for the development of potent peptide-drug conjugates (Froidevaux et al., 2005).

Furthermore, the neurotensin receptor 1 (NTSR1) was found to be overexpressed in breast, prostate, colorectal, lung, liver, and pancreas cancers among others. Since the metabolic stability of the natural ligand neurotensin was not sufficient for the use as peptide-drug conjugate, tetra-branched neurotensin peptides were synthesized and conjugated with various toxic agents such as 5-fluorodeoxyuridine (5-FdU), MTX and a chlorambucil alkylating agent (Falciani et al., 2010). Moreover, pseudo-neurotensin derivatives [Lys8−9]NT(8-13) were used as carrier molecules targeting the NTSR1 (Kokko et al., 2003; Gaviglio et al., 2012).




INTELLIGENT LINKER TECHNOLOGIES

Another very crucial aspect in the design of PDCs is the selected linker technology, which connects the carrier molecules and the payload. The linker structure has to provide distinct properties that ensure the greatest possible selectivity and biological efficacy of the payload (Figure 5). While, for example, radionuclides do not require the release after reaching the tumor cell, it is crucial for toxic payloads to be released to exploit their full potential. PDC prodrugs can fulfill this requirement by utilizing a linker structure, which controls the activity of the toxophore as long it is conjugated to the carrier peptide. As the tumor site is reached, the linker is selectively cleaved and the toxophore is released and thereby activated (Kratz et al., 2008). However, the linker must be stable during the circulation in the blood to avoid a premature release of the toxic agent, which would result in undesired peripheral toxicity. Different linker strategies have been reported for PDCs using various changes in the biological environment of cancer cells to facilitate the controlled release (Bildstein et al., 2011; Joubert et al., 2017).
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FIGURE 5. Overview of different linker structures used for payload conjugation and their cleavage mechanism.


One possibility to realize a selective release of toxophores is the use of pH-sensitive linkers. Since tumor cells grow and metabolize rapidly, tumor vessels are often unable to provide sufficient nutrients and oxygen. Anaerobic glycolysis inside the tumor cells produces lactic acid, which causes an acidification of the tumor tissue (pH 6.2–6.8) (Kato et al., 2013). A more significant difference in the pH-value was found in lysosomes, which features values between 4.5 and 6.0 (Ohkuma and Poole, 1978). Since agonistic PDCs are internalized into these compartments, a selective release of payloads can be achieved by using pH-sensitive linkers. The most frequently used pH-sensitive linker is a hydrazone bond, which is stable in neutral environments but easily hydrolyzed under weak acidic conditions. This concept has been demonstrated for antibodies (Ducry and Stump, 2010) as well as for peptides (Langer et al., 2001). Beside hydrazone bonds also imine, oxime, acetal, or cis-aconityl linkages were used (Chang et al., 2016).

Another approach uses redox-sensitive linkers. This is based on the high concentrations of antioxidants like glutathione (GSH) in the cytoplasm, which are 1,000-fold higher than in the plasma (15 mM intracellular vs. 15 μM extracellular) (Meister and Anderson, 1983). The concentration of GSH in cancer cells was found to be even higher due to hypoxia, which is caused by the abnormal blood flow in tumor tissue (Bansal and Simon, 2018). Therefore, disulfide bonds have been extensively used in targeted drug delivery (Wang et al., 2012). These bonds can be readily integrated in PDCs by reaction of a cysteine-containing peptide with a thiol-including toxic agent or a prodrug (Saito et al., 2003). Recently, thioesters and azo-bond derivatives have been investigated as cleavable linker structures (Chen et al., 2013; Medina et al., 2013).

An exquisite way to facilitate a selective linker cleavage is the use of structures, which can be cleaved by specific enzymes. For example esters and carbamates, which are either hydrolyzed by the low lysosomal pH or enzymatically by esterases and cytochrome P450 (Patterson et al., 1999; Cha et al., 2000). These structures can be introduced during peptide synthesis, but their extracellular stability needs to be carefully controlled because they are prone to hydrolysis in serum (Coin et al., 2007). However, great interest was gained by using short amino acid sequences as linkers, which are recognized explicitly by proteases being overexpressed in tumor tissues. Peptide bonds in these linkers are stable during circulation in plasma as the activity of the exploited protease is reduced due to the unfavorably high pH in plasma (Ciechanover, 2005). A wide range of short peptide sequences have been identified, including the short Val-Cit (Szlachcic et al., 2016) and Gly-Phe-Leu-Gly (GFLG) linkers (Naqvi et al., 2010), which are cleaved by the protease cathepsin B. Another very interesting protease is legumain because it is the only asparaginyl endopeptidase in mammals featuring very high substrate specificity for the amino acid sequence Ala-Ala-Asn (Chen et al., 1997; Dall and Brandstetter, 2016). The recognition sequence is cleaved C-terminally after Asn allowing a traceless release of the attached payload if the cargo is conjugated to the C-terminus, while the N-terminus of the linker is coupled to the carrier (Stern et al., 2009; Bajjuri et al., 2011; Mai et al., 2017). Therefore, enzymatically cleavable linkers are ideal structures to utilize a controlled release of toxic payloads within tumor cells especially because legumain and cathepsin B were found to be overexpressed in solid tumors (Liu et al., 2003; Gondi and Rao, 2013).



PAYLOADS IN TARGETED CANCER THERAPY

The heart of every PDC is the drug cargo. While the peptide carrier and the linker structure provide the selectivity of the PDC, the drug is the component that facilitates the actual purpose of the conjugates. In many cases, the term “drug” refers to cytotoxic (chemotherapeutic) anti-cancer agents, but a broad spectrum of therapeutically active moieties can be meant. Conjugation of radionuclide complexes to peptides can result in molecules, which can be used for cancer diagnostics or PRRT. Moreover, non-radioactive molecules like boron can be used as cargo to generate PDCs for boron neutron capture therapy (BNCT).


Chemotherapeutic Agents

Currently, more than 250 FDA approved drugs (Cancer.gov) are used to treat malignant cancers. Many of these classical chemotherapeutic drugs feature strong pharmacological activity owing to their great cytotoxicity. However, a disadvantage of these small molecules is their uncontrolled toxicity, which results in severe side effects. By attaching these molecules to targeting-moieties like peptides can enhance their pharmacokinetic and increase the therapeutic window of the parent cytotoxic agent (Chen et al., 2014). The selected drugs must comply with certain design principles in order to serve as suitable compounds for the generation of a PDC. Most importantly, intrinsic functional groups have to be available to enable the attachment to the peptide carrier by a cleavable linker. Fortunately, many toxic agents provide hydroxy, carboxy, or amine groups that can be used (Figure 6). In some cases, these groups are necessary for their biological response, enabling the generation of inactive prodrugs, which have to be released without a trace to facilitate their action at the tumor side (Kratz et al., 2008). Furthermore, the drug has to be chosen to exhibit sufficient and potent cytotoxicity vs. the malignant cells, as drug resistance mechanisms of cancer cells are frequently found (Housman et al., 2014).
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FIGURE 6. Representative examples of suitable toxic agents for the generation of peptide-drug conjugates. Frequently used conjugation sites in the toxophores are marked with red cycles.


Chemotherapeutic agents used in PDCs can be classified by their general mode of action (Malhotra and Perry, 2003). The first group of molecules bind and interact with the cellular DNA or DNA-protein complexes. Thus, the transcription and DNA replication are disturbed, leading to the induction of apoptosis. Highly potent molecules including metal complexes (Weidmann et al., 2014), camptothecin (CPT) (Wall and Wani, 1996), and anthracyclines like daunorubicin (DAU) or doxorubicin (DOX) (Minotti et al., 2004) are broadly applied in PDCs (Figure 6). For example, the SSTR2 targeting octreotide was conjugated to DOX or 2-pyrrolino-DOX by ester linkers and exhibited selective toxicity against receptor-expressing tumors in vivo (Nagy et al., 1998; Huang et al., 2000; Engel et al., 2005; Shen et al., 2008; Seitz et al., 2009). Moreover, the integrin-targeting cyclic peptides c(RGDfK) and c(RGDfS) were conjugated to CPT and the alkylating agent chlorambucil by a carbamate and ester linkage, demonstrating growth inhibition in cancer cell lines expressing the integrin αvβ3 (Gilad et al., 2016b). In addition, CPT was coupled to the Bn analog [D-Tyr6,β-Ala11,D-Phe13,Nle14]Bn(6–14) by a carbamate linker exhibiting great cytotoxicity in Bn-receptor overexpressing cells while cells without these receptors were not affected (Moody et al., 2006). Until now, the most progressed receptor-targeting PDC for selective chemotherapy is Zoptarelin Doxorubicin (AN-152, AEZS-108, ZoptrexTM), which is composed of a GnRH analog and doxorubicin conjugated through an ester bond with a glutaric acid spacer (Figure 7) (Nagy et al., 1996). This derivative reached clinical phase 3 for the treatment of endometrial cancer, and the results were disclosed in May 2017. Even though very encouraging results were obtained before, Zoptarelin Doxorubicin neither extended overall survival nor improved the safety profile compared to the classical chemotherapy with DOX (ZoptEC, 2013).
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FIGURE 7. Chemical structure of OctreoScan® and Zoptrex™.


The second class of frequently used toxophores convey their cytotoxicity by inhibiting the DNA-biosynthesis. These antimetabolites, for example the nucleoside analog of deoxycytidine, gemcitabine (Galmarini et al., 2002), or the folate derivative methotrexate (MTX), which inhibits the enzyme dihydrofolate reductase (Chan and Cronstein, 2013) demonstrated great potency on cancer cells. Notably, MTX was specifically delivered to tumor cells by exploiting the hY1R-preferring peptide [F7,P34]-NPY. The modified conjugates [K4(GFLG-MTX),F7,P34]-NPY displayed high extracellular stability, paired with a fast uptake into cancer cells and the rapid release of MTX led to high cytotoxicity values in hY1R expressing tumor cells (Böhme and Beck-Sickinger, 2015). This potent cytotoxic effect was even further increased in MDA-MB-468 breast cancer cells by generating a double modified [K4(GFLG-MTX),F7,K18(GFLG-MTX),P34]-NPY conjugate (Böhme et al., 2016).

The third group of chemotherapeutics is formed by anti-mitotic agents, which act on microtubules. Drugs like paclitaxel (PTX), which inhibit microtubule depolymerization (Xiao et al., 2006), and vinca alkaloid analogs, which inhibit tubulin polymerization (Zhou and Rahmani, 1992), belong to this group. Even though PTX is highly hydrophobic and often associated with multidrug resistance owing to the P-glycoprotein-mediated efflux (Vargas et al., 2014; Barbuti and Chen, 2015), a PTX containing PDC reached phase 3 in clinical trials. The blood-brain barrier (BBB)-penetrating peptide angiopep-2 was loaded with three PTX molecules by ester linkers (ANG1005) (Régina et al., 2008). This highly loaded conjugate demonstrated higher brain uptake than free PTX and significant antitumor activity in vivo in glioblastoma-bearing mice (Régina et al., 2008). This conjugate also reached therapeutic concentrations in the tumor site and was well-tolerated in humans (Drappatz et al., 2013). Although no results of phase 2 were published yet, a phase 3 study was started in December 2018 (ANGLeD, 2018). Another very promising group of molecules is formed by kinesin spindle protein (KSP/Eg5/KIF11) inhibitors (KSPi), which affect the spindle formation during mitosis. When this process is impaired, cell cycle arrest is induced, which leads subsequently to apoptosis. Since these KSPis were found to be highly potent in various cancer types (Knight and Parrish, 2008; El-Nassan, 2013) their specificity has to be improved to transfer them into a clinical setting (Wakui et al., 2014). So far, only KSPi conjugated to antibodies were generated, which demonstrated high potency in vitro and in vivo (Lerchen et al., 2019).



Radionuclides

Among chemotherapeutic drugs, radionuclides are the second major group of payloads in PDCs. They can be used for two main purposes related to cancer. The first field is their application in cancer diagnosis. Therefore, PDCs are labeled either with positron-emitting radioisotopes such as fluorine-18 (18F), copper-64 (64Cu), and gallium-68 (68Ga) to generate PET imaging agents or gamma-emitting radioisotopes including technetium-99m (99mTc) and iodine-123 (123I), which can be used in single-photon emission computed tomography (SPECT). By binding to the targeted receptors on tumor cells, the malignant tissue can be precisely localized. The incorporation into the peptides is mostly facilitated by bifunctional chelating agents (BFCA), which provide the chelating group for the incorporation of the radiometals and a functional group allowing the conjugation to the peptide (Liu, 2008; Jamous et al., 2013). The most frequently applied BFCAs are diethylenetriaminepentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) enabling the generation of PCDs with various radiometals and –lanthanides (León-Rodríguezn et al., 2008; Liu, 2008). Many reviews focused on the use of PDCs as molecular imaging agents and a huge variety of PDCs including a 68Ga-labeled bombesin analog (RM2), [18F]Galacto-RGD, 99mTc-labeled [Phe7,Pro34]NPY and many more were investigated in a clinical setting (Schottelius and Wester, 2009; Sun et al., 2017).

Besides the diagnostic approach, radionuclide-labeled PDCs can also be seen in a therapeutic setting, if β-emitting, Auger electron-emitting or α-emitting nuclides are used (Karagiannis, 2007; Bhattacharyya and Dixit, 2011). The peptide receptor radionuclide therapy (PRRT) allows a directed and tissue-specific irradiation of tumor cells based on their overexpressed receptors. Many different radioactive metals are naturally or synthetically available and each of them features different properties. Therefore, the choice of the radionuclide strongly depends on the size of the targeted tumor or metastases (O'Donoghue et al., 1995).

The most commonly used radionuclides are indium-111 (111In), yttrium-90 (90Y), and lutetium-177 (177Lu) (Thundimadathil, 2012). While 90Y emits β-radiation with tissue penetration depths of up to 11 mm, 177Lu exhibits medium energy β-particles, which allow a tissue penetration range of max. 3 mm. Therefore, the use of 90Y is preferred for pronounced tumors due to the potential “cross-fire” effects, which can compensate for frequently occurring receptor heterogeneity (Goffredo et al., 2011). Nevertheless, 177Lu was found to eradicate small metastases better than 90Y because 177Lu emits besides β-particles also low-energy Auger electrons and conversion electrons (CEs) that deposit their dose over a short distance (Michel et al., 2005; Hindié et al., 2016). Another advantage of 177Lu is its low abundant gamma radiation, which enables post-therapeutic dosimetry.

These features are also provided by 111In, which is part of the first FDA approved radiopharmaceutical peptide-drug conjugate 111In-DTPA-octreotide (Octreoscan®) (Figure 7) (Kwekkeboom et al., 2010). Even though the use of high doses of Octreoscan® in patients with metastasized neuroendocrine tumors led to symptom relief, the tumor size regression was unsatisfactory (Ochakovskaya et al., 2001; Anthony et al., 2002). Therefore, Octreoscan® is only approved for diagnostic imaging of SSTR-positive tumors. To increase the biological effect of Auger electron-emitting isotopes, a delivery close to the nucleus has to be ensured. However, the most successful therapeutic peptide radiopharmaceutical so far is 177Lu-DOTA-TATE. This conjugate has been investigated intensively as PRRT-agent in several clinical centers in Europe (Hirmas et al., 2018). Treatment with 177Lu-DOTA-TATE resulted in longer progression-free survival and a significantly higher response rate than high-dose octreotide long-acting repeatable among patients with advanced midgut neuroendocrine tumors (Strosberg et al., 2017). The European Commission approved 177Lu-DOTA-TATE (Lutathera®) in October 2017, followed by the FDA in January 2018. This development demonstrates the enormous potential of the receptor-mediated drug delivery approach in cancer and is considered as a major milestone on the way toward peptide-based and personalized medicine.




BORON NEUTRON CAPTURE THERAPY

Over the past decades, different approaches of targeted cancer therapy have been developed and reached the clinics. Even though these therapy approaches demonstrated excellent anti-tumor efficacy, the expected reduction in severe side effects was only partially achieved. Especially antibody-drug conjugates that target specific cell surface receptors display side effects including fever, nausea, infection, vomiting, stomatitis, and skin rashes (Hansel et al., 2010; Donaghy, 2016). These undesired unspecific effects are frequently mediated by the carrier molecules, which deliver their payload not only to the addressed tumor site but also to healthy tissues, which express the targeted markers as well. One possibility to overcome this issue is the use of non-toxic payloads, which have to be converted into their active form within the tumor cells. If the second step is also tumor-selective, the toxic payload will be generated only in tumor cells, whereas all healthy cells are not harmed because they contain only the inactive payload. This principle is used in a binary radiotherapy approach called boron neutron capture therapy (BNCT).


Principles and General Requirements of BNCT

The idea of BNCT was already described by Locher (1936). In principle, BNCT offers the possibility to combine molecular drug targeting with the regional beam positioning of radiation therapy to achieve a double-selective therapeutic effect. This binary approach requires the accumulation of the non-radioactive isotope 10B, which comprises 19.9% of the naturally occurring boron in tumor cells. The subsequent local irradiation with thermal neutrons or epithermal neutrons (0.025 eV) induces the nuclear fission reaction [10B(1n,α)7Li] resulting in an excited [11B]* nuclei, which decays immediately in high linear energy transfer (LET) particles (Locher, 1936). Due to the limited path lengths of the generated α and 7Li nuclei in tissues (5–8 μm), the destructive effects of those are limited to boron-containing cells (Figure 8) (Barth et al., 2005).
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FIGURE 8. Schematic representation of the neutron capture reaction on boron neutron capture therapy (BNCT).


In order to achieve sufficient biological effects, the boron delivery agents must fulfill several critical requirements. (a) The uptake by tumor tissue has to be highly specific. To ensure no harm for non-neoplastic tissues, tumor to normal tissue and tumor to blood ratios of 3:1 and 5:1 are required, respectively. (b) Even though 10B features a remarkably high neutron capture cross-section of 3,840 barns, which is more than 3,000-fold higher than the neutron capture cross-section of 14N (1.82 barn) and 1H (0.332 barn) (Schmitt et al., 1960), a boron amount of 20 μg/g tumor is needed to achieve sufficient biological effects. This amount corresponds to about 109 10B atoms per cell, which could be lower if the boron is concentrated near or in the nucleus (Hawthorne, 1993; Hartman and Carlsson, 1994; Soloway et al., 1998). (c) The boron delivery agents have to retain within the tumor tissue over the period of neutron irradiation. (d) Simultaneously, the drug has to be rapidly cleared from the blood and healthy tissue. (e) The 10B-loaded agents must be chemically and metabolically stable and (f) must not feature any systemic cytotoxicity. (g) Moreover, they should have an appropriate water solubility.

Each of these demanding perquisites and especially their combination challenge the development of suitable boron delivery agents, limiting the establishment of BNCT as a viable cancer treatment modality in the clinic so far (Kreiner et al., 2016).



Past and Recently Developed Boron Delivery Agents

After the first efforts, during the 1940s and 1950s, using the simplest boron salts including disodium tetraborate and sodium pentaborate, it became clear that a selective and high boron accumulation in tumor cells is crucial for an application in BNCT (Farr et al., 1958). Around the 1960s, L-boronophenylalanine (BPA) (Snyder et al., 1958) and sodium mercaptoundecahydro-closo-dodecaborate (BSH) (Soloway et al., 1967) were found to accumulate in the desired tissues in sufficient amount (Figure 9A).
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FIGURE 9. Chemical structures of boron cluster. (A) Structures of L-boronophenylalanine (BPA) and sodium borocaptate (BSH). (B) Chemical structures of ortho-, meta-, and para-carborane isomers.


BSH is a small hydrophilic molecule and has the advantage over BPA to deliver 11 boron atoms per molecule to the tumor. Although BSH has been applied for the treatment of glioblastomas demonstrating no toxic effects prior to irradiation, the efficacy has been limited due to low tumor boron concentrations (Kageji et al., 1997). To increase the boron concentration, various studies have been conducted in combination with other boron compounds (Barth et al., 2012).

Nowadays, BPA is the most applied drug in BNCT and is actively taken up into tumor cells by the L-type amino acid transporter system, which is highly expressed in tumor cells (Wittig et al., 2000). This results in higher boron concentrations within the tumor compared to BSH, which accumulates only passively in tumor tissue and cannot cross the cell membrane due to its net charge (Sköld et al., 2010). However, BPA has very limited water solubility (1.6 g/L) requiring the formulation as fructose complex, which demonstrated favorable biodistribution properties (Mori et al., 1989; Coderre et al., 1997). Even though BPA is considered to be a better boron delivery agent than BSH, it features some critical disadvantages. BPA consists of only a single boron atom per molecule requiring the administered of very high doses (500 mg/kg) and the rather modest tumor selectivity results in suboptimal BNCT efficiency (Luderer et al., 2015). Despite some promising results achieved by treating patients with recurrent head and neck cancer, high-grade gliomas and advanced melanomas, the development of novel boron delivery agents would lift this technology to the next level and support the implementation as advanced cancer treatment in clinics (Barth et al., 2018b). Although linear accelerator-based neutron beams have been developed, allowing the generation of neutrons in hospitals, boron delivery agents with high boron loading and excellent selectivity are still needed (Suzuki, 2019).

Multiple molecule classes have been investigated to find novel BNCT agents including low molecular weight compounds such as boronated nucleosides, amino acids, sugars, and porphyrin derivatives. Moreover, huge polymers like polyanionic and -cationic polymers and polyamines, as well as lysosomes and nanoparticles filled with boron were designed to facilitate extensive boron loading (Luderer et al., 2015; Barth et al., 2018a). To increase the selectivity of these polymers, biomolecules including peptides, proteins, and antibodies were attached to these structures allowing the directed targeting of cancer cells. EGFR has been studied extensively as a target in BNCT owing to its elevated expression in gliomas. Heavily boronated polyamidoamine dendrimers (around 1,000 boron atoms) were linked to the natural ligand EGF (Capala et al., 1996; Yang et al., 2009a) and the monoclonal antibodies Cetuximab (Wu et al., 2004, 2007) and L8A4 (Yang et al., 2006, 2008). In vivo studies of the latter two revealed that the combination of both antibodies is recommended to achieve a reasonable increase in mean survival times after irradiation in rats bearing tumors expressing both isoforms (EGFR and ERGFRvIII) of the EGFR (Yang et al., 2009b).

Besides EGF, peptides have also been investigated as potential boron delivery systems. In a number of studies, carboranes were used due to their favored properties. These icosahedral, hydrophobic C2B10H12 clusters have a high boron content, while they occupy a rather small amount of space, slightly larger than a rotating phenyl ring (Scholz and Hey-Hawkins, 2011). Three different isomers exist, which are defined by the position of the carbon atoms in the cluster (Figure 9B). Moreover, they can be chemically functionalized to readily allow the facile conjugation to peptides by peptide chemistry and they display high biological stability and relatively low cytotoxicity (Valliant et al., 2002).

In 2011, dimeric integrin targeting PDCs were designed (Kimura et al., 2011), which featured ortho-carboranes as center and two cyclic c(RGDfK) peptides that were separately conjugated via a butanoic acid linker to each carbon atom in the cluster (Figure 10A). The resulting conjugate, named GPU-201, displayed a high integrin αvβ3 binding affinity, dose-dependent tumor uptake in squamous cell carcinoma (SCCVII)-bearing mice and longer tumor retention time than BSH. Even though it showed a stronger tumor growth inhibition after irradiation compared to BSH alone, GPU-201 also demonstrated higher toxicity than BSH to both proliferating and quiescent cancer cells without irradiation (Masunaga et al., 2012).


[image: Figure 10]
FIGURE 10. Chemical structure of boronated peptide-drug conjugates (A) Chemical structures of the dimeric carborane-c(RGDfK) conjugate GPU-201 for integrin αvβ3 targeting. (B) Double-carborane modified [Tyr3]-octreotate (TATE) for SSTR2 targeting. (C) Dodecarborate modified mitochondrial targeting CPP RLA.


The first boron delivery agent targeting cancer cells by their overexpressed GPCRs was proposed in 2003 (Schirrmacher et al., 2003). They used the SSTR2-addressing [Tyr3]-octreotate (TATE), which was N-terminally modified with the ortho-carborane derivative 5,6-dicarba-closo-dodecaboranyl hexynoic acid. Subsequently, they attached a BSH via Michael-addition to the N-terminus of TATE, both derivatives showed no biological activity (Mier et al., 2004). Four years later, Betzel et al. succeeded in creating the first biologically active and boronated TATE analogs by using the ortho-carborane-containing building block 4-(O-methylencarboranyl)-benzoic acid (BBB1), which was coupled either directly to the N-terminus or by glycinylsarcosine spacers of different length (Figure 10B) (Betzel et al., 2008). Even though double carborane modified TATE conjugates were generated with suitable SSTR2 affinity, further pharmaceutical development of SSTR2-targeting, boronated peptides were not undertaken.

In addition to these PDCs, the hY1R preferring peptide [F7,P34]-NPY has been recently described as a suitable target in BNCT. An ortho-carboranyl propionic acid (Cpa)-containing amino acid Fmoc-Lys-Nε(Cpa)-OH was incorporated at position 4 by solid-phase peptide synthesis (Ahrens et al., 2011). The modification led only to a slight loss of activity at the hY1R, but the hYR subtype-specific internalization was maintained. These results led to the development of the ortho-carborane building block 9-(carboxymethylthio)-1,2-dicarba-closo-dodecaborane(12) and a deoxygalactosyl-functionalized, charge-compensated cobalt bis(dicarbollide) building block, which were introduced at position 4, 18, or 22 of [F7,P34]NPY by the side-chain of substituted lysines at the respective positions (Ahrens et al., 2015; Frank et al., 2016). A triple modified conjugate with 30 boron atoms per peptide molecule demonstrated nanomolar potency at the hY1R and selectivity against other hYR subtypes and the sufficient uptake into hY1R transfected HEK293 cells was proven. Recent studies showed that introduction of sugar moieties to heavily carborane-loaded hY1R selective analogs can enhance solubility and thereby enable the boron conjugation of up to 80 boron atoms (Worm et al., 2019) (Figure 11).


[image: Figure 11]
FIGURE 11. Chemical structure of a highly boron loaded [F7,P34]NPY conjugate.


The concept of boron-containing peptides was also investigated for ghrelin analogs and GRPR analogs. A ghrelin receptor superagonist was modified with different carborane monoclusters and the meta-carborane building block with a mercaptoacetic acid linker demonstrated the best results (Worm et al., 2018). The GRPR-selective ligand [D-Phe6, β-Ala11, Ala13, Nle14]Bn(6–14) contained multiple bis-deoxygalactosyl-carborane building blocks, which allowed the generation of a peptide conjugate with up to 80 boron atoms per molecule (Hoppenz et al., 2020). These modifications did not influence receptor activation but metabolic stability was increased and no intrinsic cytotoxicity was observed. Notably, undesired uptake into liver cells was suppressed by using L-deoxygalactosyl modified carborane building blocks.

Three studies reported the design and synthesis of CPPs modified with boron clusters. Conjugation of eight BSH clusters to the 11R peptide (8BSH-11R) facilitated the delivery of high amounts of boron (around 5,000 ppm/106 cells) into U87ΔEGFR glioma cells (Michiue et al., 2014). In comparison to BSH, 8BSH-11R resulted in significantly stronger growth inhibition of U87ΔEGFR glioma cells after neutron irradiation. In addition, accumulation of 8BSH-11R in implanted cells in mice was observed, while no uptake in healthy brain tissue was demonstrated.

In another study, an arginine-tripeptide (3R) was modified with BSH and a DOTA chelator to allow 64Cu-radiolabeling and uptake quantification in glioma-bearing mice by PET imaging. For the labeled 3R conjugate, significantly higher tumor-to-normal-brain and tumor-to-blood radioisotope accumulation ratios compared to BSH-DOTA-64Cu were observed (Iguchi et al., 2015).

Moreover, the mitochondrial targeting peptides KLA and RLA peptides were conjugated to dodecaborates (DB) in a very recent study (Figure 10C) (Nakase et al., 2019). It was shown that DB-RLA reached higher boron concentrations in C6 glioblastoma cells than BSH and the cell mortality rate was significantly higher than for BSH after neutron irradiation, for which no cytotoxicity was observed. The number of the conducted studies and the variety of applied approaches demonstrate the pronounced interest in developing suitable boron delivery agents.




CONCLUSION

Today, targeted delivery of anticancer agents remains one of the most appealing methods for cancer treatment. Peptide receptors are promising targets owing to their high overexpression in various tumor types. The synthetic analogs of natural peptide ligands are of major interest for PDCs as they possess high target affinity and specificity, fast internalization rates, and low immunogenicity. Previous limitations including low in vivo stability can be overcome by peptide modification and therapeutic cargos can be readily introduced to the peptides. PDCs have to compete with recently developed antibody-drug conjugates, but by now, they are rapidly catching up. More and more conjugates containing classical chemotherapeutic agents progress into clinical studies and in January 2018, 177Lu-DOTA-[Tyr3]-octreotate was approved by the FDA as the first PDC used in a therapeutic setting. This demonstrates the applicability of peptide-drug conjugates in future cancer treatment. Notably, the full potential of this approach is not exploited yet and PDC of the next generations are already in the pipeline. PDCs with intelligent linkers or non-radioactive payloads such as 10boron might not only provide even better tumor selectivity but also higher efficacy. Therefore, the approach of peptide-based and receptor-mediated drug delivery will give new impulses to cancer therapies in the future.
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The first dinuclear and trinuclear chromium(III) and dinuclear vanadium(III) complexes of N4-R-substituted-3,5-di(2-pyridyl)-1,2,4-triazole (Rdpt) ligands have been prepared by solvothermal complexations under inert atmospheres, and characterized. The reactions of CrIII and VIII with adpt (R = amino) resulted in deamination of the ligand and yielded the dinuclear doubly-triazolate bridged complexes [[image: image](dpt−)2Cl4] (1) and [[image: image](dpt−)2Cl4] (2). In the case of the CrIII complex 2 this bridging results in a rare example of ferromagnetic coupling for a dinuclear CrIII compound. DFT studies confirm that in 2 the ferromagnetic coupling pathways dominate over the antiferromagnetic pathways, whereas in 1 the reverse occurs, consistent with the observed overall antiferromagnetic coupling in that case. It was also found that the use of different additives in the reaction allows the nuclearity of the CrIII product to be manipulated, giving either the dinuclear system, or the first example of a trinuclear circular helicate for a Rdpt complex, [[image: image](dpt)3Cl6]·1¾MeCN·¼DCM (3). Reaction of N4-pydpt (R = 4-pyridyl) with VIII led to an unusual shift of the pyridyl substituent from N4 to N1 of the triazole, forming the ligand isomer N1-pydpt, and giving a dinuclear doubly-triazole bridged complex, [[image: image](N1-pydpt)2Cl6]·2MeCN (4). Reaction with CrIII results in loss of the 4-pyridyl ring and a mixture of the di- and trinuclear complexes, 2 and 3. Interestingly, partial oxidation of the VIII in dinuclear complex 4 to vanadyl VIV=O was identified by crystallographic analysis of partially oxidized single crystals, [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O·1.16MeCN (5).

Keywords: vanadium, chromium, triazole, trinuclear, deamination, rearrangement, ferromagnetic coupling, helicate


INTRODUCTION

Transition metal complexes of 1,2,4-triazoles have attracted significant attention over the last two decades (Kunkeler et al., 1996; Haasnoot, 2000; Klingele and Brooker, 2003; Klingele et al., 2005; Kitchen and Brooker, 2008; Aromí et al., 2011; Miller and Brooker, 2016; Bushuev et al., 2017; Chen et al., 2017, 2018; Feltham et al., 2017; Murphy et al., 2017; Rodríguez-Jiménez et al., 2017; Clements et al., 2018; Hogue et al., 2018; Li et al., 2018; Liu et al., 2018; Zenere et al., 2018). Much of this interest has stemmed from the spin crossover (SCO) phenomenon that is frequently observed in octahedral iron(II) complexes of 1,2,4-triazoles (Kunkeler et al., 1996; Haasnoot, 2000; Klingele and Brooker, 2003; Klingele et al., 2005; Kitchen and Brooker, 2008; Miller and Brooker, 2016; Bushuev et al., 2017; Chen et al., 2017, 2018; Feltham et al., 2017; Murphy et al., 2017; Rodríguez-Jiménez et al., 2017; Clements et al., 2018; Hogue et al., 2018; Li et al., 2018; Liu et al., 2018; Zenere et al., 2018). Additionally, exchange coupling between triazole bridged metal centers has resulted in families of dinuclear, trinuclear and even polymeric complexes being targeted for the development of magnetically interesting complexes (Hogue et al., 2018). The 1,2,4-triazole moiety can be introduced into a variety of different ligand scaffolds, however a particularly versatile and attractive class of ligand is that of the N4-R-substituted-3,5-di(2-pyridyl)-1,2,4-triazole (Rdpt) family (Klingele and Brooker, 2003; Kitchen and Brooker, 2008; Feltham et al., 2017). Rdpt ligands are ideal candidates in terms of our interest in developing multi-nuclear coordination complexes as they offer a rich variety of coordination and bridging modes (Figure 1). Indeed these ligands have led to the formation of well over a hundred complexes to date, featuring a wide range of nuclearities (mono-, di-, tri-, tetra-, and octa-nuclear through to polymeric), metal to ligand ratios (including 1:1, 1:2, 1:3, 2:1 and 2:2 and 3:4) and Rdpt/dpt− binding modes (Figure 1).


[image: Figure 1]
FIGURE 1. Some of the binding modes observed for R-substituted-3,5-dipyridyl-4H-1,2,4-triazole type ligands (Rdpt), including a binding mode only available to the triazolate dpt− analogs in which R is absent (mode D).


So far, work with Rdpt ligands has primarily focused on systems incorporating the mid to late 3d transition metal ions. To the best of our knowledge no Rdpt or 3,5-di(2-pyridyl)-1,2,4-triazolate (dpt−) complexes of the earlier transition metal ions CrIII and VIII have been reported. Thus, the work presented herein builds on our previous investigations of Rdpt-based systems but now targets the first examples of complexes of VIII and CrIII. Of particular interest is the formation of multi-nuclear CrIII complexes as the ferromagnetic coupling between CrIII centers leads to magnetically interesting compounds with large numbers of unpaired spins (Tono et al., 2003; Rinck et al., 2010; Døssing, 2014). Ferromagnetic coupling can be achieved by careful consideration of the bridging species used to connect the metal centers, and given the proclivity of 1,2,4-triazoles to act as bridging moieties, Rdpt-based systems are ideal candidates to facilitate this approach.

Of the wide range of Rdpt ligands available, 4-amino-3,5-di-2pyridyl-4H-1,2,4-triazole (adpt) has been the most extensively studied to date with over 80 metal complexes structurally characterized. The literature complexes of adpt are almost solely mono- or dinuclear (Klingele and Brooker, 2003), with the exception of some tetranuclear (White and Brooker, 2013), octanuclear (White and Brooker, 2013), and polymeric (Dupouy et al., 2009) systems. The next most commonly studied ligand of this general type is dpt− with the resulting complexes showing a far richer variety in nuclearity from monometallic through to polymetallic clusters and polymers (Zhang et al., 2005; Chen et al., 2006a; Keene et al., 2006; White et al., 2012).

Herein we detail the synthesis, structures and magnetic behavior of the first ever examples of vanadium and chromium complexes of such Rdpt ligands. Specifically we present here: [[image: image](dpt)2Cl4] (1), [[image: image](dpt)2Cl4] (2) and [[image: image](dpt)3Cl6]·1¾MeCN·¼DCM (3), as well as two products of complexation of 4-pyridyl-3,5-di-2pyridyl-4H-1,2,4-triazole (N4-pydpt, Figure 2), [[image: image](N1-pydpt)2Cl6]·2MeCN (4) and its air oxidation product [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O· 1.16MeCN (5).


[image: Figure 2]
FIGURE 2. The two Rdpt ligands used in this study, adpt (R = NH2) and N4-pydpt (R = 4-pyridyl), and the respective rearrangements (deamination; (White et al., 2012) and N4- to N1-pyridyl shift; (Kitchen et al., 2010b); see text for more detail), they undergo during complexation, resulting in complexes of dpt− and N1-pydpt.




RESULTS AND DISCUSSION


Complexation of Adpt With CrIII and VIII

A 2:1 mixture of adpt and VCl3 in acetonitrile and dichloromethane was sealed in a Teflon lined autoclave under argon and heated at 150°C for 45 h. Slow cooling to room temperature gave orange needle crystals of a dinuclear complex of the deaminated ligand dpt− (Figure 2), [VIII(dpt)Cl2]2 (1).

The analogous chromium complex, [CrIII(dpt)Cl2]2 (2), can be obtained in the form of dichroic red-green crystals by replacing VCl3 by [image: image](OAc)4(H2O)2 and adding either pivalic acid or cobalt pivalate, Co2(H2O)(piv)4(Hpiv)4. Interestingly, one of these two additives must be present in order to obtain 2. When the reaction was repeated with adpt and CrCl2, the same [CrIII(dpt)Cl2]2 (2) product was obtained but with a side product of a gray precipitate that could not be easily separated from 2. When the complexation was instead carried out on the deaminated ligand, Hdpt, the crystal quality of 2 was significantly poorer than that obtained from the original protocol.

With the addition of pivalic acid or cobalt pivalate to the solvothermal reaction seemingly important for the successful and clean formation of 2, other additives [e.g., GdCl3, diaminomaleonitrile, NaN3, KSCN, and Co(OAc)2·4H2O] were tested in an attempt to access different structural variants. Interestingly, the only attempt that resulted in a crystalline material was when adpt and [image: image](OAc)4(H2O)2 were reacted in a 1.5:1 ratio with an additional 3 equivalents of GdCl3. In this instance, brown irregular single crystals of a triangular trinuclear complex [Cr3(dpt)3Cl6]·1¾MeCN·¼DCM (3) were obtained.

The deamination of adpt during complexation has been observed previously in the reaction of CuII-acetate with adpt, resulting in the octanuclear grid complex, [[image: image](dpt)4(OH)4(OAc)8], (White et al., 2012) which is the largest example of a discrete dpt− complex. In this particular case the N-N bond cleavage was proposed to be induced by the transition metal ion, and that this turn might well be an important factor in the determining the structure of the product. The analogous reaction with Hdpt instead yielded a tetranuclear complex, [[image: image](dpt)2(OAc)4(OMe)(OH)]. In the present case, not only are transition metal ions present, but also the reactions are carried out under harsher reaction conditions.



Complexation of N4-pydpt With CrIII and VIII

Altering the N4-substituent in Rdpt systems allows the properties of the resulting complexes to be significantly altered (Feltham et al., 2017; Hogue et al., 2018). By including an additional coordination site, such as a 4-pyridyl ring as in the present case (N4-pydpt, Figure 2), it is possible to generate extended networks of metal complexes or systems where another metal ion bridges two complexes. Interestingly, during previous complexations of N4-pydpt, a rearrangement of the pyridyl group from N4 to N1 of the triazole ring has been observed (Figure 2), with the N4 substituted compound, 4-pyridyl-3,5-di-2pyridyl-4H-1,2,4-triazole (N4-pydpt) being the kinetic and N1 (N1-pydpt) the thermodynamic products (Kitchen et al., 2010b). Whilst N4-pydpt has the same variety of binding modes as other Rdpt systems, for the rearranged N1-pydpt system a range of alternative binding modes can be anticipated (Figure 3)—whilst the N1N2-triazole bridging mode is precluded.


[image: Figure 3]
FIGURE 3. Possible bi- and tri-dentate binding pockets of the rearranged N1-pyridyl-3,5-di(2-pyridyl)-1,2,4-triazole ligand (N1-pydpt) and the observed binding mode in dinuclear complex 4 (box) which also features bridging by the 4-pyridyl substituents at N1 of the triazole rings.


The reaction of N4-pydpt and VCl3 in 1:1.3 ratio, again in acetonitrile and dichloromethane and sealed in a Teflon lined autoclave under argon and heated at 150°C for 50 h, then slowly cooled to room temperature, resulted in green block-like crystals of the dinuclear complex of the rearranged ligand, [[image: image](N1-pydpt)2Cl6]·2MeCN (4) (see below). Storage of crystals of the dinuclear VIII complex 4 under ambient conditions led to partial oxidation, giving [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O·1.16MeCN (5) which has also been structurally characterized (see below). All attempts to reproduce (4) were unsuccessful and yielded a complex with partial oxidation in all cases. These reactions included using previously unopened VCl3 from two different commercial suppliers, freshly synthesized N4-pydpt as well as different gloveboxes and autoclaves.

Interestingly, the analogous reaction using 1 equivalent of CrCl2 instead of 1.3 equivalents of VCl3 does not result in the isostructural complex, but rather a mixture of two chromium complexes: the triangular trinuclear complex [Cr3(dpt)3Cl6]·1¾MeCN·¼DCM (3) and the dinuclear complex 2 where the 4-pyridyl group has been completely cleaved from the triazole ring to give dpt−.



Crystal Structures of 1–5

The two isostructural dinuclear compounds 1 and 2 (Figure 4, Table 1) crystallize in the orthorhombic space group Pnnm with two formula units per unit cell. The complex molecule occupies a site of 2/m symmetry in the crystal, with the Cr and Cl atoms lying in the mirror plane, the twofold axis passing through N(2) and N(2'), and an inversion center midway between the two Cr centers. The asymmetric unit thus contains a quarter of the molecule.


[image: Figure 4]
FIGURE 4. Molecular structure of [[image: image](dpt)2Cl4] (2). [[image: image](dpt)2Cl4] (1) is isostructural.



Table 1. Selected bond distances (Å) and angles (°) for compounds 1–5.

[image: Table 1]

The two anionic bis-bidentate dpt− ligands provide a planar equatorial N4-donor set (two pyridyl and two triazole nitrogen atoms) to each metal(III) center, and doubly bridge them in a N'N1N2N”-bridging mode (Mode B in Figure 1). The N4Cl2 geometry can be described as distorted octahedral with Σ values of 104.6° for VIII 1 and 80.4° for CrIII 2. Here Σ is the sum of the absolute values of the difference between the 12 cis angles and 90° and a value of 0 would indicate a perfect octahedron. The coordinated chloride ions occupy the axial positions. Consistent with previous complexes, the M-Npyridyl bond lengths are longer than the M-Ntriazole bond lengths and the Cl-M-Cl angle is ≠ 180° (Table 1). The M···M separation is 4.209(2) Å in [Cr2(dpt)2Cl4] and 4.257(2) Å in [V2(dpt)2Cl4] which is again consistent with other dinuclear 3d complexes of dpt−.

In contrast, trinuclear compound 3 crystallizes in the monoclinic space group P21/c with four formula units per unit cell, so the entire complex is in the asymmetric unit (Figure 5, Table 1). The triangular configuration of [Cr3(dpt)3Cl6] is interesting, as to the best of our knowledge the only trinuclear complexes of Rdpt ligands reported before are a linear trinuclear complex (Figure 1, mode C) (Kitchen et al., 2010b) and a 1D-ladder of chloride bridged trinuclear units (Chen et al., 2006b). This makes 3 the first example of a molecular triangle in this family and, indeed, the first trinuclear helicate (Albrecht, 2001; Zangrando et al., 2009; Lippert and Sanz Miguel, 2011; Thomas, 2011; Hogue et al., 2017; Zhang et al., 2018) to feature an Rdpt ligand. The three CrIII centers are crystallographically independent but in all cases are coordinated by two bidentate dpt− ligands, one bound by N'N1 and the other by N”N4 (Figure 1, mode D), which also bridge the adjacent CrIII centers in the triangle. Two chloride ions, this time bound in a cis configuration [Cl-Cr-Cl range=93.7-95.3°], complete the octahedral coordination sphere of each CrIII center, giving a neutral complex overall. The resulting N4Cl2 coordination sphere is again best described as distorted octahedral, with Σ values of 63.0, 62.5, and 74.8° which are lower values than those observed in the dimeric structure of 2 (80.4°). The bridging mode adopted by the dpt− ligands is significantly different to the N1 and N2 triazolate nitrogen atom bridging seen in 2 (Figure 1, mode B), as in 3 each dpt− ligand bridges two CrIII atoms through the N1 and N4 triazolate nitrogen atoms (N'N1N4N”-bridging mode, Figure 1, mode D), a mode which is commonly observed in multi-nuclear dpt− based complexes (Klingele and Brooker, 2003; Kitchen and Brooker, 2008; Feltham et al., 2017). Unsurprisingly, this results in a much greater Cr···Cr separation in 3 [6.0428(8)−6.0989(8) Å] than in 2 [4.209(2) Å], consistent with other complexes that exhibit this bridging mode. Unfortunately, it was not possible to obtain a pure “bulk” sample of these crystals so magnetic analysis was not possible.


[image: Figure 5]
FIGURE 5. Two views of the molecular structure of [CrIII(dpt)Cl2]3·1.75MeCN·0.25CH2Cl2 (3); for clarity solvents of crystallization are not shown.


X-ray crystallography carried out on a fresh sample of the green crystals obtained from the reaction between N4-pydpt and VCl3, dinuclear [VIII(N1-pydpt)Cl3]2·2MeCN (4), reveal that it crystallizes in the triclinic space group P-1 with one formula unit per unit cell. Hence the asymmetric unit comprises half of the complex with the other half generated by a center of inversion (Figure 6, Table 1). The two VIII centers are doubly bridged by two rearranged ligand molecules meaning that during the solvothermal complexation reaction the N4 pyridyl substituent has migrated to the N1 position. As noted above, this behavior has been observed previously. Such rearrangements are often thermally induced (Jørgensen et al., 2001; Kitchen et al., 2010a). The VIII center is coordinated in a bidentate pocket formed by the N2 atom of the triazole and the nitrogen atom of the 2-pyridyl moiety of the N1-pydpt as well by the nitrogen atom of the 4-pyridyl moiety of a second N1-pydpt ligand. The 4-pyridyl rings are rotated out of the plane of the attached 3,5-bis-(2-pyridyl)-4H-1,2,4-triazole ligand moiety with a torsion angle of 63.5°. The N3Cl3 distorted octahedral (Σ = 55.4°) coordination sphere is completed by three chloride ions arranged in a mer configuration. The observed bridging mode adopted here results in a large V···V separation of 7.487(2) Å suggesting that little or no magnetic exchange coupling is expected, even given the conjugation present. Unfortunately, it has not proved possible to collect data on the purely VIII compound, 4 as explained above.


[image: Figure 6]
FIGURE 6. Molecular structure of [VIII(N1-pydpt)Cl3]2·2MeCN (4) (left) and [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O·1.16MeCN (5) (right); for clarity the solvents of crystallization are not shown.


Single crystals of the dinuclear VIII complex 4 were re-investigated after storage under ambient conditions, revealing a partial oxidation had taken place to give [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O·1.16MeCN (5) (Figure 6, Table 1). The molecular structure of the fresh material, 4, is essentially maintained, but the two symmetry-equivalent vanadium centers have now been partially oxidized to VIV. Refinement of the structure of 5, including modeling the corresponding partial replacement of the equatorial chloride ligand, Cl3, by a vanadyl oxo ligand, O3b [V1-O3b = 1.774(8) vs. V1–Cl3 = 2.333(2) Å], to balance the charge associated with the partial oxidation from VIII to VIV, as well as the modeling of the partial replacement of the lattice acetonitrile molecules by water molecules, is consistent with the aged crystal of 5 comprising a 58:42 ratio of VIII: VIV [and Cl3:O3b and MeCN:H2O]. Comparing the V-donor bond lengths of partially oxidized 5 with those of the non-oxidized VIII compound 4, the V1-N1 distance is significantly elongated, which is to be expected as it is trans to the vanadyl oxygen, while the two axial V-Cl bond lengths show a smaller increase (Table 1).



Magnetic Studies of 1, 2, 5, and 6

In order to isolate bulk quantities of desired crystalline products 1 and 2 the reaction mixture was filtered and washed with water. Whilst the single crystal measurements remained unchanged, subsequent microanalysis of the bulk samples shows the presence of water (see experimental). These hydrates of 1 and 2 are referred to as [[image: image](dpt)2Cl4]·H2O (1') and [[image: image](dpt)2Cl4]·H2O (2'). The χT product vs. temperature under an applied magnetic field of 0.1 T (Figure 7), and the field dependence of magnetization at low temperatures (Figures S1a–c, S2), of 1' and 2' have been studied.


[image: Figure 7]
FIGURE 7. Temperature dependence of χT under 0.1 T applied field for [[image: image](dpt)2Cl4]·H2O (1') and [[image: image](dpt)2Cl4]·H2O (2'), with the fitted data using Equation (1) (red line).


With the Van Vleck equation (Van Vleck, 1932; Kambe, 1950) an analytical expression of the magnetic susceptibility can be established (Eduok et al., 1983) for the two dimers 1' and 2':

[image: image]

[image: image]

J represents the exchange interactions in the dimer between the two MIII ions in the dinuclear, double triazole bridged, VIII dimer 1' and isostructural CrIII dimer 2'. With the incorporation of intermolecular interactions (zJ) into this equation, the fit leads to the following parameters: g = 2.05(0), J/kB = 1.60(1) K, zJ/kB = −0.13(1) K for the CrIII dimer 2' and J/kB = −7.8(1) K and g = 1.89(1) for the VIII dimer 1'.

The χT product for 1' is 1.75 cm3 K mol−1 at room temperature, which is in good agreement for two VIII ions (d2, S = 1, g-value = 1.87). On lowering the temperature, the χT product decreases slowly until 70 K and then decreases more rapidly to reach 0.04 cm3 K mol−1 at 1.8 K (Figure 8). This type of behavior is typical for an antiferromagnetic interaction between the two metal ions with a corresponding total spin ground state of zero (ST = 0) (Figure S1a). The M vs. H plot (Figure S1c) confirms the ST = 0 ground state, with the magnetization showing only a very slow and quasi-linear increase with the applied field.


[image: Figure 8]
FIGURE 8. Temperature dependence of χT under 0.1 T applied field for two differently aged samples of [[image: image](N1-pydpt)2Cl6]·2MeCN 4: partially oxidized sample [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O·1.16MeCN (5) and fully oxidized sample [(VIVO)2(N1-pydpt)2Cl4] (6) (aged 14 months stored in air) in which complete oxidation to VIVVIV has occurred.


Fitting the experimental χT vs. T data for 1', above 20 K, to a Curie-Weiss law gives a Curie constant of 2.04 cm3 K mol−1 and a Weiss constant of −23.4 K (Figure S1b). The negative Weiss constant confirms the antiferromagnetic interaction between the VIII ions. Alternatively, the data can be modeled by using the spin Hamiltonian for a dimer with two exchange-coupled VIII ions, Hex = −2J S1 S2. The application of the van Vleck equation (Hodgson, 1975; Crawford et al., 1976) makes it possible to determine an analytical expression of the magnetic susceptibility (Equation S1) (Scaringe et al., 1977). The fitting parameters are g = 1.89(1) and J/kB = −7.8(1) K = 5.42 cm−1. The g value is in line with what is expected for VIII compounds, where the individual g values can vary from 1.83 to 2.03 (Krzystek et al., 2015).

The χT product for 2' is 4.02 cm3 K mol−1 at room temperature, which is in line with the expected value for two CrIII ions (d3, S = 3/2, g-value = 2.07). In contrast to the behavior for 1', on cooling the χT product for 2' steadily increases to reach a maximum of 4.48 cm3 K mol−1 at 10 K, before it drops rapidly to reach a value of 3.01 cm3 K mol−1 at 1.8 K (Figure 7). This behavior is consistent with ferromagnetic interactions between the two CrIII ions. As for 1', the spin Hamiltonian Hex = −2J S1 S2 and Equation (S1) can be applied to fit the data for the two exchange-coupled ions in 2', giving g = 2.05(0) and J/kB = +1.60(1) K = +1.11 cm−1 (ferromagnetic), as well as weak intermolecular interactions zJ/kB = −0.13(1) K = −0.09 cm−1. The ferromagnetic coupling observed in complex 2' is quite unusual, as whilst in principle it should be possible to modify the electronic states of dichromium(III) systems such that the nature of the coupling changes from antiferromagnetic to ferromagnetic, very few examples of ferromagnetically coupled dinuclear chromium(III) compounds are known (Døssing, 2014). Following on from their seminal work establishing a linear relationship between the Cu-O-Cu bridging angle and the size of the magnetic coupling for a series of hydroxo-bridged copper(II) complexes (Hodgson, 1975; Crawford et al., 1976), Hodgson and Hatfield reported in 1977 what appears to be the first example of a ferromagnetically coupled chromium(III) dimer, sodium di-μ-hydroxo-bis[bis(malonato)chromate(III)] pentahydrate (Scaringe et al., 1977). The exchange interaction for this doubly hydroxide bridged compound (J = +1.08(2) cm−1) is small but consistent with weak ferromagnetic coupling between the CrIII centers. O'Connor et al. reported in 1984 that the dinuclear complex [CrIII(L-histidine)(OH)]2 shows weak ferromagnetic coupling between the doubly hydroxide bridged CrIII centers (J/k = +0.15 K = +0.10 cm−1) (Eduok et al., 1983). Clearly the provision of double hydroxide bridges can lead to ferromagnetic coupling of the spins in polymetallic CrIII complexes (Morsing et al., 2014) and our present study shows that this can also be facilitated by providing double 1,2,4-triazole bridges in order to provide the required geometry for what seems to be the largest ferromagnetic superexchange interaction, of +1.2 cm−1, so far observed in this type of dinuclear Cr(III) system.

The χMT product vs. temperature for the partially oxidized product of 4, [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]· 0.84H2O·1.16MeCN (5) under an applied magnetic field of 0.1 T is shown in Figure 8. The data for 5 are consistent with one of the two VIII centers having been oxidized to VIV given that the χT product at room temperature is 1.36 cm3Kmol−1 which is in line with the theoretical value of 1.375 cm3Kmol−1 for one VIII (d2, S = 1) and one VIV(d1, S = 1/2). On lowering the temperature, the χT product decreases slowly but steadily until 50 K, at which point it drops rapidly, to 0.42 cm3Kmol−1 at 1.8 K. Given the large V···V separation this sudden drop is more likely attributable to zero-field-splitting (ZFS) effects than to intramolecular antiferromagnetic interactions. The field-dependence of the magnetization (Figure S3) increases almost linearly up to 7 T, where it reaches 2.04 μB, not showing any sign of saturation. There is no out-of-phase (χ”) signal.

A 14 month old sample of 4 in which full oxidation to VIVVIV has occurred, 6, was also investigated (Figure 8). The χT product at room temperature for 6 is 0.72 cm3Kmol−1 which is in line with the expected value of 0.75 cm3Kmol−1 for two oxidized VIV ions. On lowering the temperature, the χT product is almost constant down to 80 K below which it drops rapidly to 0.53 cm3Kmol−1 at 1.8 K, most likely due to ZFS effects as seen for 5. The field-dependence of the magnetization at low temperatures (Figure S4a) shows an initial rapid increase for fields up to 3 T, followed by a slightly slower increase up to 7 T, where it reaches 1.78 μB. The non-superposed reduced magnetization curves (Figure S4b) are consistent with the presence of magnetic anisotropy and/or the population of low-lying excited states. As magnetic anisotropy might be present, the temperature dependence of the ac susceptibility under zero dc field was probed, but as for 5, no out-of-phase signal was observed for 6.

As noted above, the magnetic measurements on the two air aged samples of 4 indicate that partial (5) or complete (6) oxidation of VIII to VIV has occurred. This was confirmed for 5 by X-ray crystallography on single crystals after prolonged storage under ambient conditions, which showed that they had converted to [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]· 0.84H2O·1.16MeCN 5 (Figure 7, see above), i.e., 42% had oxidised to VIV whilst 58% remained VIII. In Figure S5 an image of a crystal containing 82% VIII with only a 18% oxidation to VIV is shown. In further work it is planned to do a detailed study of the electronic properties, including spectro-electrochemistry as well as femtosecond pump-probe spectroscopy, of (4)-(6) to determine any valence delocalisation.

No magnetic studies could be performed on compound (3) due to lack of material (see experimental).



Theoretical Study on 1 and 2

Quantum chemical calculations were performed on compounds [[image: image](dpt)2Cl4] 1 and [[image: image](dpt)2Cl4] 2. The optimized structures and total energies are given in the Supporting Information (Tables S2 and S3). These complexes are perfect examples of the “two octahedra sharing an edge” situation described in detail in section 9.3 of Kahn's book “Molecular Magnetism” (Kahn, 1993) so the same approach and axis convention was adopted here. Specifically, the geometry optimizations were performed in D2h symmetry, where the C2 axes of the dimer are oriented along the coordinate axes (as is standard in that point group), so both metal ions are located on the x-axis, and the Cl−-ions in the xz-plane (Figure S6). Hence, in both compounds, the local t2g-type orbitals are the local dx2−y2, dxz, and dyz orbitals, and they are only partially occupied (electron configurations, d2 (SV = 1) and d3 (SCr =3/2), respectively) so are responsible for the magnetic properties.

In the case of 1, two electrons locally coupled to a triplet state SV = 1 are located at each V ion. The relative energy of the three different possible occupations of pairs of local t2g-type orbitals were obtained by calculations on the dimer where the same d-orbitals were occupied at both V-sites (Figure S6). In Table S4 the energies of the three resulting quintet states are presented, and the occupancies of the d-orbitals are given in Table S5. In the ground quintet state, the dyz and dx2−y2 orbitals are singly occupied at each VIII center [labeled the V(1) state]. In the higher energy quintet states, labeled V(2) and V(3), both metal centers are in an excited state. As a consequence of the relatively weak exchange coupling (see below) between the metal centers, the amount of energy required for a local excitation amounts to half of the energy difference to the ground state so is over 2,000 cm−1 (Table S4). Therefore, it can be concluded that these states cannot play any role in terms of understanding the observed magnetic properties.

For 2, there is only one possible configuration, as all three t2g-type orbitals at each of the d3 CrIII centers are singly occupied (SCr = 3/2). In Figure 9 spin densities are shown for the lowest DFT states of (1) and (2). Figure S7 shows the corresponding excited spin states.


[image: Figure 9]
FIGURE 9. Spin density plots for the the broken symmetry state of the antiferromagnetically coupled vanadium compound (1) (left), and the high spin state (S = 3) of the ferromagnetically coupled chromium compound (2) (right), obtained with the B3-LYP functional and TZVPP basis set. Contour value for the spin density is 0.008.


In the respective dinuclear complexes, these orbitals were considered in the calculation of the coupling constants. Applying the broken symmetry approach (see experimental section for details), density functional theory (DFT) calculations yielded a weak antiferromagnetic coupling J/kb = −13.0 K for 1 and an even smaller ferromagnetic coupling of J/kb = +1.8 K for 2 (Table S6). Both values are in reasonable agreement with the parameters obtained by fitting to the experimentally observed magnetic data (see above, and SI: J/kb = −7.8 K for 1 and J/kb = +1.6 K for 2).

For compound 2, the coupling constant was recalculated by the multi-configuration coupled electron pair approach (MCCEPA) based on a complete active space self-consistent field (CASSCF) wave function (Table S7). Again, a small ferromagnetic coupling, J/kb = +0.7 K, was obtained, consistent with the experimental data.

The change in sign of the magnetic exchange coupling between the [image: image] (1) and the [image: image] (2) compounds can be rationalized by comparison of the possible ferromagnetic and antiferromagnetic coupling pathways of different orbital pairs. For symmetry reasons an antiferromagnetic coupling by direct or superexchange is only possible between pairs of the same type of orbital, while all pairs of orbitals contribute to the ferromagnetic coupling of the two centers (see Table 9.1 in Kahn's book; Kahn, 1993).

The t2g-type orbitals in both complexes look rather similar (Figure S6). Comparing 1 and 2, the Cr-3d-orbitals should be a bit more compact (lower coupling) because of the higher atomic number of the Cr nucleus. This is partly compensated by the shielding from the additional electron in the d-shell and slightly shorter distances to the coordinating N and the second metal center. Therefore, it can be assumed that the orbital contributions to the coupling constants are identical in both compounds. Using this assumption it was possible to extract the couplings between the pairs of identical t2g type d-orbitals, J(dyzdyz), J(dxzdxz),and J(dx2−y2dx2−y2), in each case considering only the sum of the ferromagnetic and antiferromagnetic parts, and then adding an average value Jf⊥ for the ferromagnetic coupling between the pairs of different t2g-type orbitals. In Table S6, the results of the broken symmetry calculations corresponding to the three calculated quintet states of 1 as well as for the septet state of 2 are given. Furthermore, the set of linear equations for the determination of the coupling constants involving the various different orbitals and the corresponding values of the constants are given. The J(dyzdyz)/kb, J(dxzdxz)/kb and J(dx2−y2dx2−y2)/kb coupling constants (−70.9, −68.6, and −49.4 K) are antiferromagnetic, with J(dx2−y2dx2−y2) slightly smaller than J(dyzdyz) and J(dxzdxz). The ferromagnetic coupling, Jf⊥/kb= +34.2 K, is significantly smaller than all of these. Summing up all contributions to the total values of J (see equation 9.2.3 in Ref. 49b), an antiferromagnetic coupling results in case of 1, where the total coupling constant is given by J/kb=1/4(J(dyzdyz)/kb +J(dx2−y2dx2−y2)/kb +2Jf⊥/kb) = −13.0 K = −9.0 cm−1, whereas for 2 a ferromagnetic coupling dominates, where J/kb =1/9(J(dyzdyz)/kb+J(dxzdxz)/kb +J(dx2−y2dx2−y2)/kb +6Jf⊥/kb) = +1.8 K = +1.2 cm−1.




CONCLUSION

A range of vanadium and chromium complexation reactions using the three ligands 3,5-di-2-pyridyl-4H-1,2,4-triazole (Hdpt), 4-amino-3,5-di(2-pyridyl)-4H-1,2,4-triazole (adpt) and 2,2'-(4-(pyridin-4-yl)-4,5-dihydro-3H-1,2,4-triazole-3,5-diyl)dipyridine (N4-pydpt) were performed. As a result of deamination and rearrangements reactions during the solvothermal synthesis only complexes of dpt− and N1-pydpt were obtained. Clearly these solvothermal conditions facilitate a range of ligand modifications, with deamination of adpt to dpt−, and rearrangement of N4-pydpt to N1-pydpt, observed.

The resulting family of complexes, 1-5, represent the first examples of chromium and vanadium complexes of Rdpt or dpt− ligands. They have been structurally and magnetically characterized. The dinuclear vanadium(III) complex (4) exhibits a new bridging topology, and the trinuclear chromium complex (3) is the first example of a triangular arrangement for an Rdpt or dpt− complex.

To the best of our knowledge, the dinuclear doubly-triazole-bridged chromium(III) complex 2 is the first example of ferromagnetic coupling in a CrIII dimer bridged by any ligand other than hydroxide. Theoretical studies indicate that this is the result of a compensation of a weak antiferromagnetic coupling by super-exchange or direct exchange coupling with the ferromagnetic exchange integrals between the magnetic orbitals of the two centers.



EXPERIMENTAL DETAILS


Experimental Methods and Materials

Due to the air-sensitivity of the metal salts to oxidation to higher oxidation states all procedures were carried out under an inert gas atmosphere using a glovebox, glovebag or standard Schlenk technique. The solvents used were dried prior to use. Acetonitrile was pre-dried by distillation from calcium hydride and then by distillation from phosphorous pentoxide before it was stored over molecular sieves (3 Å). Dichloromethane was distilled from phosphorous pentoxide and stored over molecular sieves (4 Å). Alternatively, the solvents used were dried by a Pure Solv MD-6 solvent purification system from Innovative Technology. Chromium metal (99.999%), sodium acetate and vanadium(III) chloride were purchased from Sigma Aldrich, Acros or Fluka and used as received. The ligand 4-amino-3,5-di(2-pyridyl)-4H-1,2,4-triazole (adpt) was either purchased from Sigma-Aldrich or synthesized as reported earlier (see also the SI) (White and Brooker, 2013). 4-Pyridyl-3,5-di-2-pyridyl-4H-1,2,4-triazole (N4-pydpt) was synthesized as reported earlier (Klingele and Brooker, 2004). Chromium(II) acetate (Herzog et al., 1975a), chromium(II) sulfate (Herzog et al., 1975b) and cobalt pivalate Co2(H2O)(O2CCMe3)4(HO2CCMe3)4 (Aromí et al., 2003) were synthesized according to the literature methods. For the solvothermal reactions, a 20 mL metal autoclave with a floating Teflon-insert was used, similar to the commercially available acid digestion vessels from Parr Instruments.

Infrared spectra were recorded from KBr-pellets in the range 4,000–400 cm−1 with a Perkin-Elmer Spectrum BX FT-IR spectrophotometer (see Supplementary Information, Figure S5). Elemental analyses were either carried out by the Campbell Microanalytical Laboratory at the University of Otago or with a Vario EL spectrometer. X-ray data were collected with a Bruker SMART Apex CCD or Stoe IPDS II diffractometers using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) or a Rigaku Oxford Diffraction SuperNova E diffractometer using graphite-monochromated Cu-Kα radiation (λ = 1.54184 Å). Structure solution by direct methods, and full matrix least squares refinement against F2 was carried out using SHELXL-2018 (Sheldrick, 2015). Crystals were transferred from the mother liquor into perfluorinated polyether oil to avoid solvent loss before data collection. The magnetic susceptibility measurements were obtained with a Quantum Design SQUID magnetometer MPMS-XL. This magnetometer works between 1.8 and 400 K for dc applied fields ranging from −7 to 7 T. Measurements on V2(dpt)2Cl4]·H2O (1'), [image: image]C24H16N10Cl4·H2O (2'), and partially oxidized [(VIVO)0.84(VIII)1.16(N1-pydpt)2Cl5.16]·0.84H2O·1.16MeCN (5) and fully oxidized sample (6), were performed on dried polycrystalline samples. The samples used had been stored in air which can result in (a) adsorption of water as indicated by results of elemental analysis (1', 2'), or (b) in partial or full oxidation (5, 6). Ac susceptibility measurements were measured with an oscillating ac field of 3 Oe and ac frequency at 1,000 Hz, but it is worth noting that no out-of-phase ac signal was detected. The magnetic data were corrected for the sample holder and the diamagnetic contribution.

All DFT calculations were performed with the program package TURBOMOLE (Balasubramani et al., 2020). The geometries were obtained under the assumption of D2h symmetry for the high spin states, S = 2 for 1 and S = 3 for 2 using density functional theory (DFT) with the BP86 functional (Becke, 1988; Grummt et al., 2007) and a def2-SVP basis set (Weigend et al., 1998). The exchange coupling constants J were obtained with the B3LYP (Lee et al., 1988) functional and a TZVPP basis (Weigend et al., 1998) set by the broken symmetry approach (Yamaguchi, 1975; Noodleman, 1981; Kizashi et al., 1986; Noodleman and Davidson, 1986) from the energy difference of a high spin calculation E(HS) and a calculation on an electronic state where the unpaired electrons at one metal center are flipped to opposite spin. This state has the energy E(BS) and is called broken symmetry state because it is not an eigenfunction to the S2 operator but a linear combination of different spin multiplicities. The exchange coupling constant is then given by J = –(E(HS)-E(BS))/(4SaSb) where Sa and Sb are the spins of the different metal centers.

Furthermore, we performed multi-reference calculations with the Bochum program package on compound 2. Starting from a restricted open shell calculation on the high spin state, a valence configuration interaction calculation was performed with the complete active space self-consistent field (CASSCF) program of Meier and Staemmler (1989) and multi configuration coupled electron pair approach (MCCEPA) calculations (Fink and Staemmler, 1993) were performed. The active space contained the t2g-type orbitals of both metal centers. In the correlation treatment the active orbitals and the π-orbitals of the bridge were included. Here, the energies of the septet state, E(7), and the quintet state, E(5), are calculated and J is given by J =-(E(7)–E(5))/6. In the multi-reference calculations, the chromium atoms are equipped with a Wachters basis set (Wachters, 1970) 15s9p5d contracted to 10s6p4d and equipped with an f-function (1.147), the ligands with Huzinaga basis sets. The pyridyl rings are equipped with double zeta basis sets (C and N: 7s5p contracted to 4s2p; H: 3s contracted to 2s), Cl: 11s7p basis contracted to 7s5p, in the triazole ring N: 11s7p contracted to 7s5p +d(1.0) and C: 9s5p contracted to 6s3p+d(0.8).



Synthesis
 
[[image: image](dpt)2Cl4] (1)

Under an inert gas atmosphere, the Teflon-liner of a 20 mL autoclave was loaded with adpt (111.4 mg, 0.45 mmol), VCl3 (156.8 mg, 0.97 mmol), 6 mL acetonitrile and 5 mL dichloromethane. The solvothermal reaction at 150°C for 45 h followed by slow cooling to room temperature over 6.5 h resulted in orange needle single crystals of [VIII(dpt)Cl2]2 suitable for X-ray crystallography, and a small amount of an off-white precipitate. Under ambient conditions the crystals were washed with distilled water to remove this precipitate and then air-dried. Yield 31.3 mg, (19.7%). Anal. calc. for [[image: image](dpt)2Cl4]·H2O (1'): C24H18Cl4V2N10O (MW: 706.17): C 40.82, H 2.57, N 19.84; found C 40.66, H 2.50, N 20.06. IR (KBr): [image: image] = 1653 (vw), 1613 (vs), 1613 (vs), 1501 (w), 1468 (vs), 1437 (w), 1417 (vs), 1401 (sh), 1340 (s), 1287 (w), 1257 (m), 1226 (w), 1204 (s), 1158 (m), 1138 (w), 1147 (sh), 1091 (w), 1068 (w), 1054 (s), 1023 (s), 997 (w), 964 (vw), 897 (vw), 801 (s), 757 (vs), 749 (sh), 723 (vs), 702 (w), 431 (s), 645 (s), 486 (m), 456 (s) cm−1. Interestingly, when reacting the deaminated ligand (Hdpt) with VCl3 crystals of 1 were obtained, but in this case they could not be separated from a brown precipitate, so the above route, with in situ deamination, is superior.



[[image: image](dpt)2Cl4] (2)

Under an inert gas atmosphere, the Teflon-liner of a 20 mL autoclave was loaded with adpt (50 mg, 0.21 mmol), Cr2(OAc)4(H2O)2 (50 mg, 0.13 mmol), Co2(piv)4(Hpiv)4 (50 mg, 0.05 mmol), 6 mL acetonitrile and 5 mL dichloromethane. The solvothermal reaction at 150°C for 45 h, followed by followed by slow cooling to room temperature over 6.5 h gave dichroic red-green single crystals of [[image: image](dpt)2Cl4] suitable for X-ray crystallography and a light gray colored precipitate. Under ambient conditions the crystals were washed with water and then air-dried. Yield: 11.6 mg, (15.6%). Anal. calc. for [Cr2(dpt)2Cl4]·H2O (2'): C24H18Cl4Cr2N10O (MW 708.28): C 40.70, H 2.56, N 19.78; found C 40.68, H 2.70, N 19.50. IR (KBr): [image: image] = 3411 (vw), 3065 (vw), 2962 (vw), 2922 (vw), 2011 (vw), 1850 (vw), 1655 (w), 1614 (s), 1569 (sh), 1503 (w), 1470 (s), 1418 (vs), 1405 (sh), 1352 (s), 1289 (w), 1265 (sh), 1257 (w), 1235 (w), 1157 (s), 1104 (vw), 1091 (w), 1071 (w), 1023 (s), 998 (w), 964 (vw), 896 (w), 895 (w), 797 (vs), 756 (s), 748 (sh), 721 (vs), 702 (w), 647 (s), 493 (w), 463 (s), 434 (s) cm−1. It should be noted that the Cr2(OAc)4(H2O)2 complex was produced in house following a literature procedure (Herzog et al., 1975a) involving concentrated HCl, which may provide the source of chloride to this reaction. The magnetically investigated sample came from a cobalt free synthesis which produced a lower yield when substituting Co2(piv)4(Hpiv)4 with pivalic acid. It appears under solvothermal conditions the Co2(piv)4(Hpiv)4 slowly releases the necessary pivalic acid, giving a slower decrease in pH.



[[image: image](dpt)3Cl6]·1¾MeCN·¼DCM (3)

To obtain crystals of trinuclear complex 3 the following synthetic route, starting from adpt, is preferred. Under an inert gas atmosphere, the Teflon-liner of a 20 mL autoclave was loaded with adpt (50 mg, 0.21 mmol), Cr2(OAc)4 (50 mg, 0.13 mmol), GdCl3 (100 mg, 0.38 mmol), 6 mL acetonitrile and 5 mL dichloromethane, then sealed. The solvothermal reaction at 150°C for 93 h, followed by slow cooling to room temperature over 6.5 h gave dark green single crystals of [[image: image](dpt)3Cl6]·1¾MeCN·¼DCM (3), suitable for X-ray crystallography. A few crystals were physically separated as well as possible from a brown gel-like precipitate by washing with water before measuring the IR spectrum. IR (KBr): [image: image] = 2928 (vw), 2345 (vw), 1615 (vs), 1504 (w), 1471 (s), 1419 (vs), 1384 (w), 1354 (w), 1290 (vw), 1257 (w), 1236 (vw), 1187 (vw), 1158 (w), 1092 (w), 1072 (vw), 1050 (w), 1024 (w), 941 (vw), 926 (vw), 896 (vw), 797 (s), 757 (s), 721 (s), 702 (vw), 647 (w), 492 (vw), 463 (w), 434 (w) cm−1.



[[image: image](N1-pydpt)2Cl6]·2MeCN (4) and [(VIVO)0.84(VIII)1.16(N1-pydpt)Cl5.16]·0.84H2O·1.16MeCN (5)

Under inert gas atmosphere, the Teflon-liner of a 20 mL autoclave was loaded with VCl3 (100 mg, 0.64 mmol), N4-pydpt (151 mg, 0.5 mmol), 6 mL acetonitrile and 5 mL dichloromethane. The solvothermal reaction at 150–100°C for 50 h followed by slow cooling over 5 h gave green single crystals of [VIII(N1-pydpt)Cl3]2·2MeCN (4) suitable for X-ray crystallography, and light gray colored precipitate. Under ambient conditions the crystals were washed repeatedly using small amounts of methanol to remove the precipitate and then air-dried. Yield: 13 mg, (5.5%). Anal. calc. for [[image: image](N1-pydpt)2Cl6]·2H2O (4'): C34H24Cl6V2N12 (MW 951.28): C 42.93, H 2.97, N 17.67, Cl 22.36; found C 42.60, H 2.86, N 17.84, Cl 22.1. IR (KBr): [image: image] = 434 (m), 454 (m), 539 (m), 617 (s), 633 (vw), 646 (w), 668 (vw), 712 (s), 705 (m), 725 (s), 751 (sh), 759 (s), 800 (s), 807 (sh), 840 (m), 919 (vw), 989 (m), 1013 (s), 1030 (m), 1056 (m), 1098 (sh), 1107 (m), 1153 (w), 1186 (sh), 1194 (w), 1216 (m), 1256 (m), 1290 (m), 1304 (m), 1369 (s), 1423 (vs), 1454 (m), 1473 (s), 1499 (sh), 1507 (vs), 1534 (vw), 1540 (w), 1559 (w), 1570 (vw), 1605 (vs), 1630 (m), 2345 (w), 2370 (w), 2851 (m), 2925 (m), 3070 (s), 3103 (sh) cm−1. Green-brown single crystals of 5 were obtained from storing crystals of 4 in air under ambient conditions. There were not enough crystals to measure CHN and IR, therefore only IR was measured. IR (KBr): [image: image] = 434 (w), 454 (w), 539 (vw), 617 (m), 633 (w), 646 (w), 705 (m), 725 (s), 759 (s), 800 (m), 807 (sh), 840 (m), 919 (vw), 989 (m), 1013 (s), 1030 (m), 1056 (m), 1107 (m), 1153 (w), 1194 (m), 1216 (m), 1256 (m), 1290 (m), 1304 (w), 1369 (s), 1423 (vs), 1454 (m), 1473 (s), 1499 (sh), 1507 (vs), 1534 (vw), 1540 (w), 1559 (w), 1570 (w), 1605 (vs), 1630 (s), 2345 (vw), 2370 (vw), 2925 (vw), 3070 (w), 3103 (w) cm−1. Full oxidation from 4 to [(VIVO)2(N1-pydpt)2Cl4] (6) takes several months under ambient conditions, and results in a loss of crystal quality so the structure could not be determined. In an attempt to isolate a bulk sample of the VIII-VIII system, multiple approaches were taken to exclude oxygen at all stages of the reaction. This included using VCl3 from both Sigma Aldrich and Alfa Aesar, using two different glove boxes at Karlsruhe Institute of Technology, using freshly dried dichloromethane and acetonitrile, using several different autoclaves, as well as two batches of the triazole ligand. In all cases we observed partial oxidation to VIV, with the minimum conversion being 10%. The crystal structure which we obtained of the VIII-VIII compound appears to be serendipitous as bulk sample clearly contains VIV as evidenced by the DC magnetic susceptibility and the vanadyl stretch at 989 cm−1 in the IR (Hamilton, 1991).
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Pioneered by J. Pinson and coll. in 1990s, the reductive grafting of aryldiazonium salts has become a powerful method for surface functionalization. Highly robust interfaces result from this surface attachment, resistant to heat, chemical degradation and ultrasonication. Importantly, this approach can be applied to many materials, ranging from conducting, semi-conducting, oxides to insulating substrates. In addition, either massive, flat surfaces or nanomaterials can be functionalized. The method is easy to process and fast. The grafting process involves the formation of highly reactive aryl radicals able to attack the substrate. However, the generated radicals can also react with already-grafted aryl species, leading to the formation of loosely-packed polyaryl multilayer films, typically of 10–15 nm thick. It is thus highly challenging to control the vertical extension of the deposited layer and to form well-ordered monolayers from aryldiazonium salts. In this mini review, we briefly describe the different strategies that have been developed to prepare well-ordered monolayers. We especially focus on two strategies successfully used in our laboratories, namely the use of unconventional solvents, i.e., room temperature ionic liquids (RTILs), as grafting media and the use of calixarene macrocycles by taking benefit of their pre-organized structure. These strategies give large possibilities for the structuring of interfaces with the widest choice of materials and highlight the potential of aryldiazonium grafting as a competitive alternative to self-assembled monolayers (SAMs) of alkyl thiols.

Keywords: diazonium, surface functionalization, monolayers, calixarene, ionic liquids


INTRODUCTION

Many objects of everyday life benefit from organic coatings for protective or cosmetic purposes. A strong bond between the material surface (carbon, metals, semi-conductors, glass, or polymers) and the organic layer could be necessary for some applications, e.g., biomedical items (stents, prostheses), small parts in precision watchmaking, implantable sensors and corrosion protection to name a few. Only few procedures are known to produce such strong bonds, and most of them are dependent on the type of surface. For instance, it is easier to derivatize hydrogenated silicon than carbon because the Si-H bond is not as strong (330–380 kJ.mol−1) as C(aromatic)-H (460 kJ.mol−1) (Fabre, 2016). Self-assembled monolayers (SAMs) of thiols represent a very popular strategy to form spontaneously chemisorbed layers on gold or copper surfaces but weak bonds are obtained with other industrial metals such as iron or nickel, limiting the practical use of such procedure (Love et al., 2005). The reduction of aryldiazonium salts allows a very strong attachment of aryl groups on surfaces (Pinson and Podvorica, 2005; Bélanger and Pinson, 2011), with adsorption energies of aryl groups close or above 200 kJ.mol−1 (Jiang et al., 2006a,b). Experimentally, the resulting interface is found resistant to heat, chemical degradation and ultrasonication. Moreover, the procedure can be applied to a wide range of materials including conducting (Au, Ni, carbon in all forms, Pt, Cu, Fe, Zn, stainless steel, etc.), semi-conducting (Si, SiGe, Ge, GaAS, etc.), oxides (ITO, TiO2, SnO2, SiO2, Fe2O3, etc.), and even insulating (glass, PMMA, PET, PP, etc.) substrates, being either flat surfaces or nanomaterials (Bélanger and Pinson, 2011; Mohamed et al., 2015). Diazonium salts can be easily obtained from aniline precursors and their half-life in solution can reach 5 days, provided that the pH is kept below 2–3 (Pinson and Podvorica, 2005). A wide array of substituents can be attached to the aromatic ring of the aniline precursors, offering a large choice for surface functionalization.

The grafting with aryldiazonium salts is commonly carried out in aqueous acid or aprotic organic solvents (ACN, DMF). Many different techniques can be employed to activate the reaction, including electrochemistry, reduction by chemical agents, photochemistry, ultrasonication, heating, microwave or spontaneous grafting with the surface acting as the reducing agent (Bélanger and Pinson, 2011). The grafting mechanism is obviously dependent of the experimental conditions. However, it is generally admitted that the grafting process starts by the concerted formation of an aryl radical and departure of dinitrogen upon reduction. The produced radical is able to bind to the surface. Because of their high reactivity, aryl radicals can either react with the surface of the material or with already grafted moieties. As a consequence, loosely-packed multilayers are generally formed with thickness typically in the 10–15 nm range. A second pathway contributing to the multilayers formation is also possible where the already grafted moiety reacts with an aryldiazonium cation, forming azo linkages (Pinson and Podvorica, 2005; Bélanger and Pinson, 2011).

Control of the vertical extension to form well-ordered structures, as those typically obtained with SAMs, is very challenging using diazonium salts. The development of strategies to accommodate the robustness of the diazonium grafting procedure with the preparation of well-organized monolayers has then aroused great interest in the community. Monolayers are of primary importance for some applications. In electrocatalysis or in electrochemical sensing a fast (electronic) communication is required between the sensitive layer and the analyte or compound to activate. In case of surface sensitive characterization (e.g., SPR or QCM techniques), the unambiguous detection of sensor signal is related to the interfacial molecular organization. Hence, this requires to keep the roughness as small as possible. Starting from a monolayer, it is possible to build well-organized functional interfaces for a dedicated application in a controlled manner using for instance chemical coupling with the organic layer (post-functionalization). Over the last 15 years, different research groups have developed approaches for controlling the grafting from aryldiazonium salts toward monolayers (Liu et al., 2007; Breton and Downard, 2017; Hapiot et al., 2018). A strict control of the experimental conditions (diazonium concentration, electrolysis time, applied potential) allows, in principle, the formation of monolayers, but generally leads to sparse (sub-)monolayers with poor reproducibility. Chemical engineering has provided the most robust strategies by taking benefit of the steric hindrance of bulky-protecting groups carried by the aryldiazonium (Nielsen et al., 2007; Combellas et al., 2008; Malmos et al., 2009; Leroux et al., 2010; Leroux and Hapiot, 2013; Lee et al., 2014, 2016). In some cases, the bulky-protecting groups could be removed, leaving a monolayer with reactive-termini groups available for further post-functionalization (Nielsen et al., 2007; Malmos et al., 2009; Leroux et al., 2010; Leroux and Hapiot, 2013; Lee et al., 2014). Another approach developed by Breton and co-workers uses a radical scavenger as a redox mediator to limit the growth of the layer (López et al., 2018).

Herein, we focus on two other strategies that rely on the use of room temperature ionic liquids (RTILs) as grafting media on the one hand and on the use of pre-organized calix[4]arene macrocycles as diazonium precursors on the other hand. We will then show that these two strategies have proved particularly suitable for functionalizing nanomaterials.



RTILs AS GRAFTING MEDIA

RTILs are salts that are liquid at room temperature. They generally consist of the association of a bulky asymmetric organic cation (imidazolium, pyrrolidinium, piperidinium, pyridinium, etc.) with a weakly coordinating anion ([image: image], [image: image], bistriflimide, tosylate, etc.). RTILs have appealing physicochemical properties (thermal and chemical stabilities, redox-robustness, good ionic conductivity, very good solubilizing properties, negligible volatility, etc.) that can be easily tuned for a dedicated application. They have been widely investigated as electrolyte media for various electrochemical processes (Hapiot and Lagrost, 2008), notably electrodeposition of polymers. Very logically, they were also studied as grafting media for the electroreduction of aryldiazonium cations at glassy carbon electrodes (Actis et al., 2008; Ghilane et al., 2008; Fontaine et al., 2010; Shul et al., 2013; Carvalho Padilha et al., 2016). All of these reports point toward the formation of ultrathin layers, close to monolayers. Interestingly, Ghilane and Randriahamazaka have found a correlation through AFM measurements between the decrease of layer thickness and the increase in ionic liquids' viscosity (Fontaine et al., 2010). They studied the electrografting of 4-nitrobenzenediazonium cations in three hydrophobic ionic liquids and concluded that the use of ionic liquids led to the formation of a thinner and/or less dense layer compared to classical organic solvents (Fontaine et al., 2010). Using an acidic Brønsted ionic liquid, 1-butyl-3-methyl-imidazolium hydrogensulfate, [BMIm][HSO4], we have demonstrated that this ionic liquid promotes the formation of both denser and thinner layers compared to the classical acidic aqueous 0.5 M HCl medium (Carvalho Padilha et al., 2016). The acidic ionic liquid allows the in situ diazotization of 4-nitroaniline to produce the corresponding nitrobenzenediazonium cations in the presence of sodium nitrite. We observed an efficient self-patching and self-limiting growth of the grafted layer in this medium, whatever the charge consumed during the electrografting process (Carvalho Padilha et al., 2016). This result is interesting since the larger the charge, the thicker the layer is expected (Pinson and Podvorica, 2005). Our observation was in fair agreement with an earlier report by Bélanger and coll. who employed a protic ionic liquid consisting of a 1:2 mixture of 4-methoxypyridine with trifluoroacetic acid for the in situ production and electrografting of 4-nitrobenzene- and 4-chlorobenzenediazonium cations (Shul et al., 2013). The compactness of the layers prepared in [BMIm][HSO4] and in aqueous 0.1 M HCl was compared using AFM roughness profiling and by evaluating their blocking properties toward a redox probe (Figure 1), showing that layers formed in [BMIm][HSO4] are much more compact.


[image: Figure 1]
FIGURE 1. (A) AFM roughness profile of nitrobenzene layers electrografted in [BMIm][HSO4] (black line) and in aqueous 0.1 M HCl (red line) (B) cyclic voltammetry of 2 × 10−3 M K4Fe(CN)6 in aqueous 1M KCl at the same electrografted layers. Signal at the bare substrate is given for comparisons purposes. A full inhibition of the electrochemical signal of the redox probe is observed at the film formed in the RTIL Adapted from reference (Carvalho Padilha et al., 2016) Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.


The high viscosity of [BMIm][HSO4] (900 mPa.s) may explain the very good compactness of the grafted layers by slowing down diffusion processes and hence limiting the diffusion of electrogenerated aryl radicals away from the electrode. However, viscosity is unable to explain the controlled formation of monolayers. The slower diffusion of aryl radical in the highly viscous RTILs should intuitively promote the formation of thicker layers because the radicals are much less prone to quickly diffuse away from the electrode surface. Hence, they should rapidly react in a confined volume at the vicinity of the electrode, logically forming thicker layers. As a consequence, other phenomena should be invoked, for instance the specific solvation and ordering of the interface between the electrode and RTILs. Because of the larger size of the ions, the absence of molecular solvent screening the charges and the ability of ionic liquids to endure a structural ordering through organized networks of anions and cations, the interface is likely to be strongly different from that obtained in aqueous or organic electrolytes (Kirchner et al., 2013; Fedorov and Kornyshev, 2014; Zhong et al., 2014). The presence of large ions, possibly ordered at the electrode interface, and as solvation shell surrounding the diazonium cations might impede the attack of aryl radicals to the already grafted moieties, inhibiting the growth of the layer.



CALIX[4]ARENE-DIAZONIUM SALTS

Calix[4]arenes are macrocycles built from the linkage of four aromatic subunits through methylene bridges. With adequate groups at the small rim, they offer a rigid cone-constrained structure, being smart building blocks for the construction of highly robust monolayers with diazonium chemistry (Figure 2): (i) the methylene bridges prevent side reactions from the aryl radical and thus the formation of multilayers (ii) appending arms at the small rim allow the introduction of various functional molecules or objects with a fine spatial control imposed by the small rim geometry and (iii) several diazonium functions at the large rim provide multiple anchoring points, which is expected to enhance the stability of the monolayers as already highlighted in self-assembled monolayers (Li et al., 2019). We have thus functionalized the large rim of calix[4]arenes with diazonium functions, and densely-packed monolayers were obtained through the reduction of these calix[4]arene-based diazonium cations as revealed by AFM and ellipsometry measurements (Mattiuzzi et al., 2012; Troian-Gautier et al., 2020). A strong blocking effect toward redox probes, namely dopamine, is observed in agreement with the formation of compact layers with surface coverage of 79% (Mattiuzzi et al., 2012). Thus, a regular and smooth distribution of the macrocycles is obtained on the surface, making the structuring of the interface at the molecular scale possible. A closely-related work has been later described by another group where both large and small rims are equipped with anchoring functions (diazonium and ethynyl groups, respectively), leading to so-called Janus calix[4]arenes also useful for preparing monolayers (Buttress et al., 2016). The calixarene diazonium strategy has been developed using different substrates, either conducting [glassy carbon, PPF, gold (Mattiuzzi et al., 2012)] or semi-conducting [germanium (Blond et al., 2018)]. By using the spontaneous formation of radicals through decomposition of aryldiazonium salts in basic media, a layer of calix[4]arenes is even readily grafted onto polymers as demonstrated by AFM and XPS analyses (Troian-Gautier et al., 2016a). All these works exemplify the general character of the strategy which can be applied to the widest range of materials.


[image: Figure 2]
FIGURE 2. Strategy and key benefits for the grafting of calix[4]arene tetradiazonium salts.


A very interesting point is the possibility to vary the functions at the small rim for tuning interfacial properties. For instance, polyfluorinated groups decorating the small rim bring robust interfacial hydrophobic properties to gold, polypropylene and glass substrates (Mattiuzzi et al., 2020). Water contact angles >110° were measured for the coated substrates while the bare pristine glass, gold and polypropylene surfaces were characterized by contact angles of 24.6°, 64.7°, and 102.9°, respectively. Importantly, these hydrophobic nanometric interfaces resist harsh washing and aging. Monolayers of calix[4]arenes bearing oligo-(ethylene glycol) (oEG) chains grafted on germanium and gold surfaces exhibit antifouling properties toward a protein, BSA (Blond et al., 2018). Post-functionalization through chemical coupling “on-surface” is another very effective way to introduce new interfacial properties thanks to molecules with dedicated termini or able to execute functions under stimuli (pH variation, electron transfer, etc.). Reactive pendant groups at the calix[4]arenes small rim such as carboxylic acid or ethynyl were successfully post-functionalized (Mattiuzzi et al., 2012; Santos et al., 2014; De Leener et al., 2016; Troian-Gautier et al., 2016a). For example, amide coupling reaction with ferrocenemethylamine allowed the attachment of ferrocene redox units to monolayers of calix[4]arenes displaying one or four carboxylic acid reactive termini (Mattiuzzi et al., 2012). The surface concentration of ferrocene coupled to the monolayers has been determined through electrochemical measurements. With one reactive pendant group, the surface concentration of ferrocene actually corresponds to the surface concentration of calix[4]arene itself, and the value found (Γ = 6.9 ± 0.6 × 10−11 mol.cm−2) further confirms the formation of a compact monolayer since the calculated theoretical value for a close-compact monolayer is 9.8 × 10−11 mol.cm−2 (Mattiuzzi et al., 2012). Interestingly, the surface concentration with monolayers carrying four reactive pendant groups was found twice as high, indicating that two ferrocene units could be coupled to each calixarene, in fair agreement with the steric crowding of ferrocenemethylamine with respect to the geometry of the small rim (Mattiuzzi et al., 2012). This result demonstrates the preparation of functionalized surfaces with a fine spatial control between coupled units imposed by the geometry of small rim.

Lastly, the one-pot grafting from mixture of calix[4]arene-tetradiazonium salts with different functionalization patterns at the small rim leads to the controlled formation of mixed monolayers (Santos et al., 2014). Preparation of binary mixed layers is particularly challenging with diazonium grafting because of the high and unselective reactivity of the produced aryl radicals (Jiang et al., 2017). Generally, the surface concentration of the easiest to reduce component is always higher than that of the other component, whatever its mole fraction in the grafting medium. Thanks to the common macrocyclic scaffold that sterically isolates the diazonium groups from the other functional groups, the different calixarenes-tetradiazonium salts exhibit close reduction potentials. In addition, the covalent nature of the grafting limits the segregation effect, often observed with SAMs of thiols. Wettability studies and scanning electrochemical analyses show that the ratio of each calixarene component on the surface agrees well with that of the diazonium salts in the deposition solution (Santos et al., 2014). Thus, the variation of contact angles of the modified surfaces with the mole fraction of each calixarene-tetradiazonium cations in solution follows an Israelachvili's equation (Israelachvili and Gee, 1989), indicating that the mixing is effective at very small length scales. Israelachvili's equation is a quadratic relationship between the equilibrium contact angle and molar fraction of a layer's component that derives from Cassie's model (Cassie and Baxter, 1944). Israelachvili's model assumes a chemical heterogeneity of molecular dimensions (Israelachvili and Gee, 1989) while Cassie's model applies to surfaces with separate, discrete chemical patches (Cassie and Baxter, 1944).



NANOMATERIALS

The two strategies described in the previous sections were successfully transferred to nanomaterials and were particularly relevant for their functionalization.

The use of acidic Brønsted ionic liquid as grafting medium was extended to the functionalization of carbon nanotubes. As early as 2005, Tour and co-workers have employed imidazolium-based ionic liquids for exfoliating and functionalizing single-walled carbon nanotubes as individuals, by simply grinding carbon nanotubes with aryldiazonium salts in the presence of ionic liquids and K2CO3 (Price et al., 2005). More importantly, imidazolium-based ionic liquids are capable of forming bucky gels with 0.1–1 wt% of carbon nanotubes (Fukushima and Aida, 2007). These bucky gels are highly stable as opposed to classical organogels or hydrogels, and the dispersion ability of the ionic liquid is attributed to cation-π interaction between the imidazolium and the surface of carbon nanotubes. We took benefit of this property to functionalize the sidewalls of single and multi-walled carbon nanotubes (Carvalho Padilha et al., 2016). The approach shows high versatility, allowing both electrochemical and chemical grafting of carbon nanotubes with aryldiazonium cations in [BMIm][HSO4].

The covalent grafting of calix[4]arene derivatives was also developed on gold nanoparticles, notably with calix[4]arenes bearing carboxylic acid groups at the small rim (Troian-Gautier et al., 2016b). Two pathways were implemented, either a one-step route consisting in the simultaneous reduction of diazonium cations and gold salts or a two-step route with commercially available nanoparticles that underwent a ligand exchange reaction. Both routes are efficient, and notably the first one leads to monodisperse spherical nanoparticles of ~6 nm. The key point is the exceptional colloidal stability of the resulting nanoparticles in aqueous solutions. In strong contrast with gold nanoparticles capped with citrate or thiols that are usually sensitive to pH or ionic strength changes, the nanoparticles functionalized with calix[4]arenes could be reversibly suspended and precipitated through pH variations from 0.75 to 13, but also dried and then resuspended (Troian-Gautier et al., 2016b). Similar results have been reported for gold nanoparticles coated with long polymer chain (Manson et al., 2011), but the observed resuspendability with calixarene-coated nanoparticles is really remarkable for a capping layer of only a few nanometer thickness. Moreover, by taking benefit of reactive carboxylic acid pendant groups, the gold nanoparticles could be easily post-functionalized, e.g., with dodecylamine. The as-modified nanoparticles were then rendered soluble in organic solvents such as diethylether (Troian-Gautier et al., 2016b). Lastly, mixed layers of two calix[4]arenes can be grafted onto AuNPs in controlled ratio (Valkenier et al., 2017).



CONCLUSIONS

Many efforts have been devoted to the controlled formation of monolayers with diazonium grafting. The use of ionic liquids as a solvent is very interesting but requires to clarify their specific effects in limiting the growth of the layers. The calix[4]arene strategy is a very reliable and versatile approach for forming dense and compact monolayers with reactive appending arms and/or controlled composition. Due to the high robustness of the interface, the easy synthesis and the wide choice of surface materials, this approach may even surpass the classical SAMs of thiol derivatives through a mild molecular route, and can bring significant advances for tailoring surfaces for (bio)sensing and electrocatalysis.
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Aprotic metal-O2 batteries have attracted the interest of the research community due to their high theoretical energy density that target them as potential energy storage systems for automotive applications. At present, these devices show various practical problems, which hinder the attainment of the high theoretical energy densities. Among the main limitations, we can highlight the irreversible parasitic reactions that lead to premature death of the battery. The degradation processes, mainly related to the electrolyte, lead to the formation of secondary products that accumulate throughout the cycling in the air electrode. This accumulation of predominantly insulating products results in the blocking of active sites, promoting less efficiency in system performance. Recently, it has been discovered that the superoxide intermediate radical anion is involved in the generation of the reactive oxygen singlet species (1O2) in metal-O2 batteries. The presence of singlet oxygen is intimately linked with electrolyte degradation processes and with carbon-electrode corrosion reactions. This review analyzes the nature of singlet oxygen, while clarifying its toxic role in metal-O2 batteries. Besides, the main mechanisms of deactivation of singlet oxygen are presented, trying to inspire the research community in the development of new molecules capable of mitigating the harmful effects related to this highly reactive species.

Keywords: metal-O2 batteries, singlet oxygen, quencher, superoxide, parasitic side reactions


INTRODUCTION

In a world increasingly concerned with the dire consequences of climate change, the increase in renewable energy generation over the last 20 years offers hope in the struggle to save the planet. Thus, satisfying an ever-growing thirst for energy—which doubled between 1971 and 2016—via sustainable technologies from renewable sources represents one of the most significant global challenges of this century. One of the most difficult hindrances is related to the intermittent nature of the main renewable sources—such as wind or sun—that is a driving force behind the need for new storage technologies. Among these different storage systems, those based on electrochemical reactions offer the greatest potential to have an impact on generation, storage and consumption at a global level. Lithium-ion batteries (LiBs), first developed in 1991, paved the way for the changes, which followed, and revolutionized the market of portable electronic devices thanks to their high volumetric and gravimetric energy density. However, the continuous growth of the LiB market has led to a large increase in the demand and price of lithium—a metal of limited availability and restricted geographical distribution. As a result, a growing interest exists in the development of alternative, “beyond lithium” technologies which may improve upon and even replace LiBs. Within this scenario, Metal-air/O2 batteries (MaBs) where cell chemistries include Li-O2, Na-O2 and K-O2, have the potential to diversify and revolutionize both stationary and mobile applications due to their low cost and scalability (when compared to Li-ion technology). In this mini-review Li and Na variants will be discussed due to their inherent excellent properties. These MaBs present theoretical energy densities much higher (based on discharge products Li2O2, 3,505 W h kg−1; Na2O2/NaO2: 1,605/1,108 W h kg−1, respectively) than that of Li-ion batteries (100–300 Wh kg−1) (Landa-Medrano et al., 2016a; Enterría et al., 2018). Moreover, unlike traditional intercalation-based battery systems, MaBs rely on the electrochemical reduction of molecular oxygen at the cathode surface which translates into negligible amount of “dead weight.” In addition, carbon-based cathode materials are commonly used which are cheap and environmentally friendly (Munuera et al., 2020).

MaB mechanism relies on the formation and decomposition of the discharge products during the charge/discharge processes, according to the following equations:

Anode (discharge):       M ↔ M++ e−

Cathode (discharge):    [image: image]

Although MaBs present the above mentioned properties, their application today is hampered by the sluggish kinetics of oxygen reduction (ORR) and oxygen evolution (OER) reactions (Landa-Medrano et al., 2016a) and the parasitic reactions occurring during cycling. One of the main challenges is related to their poor charge reversibility due to the formation of parasitic reactions (superoxide intermediates and radicals) and secondary phases (e.g., carbonates, hydroxides) which degrade the battery components during cycling (Lai et al., 2020; Yadegari and Sun, 2020) and are electrochemically irreversible (Landa-Medrano et al., 2016b, 2017, 2019). These reactions can lead to the formation of alkali acetates, carbonates and carboxylates, among others, which are hard to oxidize; thus, these species accumulate on the cathode surface leading to the premature cell death (Aurbach et al., 2016). Although initially the formation of these by-products seemed to be linked to the presence of the superoxide species that promoted the breakdown of the electrolyte, it has recently been shown that such decomposition is accelerated by the existence of the singlet molecular oxygen species (1O2) as a reaction intermediate (Mahne et al., 2017).

In this mini-review the main generation routes of singlet oxygen in MaBs will be summarized, together with the consequences for the battery performance. The proposed mechanisms for its generation and the effect of its presence on the electrolyte on the performance of the battery will also be analyzed critically. A range of approaches will be proposed in order to inhibit the negative effects related to the presence of singlet oxygen. Finally, remaining challenges and prospects will be discussed, providing a perspective on future trends.



WHAT IS SINGLET OXYGEN?

Oxygen is ubiquitous. The oxygen molecule in its ground state presents an even number of electrons in anti-bonding degenerate π orbitals, which translates into a series of quite unusual properties regarding its magnetic and spectroscopic response and its reactivity, among others. This is ascribed to the open-shell electronic structure of the molecule, where two oxygen atoms with six valence electrons each get bounded. Applying the molecular orbital theory, the electronic configuration of the oxygen molecule is [image: image]. According to Mulliken, this electronic configuration is associated with three electronic states which are energetically very close (Mulliken, 1928, 1929). The energy of the triplet state ([image: image]) is the lowest with two unpaired electrons in the highest occupied molecular orbitals. Triplet ground state molecular oxygen is a paramagnetic biradical with two electrons occupying separate π* orbitals with parallel spins (Figure 1). Rearrangement of the electron spins within these two degenerate π * orbitals results in two possible singlet excited states (Kearns, 1971):

- [image: image]: both electrons are paired in a single π * orbital, leaving the other vacant. This spin-paired electronic state was first observed in 1924 by Lewis. The spin restriction is removed so that the oxidizing ability is significantly increased in comparison to the ground state. This first excited state presents an energy of 22.5 Kcal above that of the triplet ground state dioxygen ([image: image]), with a lifetime of 45 min under ideal conditions, which is reduced to about 10−3 s in a real solution environment. This is enough to play an important role in chemical reactions in solution; it is expected to participate in two-electron reactions. In fact, this state is known as metastable O2 species, which is commonly called singlet oxygen (1O2).

- [image: image]: there is a pairing of the spins of the two electrons which are located in different π* orbitals. This configuration might result in one-electron free-radical reactions. This state has a greater energy above aground state (38 Kcal) and considerable shorter lifetime (10−9 in real conditions). In fact, decays to [image: image] before a chemical reaction is initiated.
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FIGURE 1. Molecular orbitals and magnetic response of triplet and singlet dioxygen and superoxide radical anion.


Both physical and chemical methods can generate singlet oxygen. Physical methods include photosensitization by activation of the light in the visible and UV regions; and, microwave or radiofrequency discharge in an oxygen atmosphere, among others. On the other hand, the main chemical sources of singlet oxygen are related to the deactivation of different compounds such as hydrogen peroxide, ozonides, or endoperoxides. Thus, the superoxide ion (a key intermediate in most metal-O2 batteries) may be involved in the production of 1O2. The electronic configuration of superoxide radical anion is provided in Figure 1. The loss of an electron with the proper spin can give rise to both the ground state of molecular oxygen and the excited state of singlet oxygen, as presented in Equation 1:

[image: image]

It is, therefore, of utmost importance to analyze and estimate the role of 1O2 in the development of future MaBs, due to the implication of superoxide in the generation of singlet oxygen and, above all, the great oxidizing capacity of this reactive species.



WHAT ARE THE IMPLICATIONS FOR METAL-O2 BATTERIES?

Initially, the formation of the parasitic products was associated to the presence of superoxide, which promotes electrolyte decomposition; however, recently it has been demonstrated that decomposition and parasitic side reactions are accelerated by the presence of singlet oxygen as reaction intermediate (Hassoun et al., 2011; Mahne et al., 2017). Actually, 1O2 is also related to the main cause of the deactivation of organic redox mediators, leading to a decrease in the catalytic effect during Li-O2 battery cycling (Kwak et al., 2019). The presence of this strong oxidizing agent was first detected in Li-O2 batteries by in operando electron paramagnetic resonance (EPR) using 2,2,6,6-tetramethyl-4-piperidone (4-Oxo-TEMP) as a spin trapping agent to form a stable radical, 2,2,6,6-tetramethyl-4-oxo-piperidin-1-oxyl (4-oxo-TEMPO) (Wandt et al., 2016). Later, its formation was monitored by fluorescence measurements using 9,10-dimethylanthracene (DMA) quencher (Mahne et al., 2017). In both studies, the degradation of the electrolyte and the cathode was ascribed to the presence of parasitic side reactions related to the presence of 1O2. During charge process in Li-O2 batteries, the oxygen released was involved in the degradation of the cell, due to the corrosion of the carbon at potentials >3.5 V (vs. Li+/Li). Wandt et al. demonstrated that this degradation was ascribed to the presence of intermediate species such as the generation of singlet oxygen at charge potentials between 3.55 and 3.75 V (vs. Li+/Li) (Wandt et al., 2016). The latest studies on the mechanisms involving the generation of singlet oxygen in Li-O2 batteries, conclude that the major source of 1O2 is the disproportionation (also known as dismutation) of LiO2 (Figure 2, reaction 8) through the following mechanism (Córdoba et al., 2019; Mourad et al., 2019; Wang and Lu, 2020):

[image: image]

Regarding Na-O2 batteries, the superoxide cannot be solely responsible for the formation of side reactions; the formation of 1O2 has been also observed using DMA quencher, being present in higher quantities at high potentials (Schafzahl et al., 2017). The main mechanisms of 1O2 formation in metal-O2 batteries are summarized in Figure 2.


[image: Figure 2]
FIGURE 2. Main mechanisms of singlet oxygen formation in metal-O2 batteries.


In presence of aprotic solvents, the one-electron reduction of oxygen leads to the formation of the superoxide radical anion (Figure 2, reaction 2). Once this anion is formed through the dismutation reaction, hydrogen peroxide and singlet oxygen are form in presence of protons (Figure 2, reaction 3) (Fridovich, 1972). Stauff et al. analyzed further the emission of the singlet oxygen formed in the superoxide dismutation reaction in the presence of proton donors; this new route involves the formation of the perhydroxyl radical intermediate (Figure 2, reactions 4–7) (Stauff et al., 1963). Often the proposed mechanisms in the literature show that the formation of 1O2 is linked to the presence of acidic protons whose source in numerous studies is water (Andrieux et al., 1987; Mahne et al., 2017; Schafzahl et al., 2017). Actually, the effect of the presence of water on the reaction mechanism has already been analyzed in metal-O2 batteries by some researchers. Nazar et al. proposed a proton phase-transfer catalysis (PPTC) which is critical to solubilizing and transporting the superoxide (Xia et al., 2015). This study showed that the controlled presence of water in the electrolyte (up to 100 ppm) led to an increase in the battery capacity where larger NaO2 cubes were formed. This effect was attributed to the presence of H+ in H2O that participate in the crystal growth, not as solvation of the superoxide but as proton phase-transfer catalysis (PPTC). The formation of [image: image] intermediate (Figure 2, reaction 4) might reduce the formation of parasitic reactions, leading to a higher discharge capacity (Qiao et al., 2017). In Na-O2 batteries, this PPTC mechanism implies that the proton would act as a carrier, transporting the superoxide from the cathode surface to the electrolyte, where the superoxide would interact with the sodium cations releasing the proton again via metathesis reaction (Equation 3):

[image: image]

Similarly, it is well-known that H2O can promote a solution-mediated pathway (Kwabi et al., 2016) but could also reduce the reversibility in aprotic Li-O2 batteries (Ma et al., 2018). Thus, it has been established that the presence of very low water concentrations (below 100 ppm) can improve the performance of Na-O2 systems. However, when the water content is higher, a faster disproportionation reaction is facilitated, leading to the formation of singlet oxygen. In fact, the presence of proton donor species, such as ammonium Brönsted acid, has recently been determined to favor increased 1O2 generation (Lozano et al., 2020).

Lately, formation of singlet oxygen by the disproportionation of superoxide anion in the presence of other cations in the electrolyte with different Lewis acidity has been evaluated (Mourad et al., 2019). Cations with weak Lewis acidity favor the formation of 1O2, which is especially important when developing new electrolytes based on ionic liquid cations such as imidazolium. In the same way, the disproportionation reactions of LiO2 and NaO2 discharge products can also act as a source of singlet oxygen. Based on this study, the main problem related to 1O2 arises; the disproportionation reaction is necessary to obtain high capacity in these systems, which allows the decomposition of the discharge products, but also acts as a source of singlet oxygen, which, in turn, leads to irreversible reactions. If the singlet oxygen is responsible for the cell irreversibility, it is necessary to develop new strategies able to deactivate this species while allowing disproportionation, without altering the (electro)chemistry of the battery.



HOW SINGLET OXYGEN CAN BE DEACTIVATED?

Deactivation of the excited state of the dioxygen molecule can be accomplished by either chemical or physical quenching. In the first case, singlet oxygen reacts with quencher R to produce RO2, which implies oxygen consumption. An example of a chemical quencher is DMA which after reaction with 1O2 forms the corresponding endoperoxide. Regarding its application in metal-O2 batteries, however, its use is not convenient, since the consumption of O2 within the battery might lead to its premature death. In addition, the formation of intermediate species of an insulating nature will cause a blockage of active sites in the air electrode, leading to a decrease in capacity with cycling. In the physical process, by contrast, there is neither consumption of oxygen nor formation of secondary products which maintains the quencher without chemical changes. Two major physical mechanisms are known, namely energy transfer and charge transfer quenching.

The first mechanism—the energy transfer quenching—is the reverse reaction by which singlet oxygen is formed. The formation of triplet oxygen (3O2) and triplet quencher (3Q) occurs from the singlet states of oxygen and quencher (Equation 4):

[image: image]

On the other hand, singlet oxygen is an important intermediate species in oxidation processes that are detrimental to biomolecules. It is capable of reacting with a wide range of biological molecules such as DNA, proteins, and lipids (Kasha and Khan, 1970). Furthermore, 1O2 is known as one of the reactive oxygen species that can be generated in the respiratory chain in aerobic organisms. The toxic nature of this species has led to a large number of studies focused on counteracting its effects through different strategies such as physical scavengers that act according to the energy transfer mechanism. In fact, carotenoids are known as highly effective quenchers even at very low concentrations (Foote and Denny, 1968). According to these studies, a single β-carotene molecule can deactivate between 250 and 1,000 singlet oxygen molecules. This deactivation could only be effective if the triplet state of β-carotene has an energy level below 22 kcal. This parameter seems to be accessible for the long-chain polyenes which have between 9 and 11 double bonds in conjugation. If the chain length consists of 7 or fewer double bonds, the molecules will act as inefficient quenchers (Kearns, 1971). The quenching of singlet oxygen by carotenoids depends on the energy difference between the lowest unoccupied (LUMO) and the highest occupied molecular orbital (HOMO), and on the ionization energy. Although this mechanism is efficient in deactivating 1O2, it is not the most appropriate for electrochemical systems (Petit et al., 2019).

The second mechanism consists in the interaction between the electron-deficient 1O2 molecule and electron donors to form a charge transfer complex. After the relaxation, dissociation of the adduct—with the recombination of the charges—generally leads to unchanged quencher and triplet oxygen (ground-state dioxygen). These types of inhibitors are amines, phenols, some natural complexes, sulfides, iodide, and it is the case of the azide anion. The azide radical drives the formation of the charge-transfer complex [image: image] through the following reaction (Harbour and Issler, 1982):

[image: image]

Azide could be an interesting quencher for these energy storage systems, as recently demonstrated for both Li and Na-O2 batteries (Córdoba et al., 2019; Lozano et al., 2020). However, due to the explosive potential and safety concerns, azide should be avoided whenever possible if there is a reasonable alternative.

As mentioned, amines can also act as electron-rich physical quenchers by interacting singlet oxygen with the lone electron pair of the amine. Specifically, the activity of the PeDTFSI (1-pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium bis(trifluoromethane)sulfon-imide) salt as quencher has been demonstrated by partial charge transfer (Petit et al., 2019). This ionic liquid, miscible with glymes (usual solvent in MaBs) and stable even at potentials of 4.2 V (vs. Li+/Li), is capable of reducing by 14% the amount of side products through efficient quenching of 1O2. Another system which was recently studied is based on the use of TEMPOImILs (2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-substituted imidazolium ionic liquids) as solvent and redox mediator (Tkacheva et al., 2020). In this work, the presence of nitroxy radicals facilitated the 1O2 suppression activity and hence 50 cycles were achieved in a Li-O2 battery; however, the quencher action of this ionic liquid has not yet been demonstrated.

It is challenging to establish the specific characteristics that an effective quencher must present, since its activity is highly dependent on other parameters such as the solvent that will affect the kinetics of the reaction. In any case, there are a series of common features that a molecule must present:

- Compatibility with all the battery components, ensuring that it does not react chemically or electrochemically with the electrodes, the electrolyte or the current collectors.

- Stability in the battery environment and inert toward the reaction products (MxO2), without interfering in the fundamental processes of the MaB.

- Miscibility with the aprotic solvent in order to avoid a possible agglomeration of the quencher that could affect singlet oxygen deactivation kinetics. Additionally, the quencher must be inactive toward the selected sodium or lithium salt.

- In the charge transfer complex formation mechanism, it is important to control the oxidation potential of the quencher. This potential can be tuned through the correct selection of the molecular structure and the substituents (nature and position in the molecule).

The molecular structure of the quencher plays an important role, since it affects the kinetics of the deactivation process and can influence the oxidation potential. Despite the fact that there are different studies on the effect of the structure on different families of molecules, to date, a criterion that can be applied to all systems has not been established.

There is still a long path for the design of an ideal quencher to avoid the devastating effects of singlet oxygen in metal-O2 batteries. Although there are already some works that analyze the role of certain molecules as singlet oxygen quenchers, this research is still in the early stages of its development. It is necessary to carry out an in-depth study that helps establish clear criteria on the characteristics of these molecules in addition to delving into the action mechanisms. Finally, it is of fundamental importance to clarify the real role of quenchers on battery performance, offering clear evidence of improved cyclability due to decreased parasitic reactions involving singlet oxygen.



CONCLUSIONS

Metal-O2 batteries are considered a highly promising technology for the next generation of advanced batteries. However, there are a number of challenges that must be overcome before widespread commercialization is possible such as irreversible parasitic reactions. These reactions have been shown to be intimately linked to the presence of the singlet oxygen reactive species—generated by disproportionation of the superoxide anion. It is, therefore, essential to design novel quenchers that are electrochemically harmless to the battery and capable of interacting with singlet oxygen without consuming oxygen in the process or producing intermediate species that interact with the environment of the battery. Based on this, the most promising strategy is based on the development of physical quenchers that act through charge transfer mechanisms. Over the last few months, the activity of a small number of molecules (azide and special ionic liquids) as singlet oxygen quenchers in MaBs has been explored, obtaining highly promising results. However, there is still a long path to develop the ideal system that can avoid the devastating effects of this highly reactive molecule.
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The development of miniaturized electrochemical platforms holds considerable importance for the in situ analytical monitoring of clinical, environmental, food, and forensic samples. However, it is crucial to pay attention to the sustainability of materials chosen to fabricate these devices, in order to decrease the amount and the impact of waste coming from their production and use. In the framework of a circular economy and an environmental footprint reduction, the electrochemical sensor production technology must discover the potentiality of innovative approaches based on techniques and materials that can satisfy the needs of environmental-friendly and greener analytics. The aim of this review is to describe some of the printing technologies most used for sensor production, including screen-printing, inkjet-printing, and 3D-printing, and the low-impact materials that are recently proposed for these techniques, such as polylactic acid, cellulose, silk proteins, biochar.
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INTRODUCTION

Electrochemical sensors and biosensors are routinely used for healthcare, environmental, food quality control, forensic, and security applications.

Thin film and thick film technologies are the main techniques for electrochemical sensor production. Thin film technologies, i.e., lithographic methods, allow the development of reproducible, high performance devices, but unfortunately, fabrication costs are generally high. Thick film technologies, such as printing methods, can significantly lower the production costs while allowing mass-production of devices with desired reproducibility, and have attracted significant interest over the years for the fabrication of sensors (Turner, 2013).

Printing techniques for sensor production could be broadly grouped in: (a) contact-based techniques (i.e., screen-printing, gravure-printing, pad-printing, stamp-assisted printing, flexographic-printing, etc.) where there is a physical contact between the printing medium with the designed structures of the target substrate, and (b) non-contact printing processes (such as inkjet-printing, aerosol-jet printing, etc.) (Khan et al., 2019). Roll-to-roll manufacturing and three-dimensional (3D)-printing are novel technologies that stand in between of the two aforementioned categories (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) Classification of the main contact- and non-contact based printing technologies; (B) Schematic classification of the different types of plastics and bioplastics. PLA, polylactic acid; PHA, polyhydroxyalkanoate; PVA, polyvinyl alcohol; PBAT, polybutylene adipate terephthalate; PCL, polycaprolactone; PBS, polybutylene succinate; PE, polyethylene; PP, polypropylene; PA, polyamide; PC, polycarbonate; HDPE, high-density polyethylene; PET, polyethylene terephthalate; PTT, polytrimethylene terephthalate; PVC, polyvinyl chloride.


Screen-printing is a contact-based technique and one of the most matured and common technologies for printed electronics and large-scale, disposable sensor production. Many examples of different formats of such sensors are nowadays reported in literature (Palchetti et al., 2000; Centi et al., 2007; Bettazzi et al., 2013; Voccia et al., 2017).

The setup consists of a variety of elements, including screen, squeegee, and substrate. A mounted frame carries a tightly stretched mesh made of polyester, stainless steel, or nylon, structured in a particular way to block the unnecessary openings in the mesh for the reproduction of the desired pattern. The squeegee, with a certain pressure and moving at a given velocity, presses the paste through the openings in the screen, thus transferring it onto the substrate beneath it. The pattern can be realized with different electrode geometries and on a wide range of substrates, such as paper, plastic, ceramics, glass, and metal. In addition, it allows the obtainment of thick layers ranging from below 1 μm up to several hundreds of micrometers with a single pass, often not achievable with other techniques.

Screen-printing is characterized by a large availability of pastes (i.e., conductive, semiconductive, and dielectric pastes are commercially available). The viscosity required highly depends on the mesh aperture width and the pressure applied (Kim et al., 2017). This aspect also affects the printing speed, which is the main disadvantage of this technique together with the necessity to study and correctly adapt a variety of parameters in order to achieve a high precision.

Inkjet-printing is a widespread non-contact technique that consists in the direct deposition of pastes through a micrometric nozzle head that relies on piezoelectric, thermal or electrohydrodynamic actuation for droplet ejection. The paste should possess a good chemical stability and solubility in common solvents, alongside a low temperature processing. The viscosity and the surface tension play key roles in this technique, as well as the choice of the appropriate concentration and solvent system (which has to be removed after printing), in order to prevent the formation of clogs in the nozzles.

Inkjet-printing is an entirely digital technique: the print pattern is a computer-aided design (CAD) modifiable with little cost impact and sent directly to the printer (Tortorich et al., 2018). Moreover, as opposed to screen-printing where large amounts of paste are required, inkjet-printing uses very little amount of material, which is always a good advantage in terms of eco-sustainability. Furthermore, this technique reduces the amount of dangerous and environmentally-sensitive wastes (Sui and Zorman, 2020).

The most common conducting pastes are based on gold (Au), silver (Ag), platinum (Pt), and carbon nanomaterials (i.e., graphene, carbon nanotubes, carbon powder) (Moya et al., 2017). Inkjet-printing is suitable for printing on rigid substrates, but it is particularly well-suited to flexible substrates (Al-Halhouli et al., 2018), which are progressively more demanded in many fields (e.g., biomedical, wearable) and nowadays are mainly made of plastic materials (e.g., polyethylene terephthalate, PET). As for screen-printing, the sintering process of the conductive materials is commonly accomplished by thermal annealing. However, low-temperature methods, such as chemical treatment and photonic radiation, can also be performed.

The main challenging factors of inkjet-printing are the slow speed, due to limited number of nozzles, and the strict rheological conditions that inks need to meet in order to avoid nozzle clogging. In addition, there is a deficiency of commercial inks, which are also expensive and have very limited shelf-life. For these reasons, inkjet-printing finds some obstacles in becoming an industrial production technique for printed electronics (Khan et al., 2015). Moreover, fully inkjet-printed electrochemical sensors are rather difficult to obtain due to difficulties to print all the components required, such as the sensing layer (Moya et al., 2017). Therefore, inkjet-printing is often combined with other manufacturing techniques (e.g., screen-printing).

3D-printing, known as additive manufacturing, is a cutting-edge family of techniques that fabricates 3D components by stacking layers of materials according to a digital 3D model of the intended object.

Compared to other printing techniques, 3D-printing is more compatible with a vast array of substrates, from rigid supports to flexible films, and provides a great freedom in terms of choice of substrate materials and object design (Fan et al., 2019). In addition, it is presented as a versatile and inexpensive technology, due to the introduction of cheaper, simpler, and desktop printing machines. The materials used are often filaments of polymers, metals, composites, and ceramics that get extruded through a heated nozzle. Composites of thermoplastics and carbon-based materials (i.e., graphene, graphite, carbon black, carbon nanotubes) are used as conductive materials together with the insulating nature of thermoplastics filaments (e.g., acrylonitrile butadiene styrene, ABS) (Wei et al., 2015; Katic et al., 2019; Foster et al., 2020; Kalinke et al., 2020).

In electrochemistry, 3D-printing is being increasingly considered since it can be employed to obtain both the conductive parts and the substrate of a sensor, with desired size, shape, configuration, and material composition (Ambrosi and Pumera, 2016).

A variety of different 3D-printing technologies exist and involve the creation of three-dimensional objects using: material and binder jetting, material extrusion, sheet lamination, photopolymerization, powder bed fusion, etc. (Xu et al., 2017). Among the 3D-printing technologies, the Fused Deposition Modeling (FDM) is widely used for the fabrication of electrochemical systems (Fan et al., 2019; Katseli et al., 2019), thanks to its easy processability and the low-cost of printers.

However, 3D-printing is still finding its way in various fields of analytical chemistry and only a few applications on electrochemical sensing have appeared in literature. To this end, few review papers and research articles (Rymansaib et al., 2016; Xu et al., 2017; Cardoso et al., 2020) have reported applications of this technology in sensor fabrication.

Roll-to-roll (R2R) methods are drawing increasing attention in recent years within the field of (macro) electronic devices, due to the need for extremely fast and relatively inexpensive large-scale manufacture of electronic devices, characterized by thin films patterned over large substrate areas (Bariya et al., 2018).

The R2R production line is composed of a number of rollers over which the web (flexible substrates) passes with controlled tension, while the deposition of diverse materials occurs. This process is thus composed of a variety of steps, including the unwinding of the web roll, pre-treatment (e.g., thermal curing), printing of the device nanolayers, encapsulation, and to conclude the cycle, web roll winding.

R2R-fabrication is quite attractive for organic/polymer-based thin film devices (e.g., PET) and it has found applications in the development of solar cells, light-emitting diodes, and more recently, sensors (Khan et al., 2015). Among these techniques, Roll-to-roll gravure-printing has recently gained increased interest as a production process for printing electronic devices (Noh et al., 2010); nevertheless, flexography, rotary screen-printing, and nanoimprint techniques are also favorable candidates for Roll-to-roll configurations.

Several papers have described the technical details of the different printing techniques (Khan et al., 2015; Ambrosi and Pumera, 2016). The aim of this review is to discuss the recent literature on sustainable functional materials for electrochemical sensor development by using printing procedures. Sustainable materials, i.e., materials allowing less release of hazardous products in the environment with a reduction of wastes and the re-use of waste materials (Chen et al., 2020), are reviewed in terms of printing substrates and of components of printing pastes and inks.



NOVEL MATERIALS FOR PRINTING

A printed electrochemical sensor is mainly composed of layers of conductive as well as dielectric pastes printed on an inert substrate. The pastes are mainly based on functional materials consisting of micro- and nanoparticles colloidal suspension, containing additives, solvent, and dispersing agent or binders. Non-degradable polymers are frequently used as printing substrate (i.e., polyester) and binders (i.e., polyester, acrylic, polysulfone-based resins). Thus, in order to obtain a sustainable printed electrochemical platform, it is necessary to use greener materials for the substrate and the pastes.


Polylactic Acid-Based Materials

A promising and burgeoning alternative to non-degradable commodity polymers seems to be the utilization of biodegradable plastics, already employed in tissue engineering and medicine (Haider et al., 2019). Among these biodegradable polymers, the most produced nowadays are polyhydroxyalkonates (abbreviated with PHAs), which account for 6% of the global production capacity, polybutylene succinate, and polybutylene adipate terephthalate (PBS and PBAT, respectively; 23% of total production) and polylactic acid (PLA; 24%) (Haider et al., 2019), (Figure 1B). PLA is obtained from 100% renewable sources (i.e., sugar beets and corn) (Mühl and Beyer, 2014). It presents a good biodegradability as well as an excellent biocompatibility, making it a great polymer for applications in the medical/biomedical field and for wearable sensors (Khan et al., 2019).

Different types of PLA substrates are commercially available and the literature has been therefore enriched by various examples of applications of PLA as substrate for the fabrication of electrodes (Quintero et al., 2014; Mattana et al., 2015; Fan et al., 2019) by different printing techniques and as component of conductive pastes and filaments.

Recently, the development of 3D-printed electrochemical sensors based wholly on PLA was achieved by Katseli et al. (2019): using a non-conductive filament of PLA to build the insulating support and a conductive PLA filament (i.e., a carbon-loaded PLA filament, C-PLA) to obtain electrodes, a versatile electrochemical sensing platform was achieved (Figure 2A). Electrochemical characterization was performed by linear sweep voltammetry in different media at different pH values. The sensor has shown a wide range of operational potential, comparable with that of conventional carbon-electrodes. The determination of mercury by Square Wave Anodic Stripping Voltammetry (SW-ASV) in 0.1 M HCl was carried out after a preconcentration of 360 s, obtaining a limit of detection (LOD) of 1.9 μg/L. Differential pulse voltammetry (DPV) was used for the determination of caffeine. Well-resolved DPV-peaks were obtained in H2SO4 (0.2 M) as supporting electrolyte. A linear correlation between peak currents and concentration (R2 = 0.998) was reported, with a LOD of 1.8 mg/L. Furthermore, the sensor was applied for the determination of glucose, by developing a biosensor containing the enzyme glucose oxidase (GOx). GOx was successfully immobilized on the surface of the working electrode. The determination of the H2O2 resulting from the enzymatic oxidation of glucose was performed by chronoamperometric analysis at −0.6 V vs. C-PLA reference electrode (Katseli et al., 2019). A graphene-based PLA (G-PLA) working electrode was assembled by 3D-printing for the determination of phenol compounds (Cardoso et al., 2018). In another report, an electrode was modified by the electrodeposition of gold for catechol determination (O'Neil et al., 2019). G-PLA disk- and ring-shaped electrodes were used for the determination of ascorbic acid and picric acid (Manzanares Palenzuela et al., 2018).


[image: Figure 2]
FIGURE 2. (A) 3D-printed 3-electrode integrated device made with PLA filaments, reprinted with permission from Katseli et al. (2019); (B) PEDOT:PSS patterns on flexible silk fibroin sheets, reprinted with permission from Xu et al. (2019); (C) Paper-based microfluidic electrochemical chip, reprinted with permission from Dungchai et al. (2009).


More recently, carbon black/polylactic acid 3D-printed electrodes have been used for quality control testing of fuel bioethanol, monitoring the levels of Cu(II) by SW-ASV (João et al., 2020). PLA is soluble in many organic solvents, but insoluble in alkanes (i.e., n-dodecane). Thus organic solvents are generally used to remove or reduce the potential protective layer created by PLA when utilized together with a conductive material, in order to achieve electrodes with a better conductivity (dos Santos et al., 2019; Gusmão et al., 2019; Richter et al., 2019; Wirth et al., 2019). In this context, the work of Kalinke et al. (2020) showed a considerable improvement of the electrochemical properties of a 3D-printed electrode made of G-PLA when the graphene nanoribbon structures were exposed through the reduction of the protective layer of PLA, accomplished by solvents or saponification (Kalinke et al., 2020). An electrochemical characterization of such device was performed by cyclic voltammetry (CV). DPV and SWV were used for the determination of dopamine in phosphate buffer (pH 6.0), in serum and in synthetic urine. Both DPV and square wave voltammetry (SWV) exhibited two linear regions at different concentrations, with a LOD of 2.17 and 1.67 μmol/L respectively. Dopamine concentration was also evaluated in human or human-like biological fluids, characterized by the interfering co-presence of ascorbic acid and uric acid, obtaining a LOD of 1.25 μmol/L via DPV. Moreover, a good repeatability and reproducibility [relative standard deviation (RSD) of 2.67 and 7.14%, respectively] have been achieved. Different electrochemical treatments have also been reported in literature for removing non-conductive polymer layers (Rocha et al., 2020).

A silver pseudo-reference electrode produced by 3D-printing has been recently electrochemically characterized by Pumera's group (Rohaizad et al., 2019).



Silk Proteins

Silk proteins, such as natural fibroin, have been largely utilized for a variety of applications in several fields and have been harnessed as substrates for conductive materials, especially in applications where a good flexibility is needed.

Pal et al. (2016) showed a biocompatible and water-based conductive paste based on natural and photoreactive silk proteins, patterned onto crosslinked silk fibroin sheets, in order to achieve a fully biodegradable electrochemical sensor. In particular, in their work they have characterized mechanically and electrochemically a sericin/poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) device. An electrochemical sensing characterization was performed, carrying out the determination of ascorbic acid (AA) and dopamine in phosphate buffer saline (PBS) solutions. A LOD of 15.21 and 15.47 μM were obtained for AA and dopamine, respectively. Furthermore, the determination of glucose by the immobilization of GOx in the above-mentioned paste was accomplished with a LOD of 1.16 mM (Pal et al., 2016). Likewise, Xu et al. (2019) compared the chronoamperometric response of such silk-proteins-based device (Figure 2B) with a conventional one for the determination of AA, obtaining a LOD of 49.2 μM for the sericin/PEDOT-PSS-based device and 50.2 μM for the conventional one.



Cellulose Based Materials

Cellulose is a material suitable to form both biodegradable substrates and paste formulations for printed electrochemical sensors.

Cellulose fiber is the main constituent of paper. Paper-based microfluidics, namely the fluid transportation through spontaneous capillary action of paper, combined with electrochemical techniques, has attracted intensive research attention over the years. With its particular fibrous and porous structure, paper allows fluids (e.g., water) to deliver analytes to electrode surfaces without the need of pumps or other external pressure control systems, thus resulting an ideal substrate for “miniaturizable,” portable and disposable electrochemical devices, characterized by a low cost, a high flexibility, a high sensitivity, and the ability to perform a variety of measurements (Shen et al., 2020). Whiteside's group pioneered the field of paper-based analytical devices (Martinez et al., 2007). Dungchai et al. (2009) reported one of the first paper based electrochemical sensors (Figure 2C). The simultaneous determination of glucose, lactate, and uric acid in biological fluids was demonstrated by modifying the electrode surface with GOx, Lactate oxidase and uricase, respectively. H2O2 produced by the enzymes was measured using chronoamperometry at 0 V vs. on-chip Ag/AgCl reference electrode (Dungchai et al., 2009).

Different types of papers can be used, depending on analytical requirements (Cinti et al., 2019). Since the field of paper-based printed electrochemical sensor is quite vast, we would like to invite the reader to refer to detailed review papers inherent this topic (Martinez et al., 2010; Hu et al., 2014; Medina-Sánchez et al., 2015; Jia et al., 2016; Chouler et al., 2018; Gebretsadik et al., 2019; Smith et al., 2019). Recently, bacterial-derived cellulose substrates have been proposed for the development of screen-printed sensors for the determination of lactate (Gomes et al., 2020) and heavy metals in sweat (Silva et al., 2020), respectively.

Cellulose-based materials are also interesting materials for the production of pastes. Cellulose nanofibrils and cellulose nanocrystals modified with conductive polymers (Hoeng et al., 2017; Latonen et al., 2017), metal nanoparticles and carbon nanomaterials have been proposed as water-based pastes for screen-printing and ink-jet technologies (Couto et al., 2016; El Baradai et al., 2016). Moreover, ethyl cellulose (Hatala et al., 2019) and carboxymethyl cellulose (Barras et al., 2017), water-soluble derivatives of cellulose, are often used as dispersing agent.



Other Materials

A promising role may be played by conductive/semiconductive engineered materials produced from bioresources and recycling residues and waste from industrial processes. Carbon black and biochar are interesting examples. Biochar is the carbon-rich material produced from organic feedstock such as agricultural wastes and municipal solid waste in limited oxygen atmosphere and under certain thermal combustion. Some examples of using biochar for electrochemical sensing are reported in literature (de Almeida et al., 2020). Other carbonaceous materials from biomass have already been used for electrode production (Ferreira et al., 2018; João et al., 2020; Rocha et al., 2020).

Li et al. (2018) proposed electrically conductive and mechanically stable carbon nanofiber aerogels made from wood-derived nanofibrillated cellulose. Minakshi et al. (2020) presented a hybrid electrochemical device produced by calcinated eggshell obtained from biowaste with a mixed binary metal oxide (NiO/Co3O4) to obtain, respectively, the anode and the cathode of such device.

Finally, some conductive polymers, such as polydopamine, have emerged in the production of semiconductor materials since they are efficient and less toxic alternatives to certain kinds of inorganic semiconductors.




CONCLUSIONS AND FUTURE PERSPECTIVES

In this review, we have summarized the recent materials for a greener sensor production, also describing the main techniques for sensor fabrication. Nowadays, paper-based technology is a mature technology and a plethora of analytical applications have been already reported. Moreover, PLA-based devices seem particularly promising as alternative to classical non-biodegradable polymer-based tools. Similarly, carbonaceous and other materials derived from biomass and industrial wastes seem particularly interesting for obtaining reliable electrode materials.

A better understanding of mechanical and electrochemical properties of these materials might lead to the development of next-generation pastes and substrates for sustainable electrochemical sensor production.
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Effective delivery of luminescent probes for cell imaging requires both cell membrane permeation and directing to discrete target organelles. Combined, these requirements can present a significant challenge for metal complex luminophores, that have excellent properties as imaging probes but typically show poor membrane permeability. Here, we report on highly luminescent Ruthenium polypyridyl complexes based on the parent; [Ru(dpp)2(x-ATAP)](PF6)2 structure, where dpp is 4,7-diphenyl-1,10-phenanthroline and x-ATAP is 5-amino-1,10-phenanthroline with pendant alkyl-acetylthio chains of varying length; where x is 6; 5-Amido-1,10-phenanthroline-(6-acetylthio-hexanyl). 8; 5-Amido-1,10-phenanthroline-(8-acetylthio-octanyl). 11; 5-Amido-1,10-phenanthroline-(11-acetylthio-undecanyl); and 16; 5-Amido-1,10-phenanthroline-(16-acetylthio-hexadecanyl). Soluble in organic media, the alkyl-acetylthiolated complexes form nanoaggregates of low polydispersity in aqueous solution. From dynamic light scattering the nanoaggregate diameter was measured as 189 nm and 135 nm for 5 × 10−6 M aqueous solutions of [Ru(dpp)2(N∧N)](PF6)2 with the hexadecanoyl and hexanyl tails respectivly. The nanoaggregate exhibited dual exponential emission decays with kinetics that matched closely those of the [Ru(dpp)2(16-ATAP)]2+ incorporated into the membrane of a DPPC liposome. Cell permeability and distribution of [Ru(dpp)2(11-ATAP)]2+ or [Ru(dpp)2(16-ATAP)]2+ were evaluated in detail in live HeLa and CHO cell lines and it was found from aqueous media, that the nanoaggregate complexes spontaneously cross the membrane of mammalian cells. This process seems, on the basis of temperature dependent studies to be activated. Fluorescence imaging of live cells reveal that the complexes localize highly specifically within organelles and that organelle localization changes dramatically in switching the pendent alkyl chains from C16 to C11 as well as on cell line identity. Our data suggests that building metal complexes capable of self-assembling into nano-dimensional vesicles in this way may be a useful means of promoting cell membrane permeability and driving selective targeting that is facile and relatively low cost compared to use of biomolecular vectors.

Keywords: ruthenium(II)polypyridyl, vesicles, microscopy, cell-uptake, live cell fluorescence imaging, golgi apparatus, mitochondria


INTRODUCTION

Ruthenium(II) polypyridyl complexes are attractive cell imaging probes and potential phototherapeutics because of their amenable optical and redox properties coupled with their synthetic versatility. Compared to organic fluorophores, more conventionally used in cell imaging, Ruthenium(II) polypyridyl complexes exhibit exceptionally long-lived emission from their triplet (dπ-π*) MLCT states that can facilitate environmental sensitivity toward for example pH and O2. Such parameters are valuable indicators of the metabolic status of the living cell (Carlsson et al., 2000; Ji et al., 2002; Zhong et al., 2003; Margineanu et al., 2007; Neugebauer et al., 2008). Ruthenium(II) polypyridyl complexes also typically exhibit good photostability rendering them suitable for repeat or long-term dynamic imaging experiments (Byrne et al., 2016) Their large Stokes shifts mean that even at high concentrations, for example under conditions of high localization, they are free from artifactual effects that can affect fluorescence, such as inner filter or self-quenching effects (Bailey and Cullis, 1997; Margineanu et al., 2007). Ruthenium polypyridyl complexes typically emit in the red to NIR spectral region, well resolved from any autofluorescence in biological media.

From a therapeutic perspective, ruthenium polypyridyl complexes have been widely studied with nucleic acid materials, and a range of complexes have demonstrated ability to bind and cleave DNA under irradiation, through both type I and type II mechanisms (Zeglis et al., 2007; Brabec and Kasparkova, 2018; Saeed et al., 2020).

However, a key limitation to the application of such complexes in bioimaging is their limited ability to cross the cell membrane without the requirement for permeabilization. Membrane permeabilization can be readily achieved through applying the luminophore to the cell along with organic solvent such as dimethyl sulfoxide (DMSO) or ethanol, or through the use of detergent, but such approaches are not ideal as they disrupt the plasma membrane, and have no capacity for directing the complex within the cell. Furthermore, such methods are not typically suitable for tissue or in-vivo imaging applications. A number of approaches have been demonstrated to achieve reliable permeation and indeed specific organelle targeting of complexes within the living cell. These include modifying compound charge and hydrophilicity or conjugation of biological moieties to the probe (Zhang and Lo, 2009; Pisani et al., 2010; Li et al., 2013; Lo, 2015; Zabarska et al., 2016; Caporale et al., 2017; Chakrabortty et al., 2017; Dolan et al., 2017; Caporale and Massi, 2018). Our work has focused on the use of bioconjugation, especially of cell penetrating (CPP) and signal peptides and we have shown, that this can be a highly effective means of targeting (Dolan et al., 2017; Hahn et al., 2017) However, the associated synthesis and purification is expensive and time consuming.

Nanocarriers are a widely studied tool in drug delivery, and an attractive proposition both for transport of ruthenium probes across the cell membrane and for achieving targeting. Indeed, one may amplify the intensity of the luminophore through incorporation of ruthenium polypyridyl complexes into amphiphilic nanovectors (Ellahioui et al., 2019; Liang et al., 2020; Saeed et al., 2020).

Where amphiphilic Ru complexes are able to form self-assembled vesicles, the probe concentration may be maximized, avoiding self-quenching because of their large Stokes shift, to deliver high brightness nanoparticles capable of penetrating the cell membrane. The impact of association with micelles and vesicles on the photophysics of Ru(II) polypyridyl has been widely explored (Draeger et al., 2000; Bowers et al., 2003; Jebb et al., 2007; Guerrero-Martínez et al., 2008; Barbante et al., 2011; Hansen et al., 2014; Limburg et al., 2016). Whereas metal complex luminophore association (Hansen et al., 2014) with liposomes in the biological context has only relatively recently been investigated (Gaines, 1980; Gutiérrez et al., 2003; Mechler et al., 2014; Patra et al., 2016). For example, Shen et al. (2017) demonstrated the application of a liposome loaded with Ruthenium (II) polypyridyl in promoting uptake of the complex into cancer cells and accumulation in tumor in-vivo. Formation of supramolecular aggregates by amphiphilic metal luminophore, as described, is interesting because of the high concentration of luminophore achievable and has been described for a number of ruthenium and iridium complexes, especially from the perspective of their optical applications in photovoltaics (Guerrero-Martínez et al., 2008; Nehru et al., 2017). However, the application and implications of such materials in bioimaging has not been as widely studied to date.

Reports on Ir(III) luminophores have shown that metal complex aggregates can be cell permeable. For example, dendritic structures have been described for Ir(III) complexes (Zhang et al., 2010) and shown to fuse with cell membranes. Such fusion is thought to be an important step in the mechanism of viral penetration of mammalian cells (Bailey and Cullis, 1997; Kanaseki et al., 1997). Lo et al. demonstrated a series of iridium polypyridyl complexes with pendent alkyl chains that associated with liposomes of DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) (Lo et al., 2008). These complexes were shown to be taken up into the cytoplasm of live HeLa cells after a 5-h incubation. Coogan et al also reported on a series of rhenium complexes with pendent alkyl chains (Amoroso et al., 2007). On incubation of Spironucleus vortens cells with the complexes for 2 h, fluorescence intensity imaging confirmed the presence of the complexes intracellularly.

Herein, we report the synthesis and characterization of a family of dpp (4,7-diphenyl-1,10-phenanthroline) containing complexes with pendant alkyl-acetylthio chains of varying length; [Ru(dpp)2(x-ATAP)](PF6)2, where x-ATAP is 5-amino-1,10-phenanthroline; where x is 6; 5-Amido-1,10-phenanthroline-(6-acetylthio-hexanyl). 8; 5-Amido-1,10-phenanthroline-(8-acetylthio-octanyl). 11; 5-Amido-1,10-phenanthroline-(11-acetylthio-undecanyl); and 16; 5-Amido-1,10-phenanthroline-(16-acetylthio-hexadecanyl).

It was predicted that complexes, with acetylthio-alkyl tails might act as metallosurfactants leading to aggregation in aqueous media that might promote permeation of the lipid bilayer of the cell in a similar manner to a liposome, possibly facilitating the uptake of [Ru(dpp)2(x-ATAP)](PF6)2 into the cytoplasm. We evaluate herein the photophysics the [Ru(dpp)2(x-ATAP)](PF6)2 family in water and organic solvents and observe, that whilst forming a homogenous solution in the latter, they form nanoaggregates in the former whose size from dynamic light scattering, varies with chain length. Selecting the C11 and C16, the properties of the aggregates are studied by steady state and time resolved luminescence, a critical micelle concentration is estimated and the interaction of aqueous solutions of the nanoaggregates with live cells are evaluated. With live cells we observe rapid, activated uptake at physiological temperature that is suppressed at 4°C. While both aggregates are readily membrane permeable, we observed some intriguing differences in localization with chain length.



MATERIALS AND METHODS


Materials

All reagents used in synthesis were analytical grade. Absorption and emission spectroscopy were carried out in spectroscopic grade acetonitrile or dichloromethane or purified water. Solution phase electrochemistry was carried out in spectroscopic grade acetonitrile. Water was purified using a MilliQplus−185 Millipore system. Chemicals were purchased from Sigma-Aldrich and were used as received.



Instrumentation

1H NMR was recorded on a Bruker Avance Ultrashield 400 spectrometer using the solvent-proton as an internal standard. Electrospray (ESI)-mass spectrometry (MS) data were recorded on a Brüker Esquire 400 LC–MS, by direct injection on electrospray positive mode. Elemental analyses were performed by UCD microanalysis laboratory.

Absorption spectra were recorded using a Varian Cary 50 spectrometer. Steady state emission spectra were measured on a Varian Cary Eclipse spectrometer. Luminescent lifetimes were recorded on a Picoquant Nanoharp time correlated single photon counting spectrometer. Particle sizing was carried out by dynamic light scattering on a Delsa Nano C Submicron Particle Size and Zeta Potential Particle Analyzer with the standard size cell accessory. Confocal imaging was carried out using a Leica TSP DMi8 confocal microscope with a 100X oil immersion objective lens.

Electrochemistry was carried out on a CH Instruments 660 potentiostat using a three-electrode cell comprising a 3 mm diameter glassy carbon electrode working electrode, platinum wire counter electrode and Ag/AgNO3 non-aqueous reference electrode. Solution phase electrochemistry was conducted in an electrolyte of 0.1 mM TBA ClO4 in acetonitrile. The reference electrode was calibrated using the Fc+/Fc ferrocene redox couple at +0.64 V and all potentials are quoted vs. Ag/AgNO3 electrode.



[Ru(dpp)2(16-ATAP)]2+ Modified DPPC Liposome Preparation

One mL of a 100:1 mix of DPPC (dipalmitoylphosphatidylcholine) phospholipid and Ru(dpp)2(16-ATAP)]2+ (1 μM) were combined in chloroform in a glass vial. The solvent was stripped with a flow of N2 leaving a thin layer of lipid on the walls of the glass vial. The lipid film was resuspended in 1 mL of phosphate buffer (pH 7.4) and sonicated for 10 min to ensure the formation of unilamellar vesicles. The liposome solution was then extruded through a 100 nm polycarbonate filter 5 times at 60°C using an Avanti Mini-Extruder system to obtain uniform dimensioned liposomes.



Cell Culture

HeLa cells, a cervical cancer cell line, were cultured in MEME media supplemented with 10% fetal bovine serum, 2% L-glutamine, 1% MEM non-essential amino acid solution, and 1% penicillin-streptomycin and grown at 37°C with 5% CO2. Chinese hamster ovary (CHO) mammalian cells were cultured in DMEM/F-12 Hams 50/50 mix, supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin and grown at 37°C with 5% CO2. Cells were harvested or split at 90% confluency using 0.25% trypsin for 5 min at 37°C. All studies were repeated n = 3.



Confocal Imaging

HeLa cells were seeded at 7.5 × 104 cells in 2 mL culture media on 35 mm high precision glass-bottom dishes (Ibidi, Germany) and left for 48 h at 37°C under 5% CO2. [Ru(dpp)2(16-ATAP)]2+ and [Ru(dpp)2(11-ATAP)]2+ were added to the wells in cell media to give a final concentration of 2.5 μM (final DMSO concentration of 0.5%) and were incubated for 24 h at 37°C with 5% CO2. Prior to imaging, the compounds were removed, and the cells were washed once with PBS supplemented with 1.1 mM MgCl2 and 0.9 mM CaCl2. The cells were imaged live using a Leica TSP DMi8 confocal microscope with a 100X oil immersion objective lens. A heated box covered the stage to maintain the temperature at 37°C. A 470 nm laser was used to excite the compounds, and the emission was collected between 520 and 620 nm. For co-localization studies, cells stained with the compounds were incubated with MitoTracker Deep Red (Thermo Fisher) (75 nM) for 20 min at 37°C, washed, and imaged. MitoTracker Deep Red was excited at 633 nm and emission was collected between 645 and 745 nm. For co-localization studies in the Golgi apparatus, Cell Light™ Golgi-RFP BacMam 2.0 (Thermo Fisher) was added to live cells at 30 μL in 2 mL cell media for 24 h. The dye/media was removed, and cells were washed twice with PBS and imaged. Golgi-RFP was excited at 555 nm and emission was collected at 584 nm.

To assess the mode of uptake, cells were prepared as described above and incubated with the compounds at 4°C for 4 h. Cells were washed with PBS (supplemented with 1.1 mM MgCl2 and 0.9 mM CaCl2) and imaged immediately.




RESULTS AND DISCUSSION


Synthesis

Detailed synthesis and structural characterization of the heteroligands, x-ATAP, and the complexes [Ru(dpp)2(x-ATAP)](PF6)2 are provided in Supplemental Materials. The x-ATAP ligand was prepared from hydrazine reduction of 5-nitro-1,10 phenanthroline to yield the amino precursor. This was peptide coupled to 4- 8-(acetylthio)-X acid derivatives; where x is hexanonic, octanonic undecanoic and hexadecenoic acid, via DMTMM (4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium) coupling. The four [Ru(dpp)2(x-ATAP)](PF6)2 complexes were then readily prepared through reflux of the dichloride precursor in ethanol/water Ru(dpp)2Cl2, with each x-ATAP ligand according to previously reported methods (Blackmore et al., 2013; Adamson et al., 2014). The complexes were characterized by 1HNMR and by elemental analysis and conformed to expected values.



Photophysics

The optical and photophysical properties of the complexes in acetonitrile are presented in Table 1. The spectroscopy is as reported previously for Ruthenium(II) polypyridyl complexes, the UV spectral region is dominated by ligand based optical transitions and a d-d transition around 315 nm (Juris et al., 1988). The characteristic 1MLCT Ru (II) → (ligand) absorption is centered at approximatley 454 nm (Crosby et al., 1965; Bachas et al., 1997; Kim et al., 1997; Mongey et al., 1997). And, as expected, the visible electronic absorption for each complex is identical within experimental error, representative spectra for chain length C16 and C11 are shown in Figure 1. Resonance Raman spectroscopy exciting at 457.8 nm is idenitcal in each case also confirming the origin of the absorbance is unaffected by the thioacetate appendage (Figure S5, Supplemental Materials). The complexes exhibit intense emission centered at λem = 608 nm from the 3MLCT. Emission spectra for the complexes under absorbance matched excitation are shown and indicate that the quantum yield is the same in acetonitrile, at 0.0114 ± 0.0002, irrespective of alkyl chain length, within experimental error. The Stokes shift, the energy gap between the lowest energy absorption and the emission maximum, was calculated to be 154 nm which is slightly greater than that of [Ru(bpy)3]2+.


Table 1. Photophysical properties of the [Ru(dpp)2(x-ATAP)](PF6)2 complexes in various solvents in aerated conditions at 298 K.
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FIGURE 1. Structure of [Ru(dpp)2(16-ATAP)](PF6)2 where x is the number of carbons in the aliphatic chain, resulting in [Ru(dpp)2(16-ATAP)]2+ or [Ru(dpp)2(11-ATAP)]2+. Absorbance and emission spectra of [Ru(dpp)2(11-ATAP)]2+ (__) and [Ru(dpp)2(16-ATAP)]2+ (__) in PBS (15 μM, λexc 454 nm; slit width = 5 nm).


The emission intensity and lifetime of these complexes is very oxygen sensitive. As shown in Table 1, in acetonitrile, the emission of all [Ru(dpp)2(x-ATAP)](PF6)2 decays according to single exponential kinetics with τ of ~175 ns under aerated conditions across all alkyl chain lenghts increasing by approximately an order of magnitude to ~1 μs in dearated acetonitrile, comparable oxygen sensitivity to quantum yields are also observed.

The alkyl chain length, excerts no impact on the optical properties or photophysics in non-aqueous media, kr and knr values are the same as across the [Ru(dpp)2(x-ATAP)]2+ series, within experimental error. The high sensitivity of luminescence lifetime and quantum yield of [Ru(dpp)2(x-ATAP)](PF6)2 complexes to [O2] observed in organic media is consistent with previous reports on photophysical properties of ruthenium complexes containing dpp ligands (Crosby and Watts, 1971; Demas et al., 1977; Carraway et al., 1991; Draxler et al., 1995). This sensitivity makes the [Ru(dpp)2(x-ATAP)]2+ family potentially good candidates as O2 probes for O2 concentration mapping in complex matrices such as cells. However, as described below, behavior in aqueous solution is complicated due to aggregation of the complexes.



Electrochemistry

Solution phase electrochemistry was carried out on 1 mM solutions of complex in ACN with 0.1 mM TBATBF4 as the supporting electrolyte at a glassy carbon working electrode. Table S1, Supplemental Materials, summarizes the solution phase electrochemical properties of the four [Ru(dpp)2(x-ATAP)]2+ complexes. The voltammetry of the complexes is very similar and a representative cyclic voltammogram for the [Ru(dpp)2(16-ATAP)](PF6)2 is shown in Figure S5. A reversible one electron oxidation with an E1/2 value of +0.92 V is attributed to the Ru2+/3+ couple. Ligand based reductions are observed between −1.6 and −2 V, and are somewhat poorly resolved but integrate for 3, 1 electron processes. The potential of the Ru2+/3+ redox couple of [Ru(dpp)2(ATAP)]2+ at +0.92 V are more positive than reported for [Ru(bpy)3]2+. This is as expected on the basis of the increased π-acceptor properties of the dpp ligand and is also reflected in the more positive first ligand reduction at −1.7 V compared to the ligand reduction at −1.76 V of the first ligand reduction of [Ru(bpy)3]2+.

Notably, an intense, and irreversible adsorption peak is observed in the CVs of all [Ru(dpp)2(x-ATAP)]2+ complexes at approximately −2.1V. Based on its characteristic sharpness, for the parent [Ru(dpp)2(ATAP)]2+ complex such a peaks is not obesrved and is attributed to deposition of [Ru(dpp)2(x-ATAP)]2+ at the carbon electrode surface. Adsorption may be due to the surfactant-like behavior of the complex or may be via thiol grafting to glassy carbon, as has been noted previously for thiols and in the present case, maybe mediated through reduction of the thioacetate to thiol (Médard and Morin, 2009; Pchelintsev et al., 2011).



Solvent Dependence and Aggregate Formation

The photophysical properties of the [Ru(dpp)2(x-ATAP)]2+ series were compared in aerated MeCN, DCM and H2O, and data is presented in Table 1, and the emission spectra of the [Ru(dpp)2(x-ATAP)]2+ complexes in DCM, acetonitrile and water are compared in Figure 2.


[image: Figure 2]
FIGURE 2. Impact of solvent on emission spectrum of (A) [Ru(dpp)2(16-ATAP)]2+ (B) [Ru(dpp)2(6-ATAP)]2+ shown in MeCN, DCM and H2O. Concentration of Ru(dpp)2(16-ATAP)]2+ is 5 × 10−6 M in all solvents. Excitation wavelenght = 454 nm. n = 3.


As the neat complexes were poorly soluble in aqueous solution, they were first dissolved in minimum acetonitrile and then made up in aqueous solution to yield a homogeneous solution in 99/1 % V/V water/acetonitrile.

The λmax of the MLCT absorption band of the [Ru(dpp)2(x-ATAP)]2+ complexes is minimally affected by solvent in DCM compared to acetonitrile. In water, the absorption band is slightly red shifted but broadened with some shift in baseline which can be attributed to the formation of aggregates. Emission is more sensitive to solvent effects. The λmax of emission for the [Ru(dpp)2(x-ATAP)]2+ complexes in DCM is centered at 596 nm and red shifts to 608 nm in acetonitrile, but the quantum yield of emission is dramatically affected by solvent, increasing by approximately a factor of 5 in DCM compared to acetonitrile and correspondingly, the emission lifetime, which fits a single exponential decay in organic media, increases from an average of 179 ns in ACN to 642 ns in dichloromethane (aerated media). Within experimetal error, these values did not vary with alkyl chain length. Similar solvatochromic effects have been reported for related ruthenium polypyridyl complexes by Sun and Turro (2010). This was attributed to assignment of lowest energy excited state to a triplet MLCT where the charge is localized on dppp ligands rendering the complexes sensitive to solvent polarity.

Conversely the emission spectrum of [Ru(dpp)2(x-ATAP)]2+ changes dramatically in water, where it broadens and is red shifted λmax compared to DCM and acetonitrile. Interestingly, the extent of red shift varies with chain length, the first example of where impact of chain length impacts optical properties for the complexes, where the red shift is much less pronounced for [Ru(dpp)2(16-ATAP)]2+, at 618 nm compared to other chain lengths where peak intensity is observed around 640 nm.

Notably, in water the emission decay profile changes from a single to bi-exponential decay, where the long lifetime component which constitutes ~90% of the decay amplitude is ~800 ns and the short lifetime component of about 130 ns constitutes the remaining 10% of amplitude. The short lifetime is attributed to solvated [Ru(dpp)2(x-ATAP)]2+, as it is similar to lifetimes of related dpp coordination compounds of ruthenium in water under aerated conditions (Blackmore et al., 2013). The long lifetime component is unexpected on the basis of the known behavior of dpp based complexes in aerated aqueous media, but is comparable, along with the dual exponential profile of the decay to behavior reported in Ru(II) dpp complexes when bound in non-aqueous structures within water such as DNA or lipid bilayers (Barton et al., 1986; Adamson et al., 2014). Given the relative hydrophobicity of these complexes and their long alkyl chains, the anomalous photophysical behavior, we ascribe the behavior to formation of luminescent aggregates in aqueous solution, vide infra. To evaluate the impact of aggregate formation on the photophysical properties of the complex we prepared 100 nm DPPC liposomes into which the [Ru(dpp)2(x-ATAP)]2+ C16 complex was embedded, by preparing the liposomes from lipid mixed with complex, the lipophillic tail is expected to confine it to the lipid membrane. Strongly consistent with data for [Ru(dpp)2(x-ATAP)]2+ in aqueous media, the emission decay from the [Ru(dpp)2(16-ATAP)]2+ within liposomes conformed to biexponential kinetics. The main component, τ1 exhibted a decay of 1.18 μs with τ2 of 201 ns (Supplemental Materials, Figure S6).

Such multi-exponential lifetimes of ruthenium complexes in aggregate environments have been noted for vesicular Ruthenium complexes. De Cola et al. reported the biexponential lifetimes of dialkyl ruthenium complexes that form micelles which have a long and short emission lifetime component, attributed to micellular and solvated ruthenium complex respectively (Guerrero-Martínez et al., 2008). Multi-vesicular structures of ruthenium complexes with long alkyl chains were also reported by Fuhrhop et al. and shown to exhibit tri-exponential lifetimes (Draeger et al., 2000). Overall, comparison between liposome encapsulated and complexes in water indicates strongly that the complexes are self-assembling into micellar or bicellar aggregates.

We evaluated the concentration dependence of the emission intensity for [Ru(dpp)2(16-ATAP)]2+ in aqueous solution to further confirm aggregate formation, and to make an estimate of the critical micelle concentration (CMC). Figure 3 shows the experimental result and the inset plots the integrated emission area vs. concentration. This approach was taken as, notably the emission λmax blue shifts from 612 nm at 0.1 μM to ~600 nm above this concentration. And correspondingly, this concentration corresponds to the point where the emission intensity deviates from linearity, and is taken to be approximately the CMC.
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FIGURE 3. Concentration dependence of emission spectroscopy of [Ru(dpp)2(16-ATAP)]2+ in aqueous PBS buffer (1% v/v ACN) and plot of integrated area of [Ru(dpp)2(16-ATAP)]2+ as a function of concentration (inset) (λexc 454 nm; excitation and emission slit width 5 nm; n = 3).


To evaluate the size and polydispersity of the resulting nanoaggregates, we studied aqueous solutions of [Ru(dpp)2(x-ATAP)]2+ by dynamic light scattering (DLS). The DLS data are tabulated in Table 2. For aqueous 5 × 10−6 M solutions of complex [Ru(dpp)2(11-ATAP)]2+ and Ru(dpp)2(16-ATAP)]2+ in H2O. The solutions gave a strong scattering signal consistent with the formation of particle aggregates, while in contrast, solutions of [Ru(dpp)2(11-ATAP)]2+ and Ru(dpp)2(16-ATAP)]2+ in acetonitrile and dichloromethane gave no scattering signal indicating as expected that the complexes dissolved to give homogenous solutions in these solvents.


Table 2. DLS and Zeta potential measurements of [Ru(dpp)2(16-ATAP)]2+ (5 μM) and [Ru(dpp)2(16-ATAP)]2+ (5 μM) in H2O and PBS buffer (pH 7.4).

[image: Table 2]

DLS measurements showed that the diameter of the aggregates ranged from 249 to 135 nm for 5 × 10−6 M solutions of the complexes in water and aqueous PBS buffer. The polydispersity indices were between 0.1 and 0.5 indicating good monodispersity in size distribution of the aggregates. The large hydrodynamic radii of the aggregates suggest that they are likely bilayer or multivesicular rather than micellear strucutres. The zeta potential was measured for the [Ru(dpp)2(16-ATAP)]2+ and [Ru(dpp)2(11-ATAP)]2+ respectively as these were the structures that we focused on for imaging studies.



Cell Uptake Studies

Given the complexes form vesicles in aqueous media we were interested to investigate if these aggregates are cell permeable, and thus if their assembly into vesicles in aqueous solution promoted uptake and localization in live cells. For cell studies we focused on [Ru(dpp)2(16-ATAP)]2+ and [Ru(dpp)2(11-ATAP)]2+ and evaluated their uptake in live HeLa and CHO cells by incubating the complexes with the cells at final complex concentrations each of 2.5 μM in cell growth media for 24 h in the absence of light. This concentration was used as it is well in excess of the value estimated for CMC ensuring the complexes are primarily present as aggregates. After incubation with the complex, the cells were washed twice with PBS (supplemented with 1.1 mM CaCl2 and 0.9 mM MgCl2) and imaged using confocal laser scanning microscopy (CLSM).

Figure 4 shows live HeLa cells post incubation with [Ru(dpp)2(11-ATAP)]2+ and [Ru(dpp)2(16-ATAP)]2+. Both complexes emit intensely from within the cells with no background contribution. Both complexes are nuclear excluded and appear to localize very discretely but at distinctive regions of the cell. Figures 3A–D shows [Ru(dpp)2(16-ATAP)]2+ accumulates in the cytoplasm, and localizes in what appears to be the mitochondria. While interestingly, [Ru(dpp)2(11-ATAP)]2+ has a completely different distribution, emitting as a pattern of punctate spherical objects highly localized to one side of the nucleus (E–F). Such a pattern is suggestive of the Golgi Apparatus labeling. It is important to note that when incubated at 4°C, neither [Ru(dpp)2(16-ATAP)]2+ nor [Ru(dpp)2(11-ATAP)]2+ entered the cells (ESI Figures S9, S10), indicating that the uptake is via an energy-dependent mechanism such as endocytosis.


[image: Figure 4]
FIGURE 4. Live HeLa cells stained with [Ru(dpp)2(16-ATAP)]2+ (A–D) and [Ru(dpp)2(11-ATAP)]2+ (E–H) at 2.5 μM for 24 h. (A,C,D,E) show the ruthenium emission channel, and (B,D,F,H) shows the overlay of the ruthenium channel with brightfield channel.


This conclusion is further supported by the punctate appearance of the cytoplasmic labeling, this is characteristic of endocytic uptake (Puckett et al., 2010), which was observed throughout the uptake studies.

Remarkably, when incubated with CHO cells, under identical conditions, while both complexes show similar cell permeability, the [Ru(dpp)2(16-ATAP)]2+ and [Ru(dpp)2(11-ATAP)]2+ distributed in a completely different manner to HeLa cells (ESI Figure S11). In CHO cells, both complexes distribute throughout the cytoplasm with punctate features that appear to be endosomes associated with endocytosis, Fluorescence lifetime imaging also confirms this distribution (shown in Figure S14). This pattern remains unchanged over time with no further localization evident.

Colocalization studies were then carried out to better understand the very discrete localization of the the probes within living HeLa cells. Figures 5A–C shows a live HeLa cell stained with Ru(dpp)2(16-ATAP)]2+ in green (A) and co- stained with MitoTracker Deep Red (80 nM) in red (B). Figure 5C overlays the two probes and confirms their very strong colocalization at the mitochondria, reflected in the combined orange color (C). Thus, Ru(dpp)2(16-ATAP)]2+ is very selectively targeting and localizing at the mitochondria.


[image: Figure 5]
FIGURE 5. Colocalization studies in live cells. HeLa cells were stained with Ru(dpp)2(16-ATAP)]2+ (2.5 μM, 24 h) (A), then MitoTracker Deep Red (80 nM) was added to the cells (B), and their colocalization was confirmed (C). HeLa cells were stained with [Ru(dpp)2(11-ATAP)]2+ (2.5 μM, 24 h) and DAPI (550 nM) (D). Co-staining with CellLight Golgi-RFP (30 μM in 2 mL) (E) and overlay of the two channels revealed their strong colocalization (F).


Figures 5D–F shows a live HeLa cell stained with DAPI, a nuclear stain for reference (blue) where [Ru(dpp)2(11-ATAP)]2+ in green (D), co-stained with Golgi-RFP in red (E), and their co-localization (F). The strong colocalization of [Ru(dpp)2(11-ATAP)]2+ at the mitochondria and Golgi apparatus is remarkable, the origin of the effect is not completely clear as whereas the carbon chain length is different the effect may come from the size of the aggregates of each species to yield very different yet selective targeting can be achieved.

Co-localization studies were also carried out in CHO cells. The punctate staining patterns of [Ru(dpp)2(16-ATAP)]2+ in CHO cells suggested localization in ER or possibly lipid droplets, given the lipophilicity of the complexes. When incubated with [Ru(dpp)2(16-ATAP)]2+ Nile Red, a commercial stain for lipid droplets and ER Tracker Blue, some but not exclusive co-localization was observed (ESI Figure S12). This suggests that Ru(dpp)2(16-ATAP)]2+ has some but not exclusive affinity for lipid rich regions in CHO cells. However, when incubated with [Ru(dpp)2(11-ATAP)]2+ and a series of commercial probes (Lysotracker Green, ER-Tracker Blue and Golgi-RFP), no co-localization was observed, indicating that [Ru(dpp)2(11-ATAP)]2+ in CHO cells shows no particular affinity for any specific organelle. Its appearance as punctate spots is likely to be due to retention in endosomes as a result of endocytosis, eventually localizing in the cytoplasm. A Pearson's coefficient for LysoTracker was obtained and found to be 0.28, indicating no co-localization in the lysosomes. The different localization patterns between HeLa cells and CHO cells is interesting, and may be explained by the difference in organelle membrane potential between cancerous and non-cancerous cell types, in particular, the mitochondrial membrane potential (Liu et al., 2019). That the two complexes which differ only in length of lipid tail distributes so differently in both in single and different cell types is also notable, and given they are vesicular aggregates may be attributed to differences in charge or aggregate size rather than the thioacetate tails appended on the complexes.

The parent amino complex was not soluble enough to study in aqueous media as the aggregates were but did permeate and distribute throughout the cytoplasm non-specifically and was nuclear excluding, when dissolved in 0.5% DMSO solution used in the staining procedure.




CONCLUSIONS

In summary, the synthesis and characterization, both photophysical and electrochemical, of a new family of Ruthenium complexes, [Ru(dpp)2(x-ATAP)]2+, where x-ATAP is 5-amino-1,10-phenanthroline with pendant alkyl-acetylthio chains of varying length; and x = 6, 8, 11, and 16 has been reported. Soluble in organic media, the complexes form homogenous solutions with long-lived oxygen dependent emission centered around 600 nm. In aqueous media, the complexes form nanoaggregates confirmed by dynamic light scattering studies with diameter, that depends on chain length and media, of between 140 and 180 nm, indicating that they are bicellar or multivesiclar. The complex aggregates were found to readily permeate the cell membrane of HeLa and CHO cells in a temperature dependent manner, attributed to endocytosis. Notably, specific and selective organelle localization was found to be alkyl chain length and cell line dependent. In HeLa cells, highly discrete localization of [Ru(dpp)2(11-ATAP)]2+ to the Golgi apparatus was observed whereas the [Ru(dpp)2(16-ATAP)]2+ accumulates in the mitochondria. Conversely in CHO cells [Ru(dpp)2(16-ATAP)]2+ was found to have a strong affinity for lipid rich lipid droplets while [Ru(dpp)2(11-ATAP)]2+ distributes as punctate features throughout the cytoplasm, thought to be endosomes. Overall, the study demonstrates that driving such metal complexes into self-aggregated vesicles provides a pathway for cell permeation and that it may also provide a route for targeted localization without the need for expensive biomolecular conjugation.
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Cancer is a life-threatening disease, and immunotherapies have been developed as a novel, potent treatment for cancer. Adjuvants, used alone or in combination with other agents, play crucial roles in immune activation. This is necessary for cancer immunotherapy, particularly in the construction of therapeutic cancer vaccines. Adjuvants activate antigen-presenting cells and promote the presentation of antigen epitopes on major histocompatibility complex molecules, further enhancing adaptive immune responses, including cytotoxic T lymphocytes, to elicit cancer-cell death. However, the applications of adjuvants are limited by their poor efficacy or insufficient safety. In recent studies, researchers attempted to develop safe, efficacious adjuvants for cancer immunotherapy, and many compounds (including inorganic compounds, organic molecules, polymers, and colloids) have been identified and optimized as agonists of various pathways. In this review, we focus on the discovery and structural design of emerging adjuvants and discuss how these findings benefit healthcare.
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INTRODUCTION

During infection, the immune system is activated by pathogens harboring pathogen-associated molecular patterns (PAMPs), including agonists of toll-like receptors (TLRs), NOD-like receptors (NLRs), and stimulator of interferon (IFN) genes (STING). PAMPs can be used as adjuvants in the treatment of infections and other diseases because of their potential to enhance the immune response by combining with pattern recognition receptors (PPRs) on antigen-presenting cells (APCs) (Petrovsky and Aguilar, 2004; Wang et al., 2013). Immunotherapy is a promising method for the treatment of various diseases, including infections, autoimmune diseases, and cancers, and adjuvants are powerful agents for immunotherapy (Reed et al., 2013). In recent years, many novel types of adjuvants have been identified and applied for the development of cancer vaccines (Cai et al., 2013; Shao et al., 2018; Wu et al., 2018). However, for further clinical use, newly emerging adjuvants need to overcome various challenges, including evaluation of pharmacodynamics and their adverse reactions.

In this review, we summarize newly discovered adjuvants, including inorganic nanoparticles, organic molecules, and polymers. For consideration of more widely recognized and applied adjuvants, please refer to relevant references (Broz and Monack, 2013; Li et al., 2018; Wu et al., 2019).



EMERGING ADJUVANTS


Inorganic Compound-Based Adjuvants


Inorganic Nanoparticle-Based Adjuvants

In the last two decades, multifunctional inorganic nanomaterials have become a major focus in the biomedical field owing to their applications in imaging, tumor therapy, and drug delivery (Chen et al., 2019; Eppler and Jewell, 2019; Meel et al., 2019). Some inorganic nanomaterials act as immunostimulants by promoting the activation and maturation of immune cells (Sun and Xia, 2016; Li et al., 2018). The composition, size, morphology, and charge of these nanomaterials can affect their adjuvant activity. Accordingly, inorganic nanoadjuvants are usually within a certain size range and have a specific shape.

Pathogens induce immune responses by triggering a “danger sensing” signal via PAMPs (Aderem and Ulevitch, 2000). However, the physical cues of the microbes that trigger the immune system are still unclear. Wang et al. (2018b) showed that TiO2 nanoparticles decorated with nanospikes activated innate immunity by physical stimulation. During their phagocytosis by APCs, mechanical stress induced by the spiky particles disrupted the cell membrane resulting in K+ efflux, which activated the inflammasome and subsequently stimulated innate immunity. When combined with ovalbumin (OVA) protein, spiky TiO2 nanoparticles functioned as a potent adjuvant and promoted adaptive immunity for cancer immunotherapy (Wang et al., 2018b).

Ferumoxytol, a United States Food and Drug Administration (FDA)-approved iron supplement, inhibited mammary tumor growth and lung cancer metastases. Ferumoxytol-treated macrophages displayed a higher level of pro-inflammation Th1-type mRNA and M1 macrophage polarization. After incubation with ferumoxytol and macrophages, adenocarcinoma cells showed higher caspase-3 activity for tumor cell killing (Zanganeh et al., 2016). Gu et al. (2019) have studied the mechanism of macrophage activation by iron oxide and found that magnetite induced macrophage activation and M1 polarization to a greater extent than hematite via activation of the IFN regulatory factor 5 rather than inducing nitric oxide synthase through the nuclear factor-κB pathway (Gu et al., 2019). Trujillo-Alonso et al. (2019) found that ferumoxytol could be used to treat a mouse model of leukemia that was associated with low ferroportin levels. The lack of ferroportin in leukemia cells resulted in ferumoxytol accumulation, and the high iron levels disrupted the balance between oxidant production and scavenging. As a result, reactive oxygen species were increased, inducing death of leukemia cells and improving survival (Trujillo-Alonso et al., 2019).



Manganese Salt Adjuvant

Immune cells use PPRs to defend against infections by triggering innate immune responses. STING is an important PPR for anti-infection responses and immunoregulation. Agonists of STING include cyclic dinucleotides (CDNs; e.g., CDA and CDG) and their mimics. Additionally, Jiang's group reported manganese as a regulator for the STING pathway (Wang et al., 2018a). As one of the most abundant metals in mammal tissues, manganese is involved in many physiological processes, including antioxidant defense, neuronal function, and immune responses (Horning et al., 2015; Kwakye et al., 2015), by regulating Mn-dependent enzymes. Mn2+ alerts immune cells to infections by increasing the sensitivity of cyclic GMP-AMP synthase (cGAS) and STING. When infections occur, Mn2+ released from various organelles and accumulated in cytosol. The accumulated Mn2+ then enhances enzymatic activity of cGAS and sensitivity to double-stranded DNA by binding to cGAS. The liberated Mn2+ also enhances the activity of the STING pathway by improving the binding affinity of cGAS-STING. Additionally, Mn2+ is a potent immune stimulator, and in the absence of any infection, it induces type I IFN responses and promotes cytokine production (Wang et al., 2018a). Thus, Mn2+ is a potential adjuvant for immune activation.

Based on these findings, a jelly-like manganese colloid (MnJ) adjuvant was developed as a potent adjuvant for humoral, mucosal, and cellular immune responses without obvious side effects (Zhang et al., 2019). In many antigen models, MnJ promoted antigen presentation and enhanced cytotoxic T lymphocyte responses. Pathway studies revealed that the adjuvant activity of MnJ was related to both the NLRP3 inflammasome and STING activation. In a mouse model, the production of OVA-specific antibodies and activation of CD8+ T cells were enhanced in MnJ-OVA-treated mice, indicating that MnJ was a potential adjuvant for cancer immunotherapy.

Nanomaterials are mainly exogenous, and detecting these molecules can act as a danger signal for the innate immune system. Based on their properties of immune stimulation, many nanomaterial-based adjuvants have emerged for cancer immunotherapy. Another superiority of nanomaterials is their tissue targeting (Wilhelm et al., 2016), including enhanced permeability and retention in tumors (Fang et al., 2011). However, nanomaterials per se may cause some side effects. For example, TiO2 nanoparticles can promote breast cancer cell metastases by inducing endothelial leakiness (Peng et al., 2019).

There are some meaningful details that remain unclear about the journey of nanomaterials through the body, and exploring the uptake, migration, and clearance of such materials in the microenvironment, or in different cells, tissues, and organs, would be conducive to clinical research. The MnJ adjuvant holds great potential for clinical use because of its ability to activate STING without distinct side effects in mice. Nevertheless, substantial additional work is needed before this treatment can be used on humans.




Organic Molecule-Based Adjuvants

The immune system plays important roles in preventing pathogen infections. PPRs on immune cells recognize PAMPs from pathogens then boost the immune responses for pathogen clearance. These PPRs include TLRs, NLRs, RIG-1-like receptors, STING, and C-type lectin receptors (Broz and Monack, 2013). Many adjuvants are PAMPs with definite structures, and these molecules induce immune activation by interacting with PPRs (Akira et al., 2001; Wang et al., 2013). Emerging small molecule-based adjuvants include modified PAMPs, new ligands for PPRs, and agents of new pathways.


Agonists of TLRs

TLRs are type I transmembrane proteins that regulate the innate and adaptive immune responses. There are 10 functional TLRs in humans (12 in mice), and these TLRs have various agonists (Wang et al., 2013). Exploring these agonists and their derivatives as adjuvants has contributed to the development of cancer immunotherapy (Tom et al., 2019).

Structure–activity relationship (SAR) analyses of TLR7/8 and the FDA-approved agonist imiquimod demonstrated that N1-, C2-, and C7- were important for the activity of imiquimod. After comparing the immunostimulation of imidazoquinolines with different modifications at N1-, C2-, and C7-, a novel TLR7/8 agonist (522, Figure 1) was found to induce high levels of pro-inflammatory cytokines (Schiaffo et al., 2014). 522 was applied to cancer immunotherapy following encapsulation in polymeric nanoparticles (Kim et al., 2018). High-throughput screening is a simple, rapid method for active molecule identification and drug discovery. After screening of a 24,000-compound library using an interleukin (IL)-8 luciferase reporter cell line expressing human TLR2 receptors whose ligands are lipopeptides (such as Pam3CSK4 and Pam2CSK4), five compounds were chosen as candidates for TLR2 agonists (Guan et al., 2010). Based on these candidates, the Yin lab showed that N-methyl-4-nitro-2-[4-(4-nitrophenyl)1H-imidazol-1-yl] aniline (GA) interacted with TLR1/2 rather than TLR2/6. To achieve high selectivity and efficacy, GA was optimized using SAR studies to obtain a novel compound, CU-T12-9 (Figure 1). CU-T12-9 showed a higher affinity for TLR1/2 and potent TLR1/2 signaling pathway activation (Cheng et al., 2015). By measuring tumor necrosis factor (TNF)-α released from THP-1 cells, diprovocims were discovered from a ~10,0000-compound library. After comprehensive SAR studies, the most potent agonist, diprovocim-1 (Figure 1), was identified. Diprovocim-1 acted as a TLR1/2 heterodimerization promoter and enhanced the immune responses through the TLR1/2 signaling pathway (Morin et al., 2018). In a mouse model, diprovocim-1 plus OVA immunization significantly promoted antigen cross-presentation and evoked cellular immune responses. Through synergistic interactions with anti-PD-L1, the diprovocim-1 adjuvant efficiently eliminated melanoma in mice (Wang et al., 2018c). From the Maybridge HitFinder v11 library, Zhang et al. (2017) identified a small molecule, 17e (Figure 1), as an agonist for multiple TLRs. 17e synergistically activated TLR3/8/9 on human TLRs expressed in HEK 293 cells, and 17e inhibited the growth of HeLa and HuMEC cells (Zhang et al., 2017). Overactivation of the immune system induces systemic inflammation and results in inflammatory diseases (Taniguchi and Karin, 2018). To reduce systemic inflammation during immune activation, Li and colleagues designed a photoswitchable Pam3CSK4 derivative (P10) and showed that it could regulate inflammation and immune activation by optical control of the heterodimerization of TLR1/2 (Hu et al., 2019).


[image: Figure 1]
FIGURE 1. Structures of emerging adjuvants.




Antagonists of the Mevalonate (MVA) Pathway

The MVA pathway is an important metabolic pathway (Goldstein and Brown, 1990) that is responsible for hypercholesterolemia (Dimmitt et al., 2017) and bone disorders (Russell, 2011). Clinical research showed that interruption of the MVA pathway with statin and bisphosphonate drugs evoked immune responses (Drenth et al., 1999), suggesting that targeting the MVA pathway may be druggable for fimmunotherapy. In mouse and cynomolgus monkey models, Xia et al. (2018) showed that lipophilic statin drugs and rationally designed bisphosphonate molecules (TH-Z93, TH-Z145, and BPH-652; Figure 1), which interact with three different enzymes (farnesyl pyrophosphate, geranylgeranyl diphosphate synthase, and squalene synthase) in the MVA pathway, acted as efficient adjuvants. In contrast to conventional adjuvants that trigger “danger sensing,” these inhibitory adjuvants blocked the geranylgeranylation of Rab5 in APCs, resulting in prolonged antigen preservation. Thus, the secretion of IFN-γ by both CD4+ T cells and CD8+ T cells was increased for tumor killing. In tumor models, these inhibitory adjuvants resulted in better treatment outcomes than CpG (a TLR9 agonist) with or without anti-PD-1 (Xia et al., 2018).



Agonists of STING

STING plays vital roles in innate immunity (Burdette and Vance, 2013) and is a promising target for cancer immunotherapy (Wu et al., 2019). After viral infection, cGAS recognizes cytosolic dsDNA and then produces cGAMP for STING activation. Activated STING induces the production of type I IFN and other pro-inflammatory cytokines, which are necessary for innate immune responses and adaptive immunity (Galluzzi et al., 2018). However, CDNs (such as CDA and CDG), the native ligands of STING, show poor stability and transmembrane permeability, thereby limiting their applications (Wu et al., 2019). Current studies of STING agonists are aimed at modifying CDNs and their intratumoral delivery; these works have been well summarized (Su et al., 2019; Wu et al., 2019). However, non-nucleic acid agonists of STING have not been reported frequently. A set of small molecules (ABZIs) that bind to the C-terminal domain of STING have been identified through high-throughput screening of competition with cGAMP (Ramanjulu et al., 2018). After structural optimization, these researchers generated diABZI 3 (Figure 1) that exhibited enhanced STING binding energy and activation ability. Intravenous injection of diABZI 3 inhibited tumor growth significantly and improved survival in a mouse model of colorectal cancer, indicating that the non-nucleotide diABZI 3 could have potential applications in cancer immunotherapy.

Anderson's group has focused on the development of mRNA vaccines for cancer immunotherapy (Kauffman et al., 2016). During the optimization of delivery materials, Miao et al. (2019) obtained adjuvant-like lipids from over 1,000 lipid formulations; these lipids were similar in unsaturated lipid tails, cyclic amine head groups, and dihydroimidazole linkers. The top candidate formulation triggered a strong immune response, which further confirmed that these cyclic lipids activated immune cells through the STING pathway. Vaccines containing promising lipid adjuvants (A17 and A18; Figure 1) boosted the maturation of APCs and triggered T-cell responses for tumor immunotherapy (Miao et al., 2019).



Synergistic Agonists

Synergistic activation may represent a new paradigm for adjuvant and vaccine design (Xu and Moyle, 2018; Tom et al., 2019). In recent years, Kahn's group focused on exploring covalently linked TLR agonists, such as dimeric (covalently coupled TLR2 and TLR9 heterodimers) (Mancini et al., 2014) and trimeric agonists (TLR4, TLR7, and TLR9 covalently linked agonists) (Tom et al., 2015) agonists. Zom et al. (2019) synthesized a peptide conjugate that could simultaneously trigger the NOD2 and TLR2 signaling pathways and enhance the production of TNF-α, IFN-γ, and IL-2 by murine T cells (Zom et al., 2019). Exploration of the different TLR combinations required for the synthesis of various di- or tri-agonists is the major challenge. To solve this problem, Albin et al. (2019) developed a panel for synthesizing tri-agonists through a set of bioconjugation reactions. The core of the panel was a triazine modified with an alkyne, an amine, and either a maleimide or carboxylic acid, which could be linked to TLR agonists containing azide, carboxyl, thiol, or amino groups. Five tri-agonists were constructed according to the panel to explore the potential of TLR combinations (Albin et al., 2019). They found that the linker length between the two agonists affected immune activity, and the influence of the linker length depended on the properties of the agonist (Ryu et al., 2016). Multi-adjuvant formulations improved immune activation and enhanced antitumor efficacy. Li's group also developed a self-assembly method to construct nano-immunostimulants by taking advantage of the electrostatic interactions between Pam3CSK4 and CpG. Assembling nano-immunostimulants with antigens yielded multicomponent vaccines, which induced robust antitumor responses in a mouse model (Sun et al., 2016, 2017).

The defined chemical structure and mechanism of organic molecule-based adjuvants endow each type of adjuvant with special functions. The diversity of small-molecule adjuvants makes each one optional for different diseases. Furthermore, combining various adjuvants leads to the development of multifunctional and powerful agents. However, except for their efficacy, safety is the major criterion of new agents. Nonspecific small-molecule-based adjuvants would cause undesired inflammation, and targeting ligands or delivery systems would be helpful to improve both the efficacy and safety these organic adjuvants.




Polymer-Based Adjuvants

Polymer materials are widely used in biological tissue engineering, imaging, and drug delivery (Sun and Xia, 2016; Rodell et al., 2018; Shae et al., 2019). However, few studies have reported the intrinsic immunostimulation properties of these polymers. The Gao lab has studied nanomaterials and nanoarchitectures for the diagnosis and targeted treatment of cancers. Based the “proton sponge” concept, they developed a library of polymers that were ultra-pH-sensitive (UPS) over a broad pH range (4.0–7.4) (Ma et al., 2014). The UPS polymer nanoparticle, ONM-100, was licensed to OncoNano Medicine and a phase 1 clinical trial of ONM-100 as an imaging agent during surgery is in press. The optimized UPS polymer nanoparticle, PC7A, triggered a strong cytotoxic T-cell response for cancer killing. Investigation of the mechanism demonstrated that the PC7A nanoparticle activated STING and enhanced immune responses, which was related to the cyclic seven-membered ring on the side chain. Moreover, the nanovaccine (PC7A loaded with peptide antigens) enhanced the efficiency of cytosolic delivery and antigen cross-presentation. Thus, the STING-activating nanovaccine enhanced cancer immunotherapy by boosting antigen-specific CD8+ T cells (Luo et al., 2017, 2019).

Polymer nanoparticles that play important roles in drug delivery and have the ability of immune activation would make polymers more powerful tools in cancer immunotherapy. However, considering both efficacy and safety, polymers for clinical use must meet FDA standards. Before introducing polymers for cancer treatment, a complete evaluation of their pharmacokinetic and biodistribution profiles is necessary.




DISCUSSION

The immune system is critical for mammalian defenses against infections and diseases. Thus, exploring mechanisms of immunoregulation and exploiting immunoregulators to benefit cancer treatment are important research areas. However, progress in the discovery of vaccine adjuvants has been slow, and few adjuvants have been approved by the FDA for medical applications. Before moving forward to clinical research, more attention should be given to the pharmacokinetics and safety of these agents, especially to determine the uptake, metabolism, and adverse reactions associated with each candidate agent. Another issue is how to optimize the formulation and administration of adjuvants and antigens. Other than simply mixing, optimizing ways of delivery and injection may strengthen the immune activation and antitumor effects of adjuvants. Utilizing adjuvants to enhance cancer immunotherapy is meaningful, but the most important thing is to develop safe and effective adjuvants, a process that requires substantial basic research.
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Iodinated X-ray contrast media (ICM) compounds are a form of intravenous radiocontrast containing iodine, which are rapidly eliminated via urine or feces. The issue with the accumulation of ICM has received considerable critical attention since they are ubiquitously distributed in municipal wastewater effluents and in the aquatic environment and are not significantly eliminated by most biological sewage treatment processes. Among the methods that have been tested to eliminate ICM, electrochemical methods have significant advantages, since they can selectively cut the carbon-iodine bonds that are suspected to decrease their biodegradability. On the production sites, the recovery of iodine ions due to the carbon-iodine cleavage can be envisaged, which is particularly interesting to reduce the cost of the ICM production process. The coupling of an electrochemical process and a biological treatment can be carried out to mineralize the organic part of the formed by-products, allowing the recovery of the iodide ions. Therefore, the degradation of diatrizoate, a typical ionic ICM compound, by an electrochemical process was the purpose of this study. The electrochemical reduction of diatrizoate was performed using a flow cell with a graphite felt electrode at different potentials. The removal yield of diatrizoate reached ~100% in 2 h and the main product, 3,5-diacetamidobenzoic acid, was quantitatively formed, showing that diatrizoate was almost completely deiodinated. According to the BOD5/COD ratio, the biodegradability of diatrizoate after electrolysis was considerably improved. Cyclic voltammetry analysis of the electroreduced solution showed several oxidation peaks. The electrochemical oxidation of the by-products formed after the first treatment by electroreduction was then performed at three different potentials to study the influence of electrochemical oxidation on biodegradability. Results showed that the degradation yield of the deiodinated by-products increased with the potential and reached 100% at 1.3 V/SCE. Four different biological treatments were implemented during 21 days in stirred flasks with fresh activated sludge. The evolution of the mineralization during the biological treatment highlighted the biorecalcitrance of diatrizoate as previously estimated by the BOD5/COD ratio. Interestingly, the mineralization yield increased from 41 to 60% when electrochemical oxidation at 1.3 V/SCE was implemented after electroreduction.

Keywords: diatrizoate, electroreduction, deiodination, electrochemical oxidation, activated sludge, coupling process, biological treatment, biodegradability
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GRAPHICAL ABSTRACT. Electrochemical reduction and then oxidation of diatrizoate allow total deiodination and improvement of the biodegradability of the solution leading to a mineralization yield of 60%.



INTRODUCTION

Since the application of X-ray on medical diagnostic imaging examination, iodinated X-ray contrast media (ICM) have been extensively used as contrast agents due to their ability to enhance the visibility of image. ICM belong to the derivatives of 2,4,6-triiodobenzoic acid, which usually contain polar carboxyl, hydroxyl or amide moieties on their side chains. Three iodine atoms were introduced on the benzene ring for X-ray adsorption; meanwhile other polar groups were added to assure their high water solubility and resistance to human body metabolism (Yu and Watson, 1999; Estep et al., 2000). ICM are routinely administered with huge dose (up to 200 g per patient for single checking). Hence, each year the global consumption of ICM reaches up to the impressive amount of 3,500 tones. Furthermore, ICM are commonly eliminated from patient's body by urine and feces after 24 h (Steger-Hartmann et al., 1999; Pérez and Barceló, 2007). Therefore, ICM have been frequently detected in hospital effluents, domestic sewage systems as well as drinking water at relatively high concentrations. For example in the downstream of Danube river in Germany, more than 500 ng L−1 of diatrizoate acid and iopamidol were found (Seitz et al., 2006), whereas in a Spain Sewage Treatment Plant, the concentration of iopromide was in the range 6.60–9.30 μg L−1 (Carballa et al., 2004) and organic iodine concentration in Texas in the United States, varied between 5 and 40 μg L−1 (Drewes et al., 2001). Although ICM ecotoxicology still needs to be further confirmed, many researchers have claimed that ICM are transformed into toxic by-products during drinking water disinfection process (Jeong et al., 2017).

Regarding this emerging environmental issue, various approaches have been applied for the removal or degradation of ICM in the past two decades. These approaches include biological treatment, advanced oxidation processes (AOPs) and reductive deiodination. Owing to their cost-effectiveness in terms of investment and operating cost, biological treatments have been performed directly on ICM, focusing on the identification of transformation products (Haiß and Kümmerer, 2006; Kormos et al., 2010; Redeker et al., 2014). However, the biodegradability of ICM is very low owing to their particular molecular structure, which strictly restricts their metabolization under aerobic or anaerobic conditions. Although AOPs such as ozonation, UV based radicals, namely hydroxyl sulfate or chloride radicals, and plasma have shown high ability to degrade ICM, the formation of toxic intermediates has been observed, leading to the need for the development of alternative processes (Huber et al., 2005; Duan et al., 2017; Zhou et al., 2017; Banaschik et al., 2018; Hu et al., 2019).

The removal of ICM through reductive deiodinations has been consequently envisaged as more selective methods (Zwiener et al., 2009; Mu et al., 2011; Stieber et al., 2011; Radjenovic et al., 2013; Korshin and Yan, 2018; Yan et al., 2018). Among them, electroreduction reaction can be considered as a green technique to treat pollutants since the addition of a chemical reducing agent is not required. It is also known as an economic and effective method due to its high selectivity for dehalogenation of organic halide pollutants (Fontmorin et al., 2014a; He et al., 2016, 2017, 2018; Verlato et al., 2016; Lou et al., 2019, 2020), allowing the recovery of iodide ions. Thus, the reductive deiodination of ICM has been applied for the removal of iopamidol with the aim to form controlled intermediates (Yan et al., 2018). Nevertheless, the fate of released iodine and the post-treatment of deiodination products have been only little explored (Zwiener et al., 2009; Radjenovic et al., 2013; Yan et al., 2018).

To associate the benefit of a selective electrochemical processes and low expensive biological treatments (Assassi et al., 2011; Fontmorin et al., 2014b; Belkheiri et al., 2015; Saidi et al., 2017; Zaghdoudi et al., 2017; Geneste, 2018), we investigated the coupling of both methods for the removal of the highly recalcitrant contrast agent, diatrizoate (DTR) (Scheme 1). Graphite felt was used as a cost-effective porous electrode with high specific surface area in a flow-through system to improve the mass transfer, decrease the electrolysis time, and facilitate the industrial application of the electrochemical process. First, total deiodination of diatrizoate was performed in a flow electrochemical cell containing a graphite felt electrode. To complete this first electrochemical step, the deiodination products, which were electroactive in oxidation, were then electrochemically oxidized at different potentials. The biodegradability of the electrolyzed solutions after the different treatments were compared. Finally, a biological treatment by activated sludge was performed to complete the degradation process.


[image: Scheme 1]
SCHEME 1. Structure of diatrizoate 1.




MATERIALS AND METHODS


Chemicals and Materials

All chemicals used in this work were of analytical grade. Anhydrous sodium sulfate (Na2SO4) 99%, sodium diatrizoate acid 1 and 3,5-diacetamidobenzoic acid were purchased from Sigma-Aldrich (France). Graphite felt (GF, Recycled vein graphite RVG 4000) was obtained from Mersen (France). Dimensionally stable anodes (DSA), AC-2004, were supplied by ECS International Electro Chemical Services, France.



Electrochemical System

The electrochemical flow cell (Figure 1) was constructed with two equal ring-shaped Perspex frames with internal diameter 4.8 cm and thickness 1.6 cm. A cation exchange membrane (NafionTM 417, France) was inserted in the middle of two glue-sealed single frames. Two unit frames, two counter electrodes (DSA) and a working electrode (graphite felt diameter 4.8 cm and thickness 1.0 cm) were bolted together between two plastic plates. The total empty volumes for cathodic compartment and anodic compartment were both 29 mL. Before use graphite felt was dipped in an ultrasonic bath of ethanol for 30 min, then rinsed 10 times with deionized water to eliminate ethanol. The working electrode, counter electrode, and reference electrode were connected through a potentiostat (VersaSTAT 3 from Elancourt, France). The electrolytic solution flowed through the graphite felt with recycling.


[image: Figure 1]
FIGURE 1. Flow electrochemical cell.




Cyclic Voltammetry Analysis (CV)

CV analyses were performed with an EDAQ potentiostat unit equipped with the ECchem solfware package. The electrochemical experiments were implemented in a typical three electrodes system with a saturated calomel electrode (SCE) as the reference electrode, a platinum plate as a counter electrode and a glassy carbon (d = 0.25 cm) as the working electrode. The working electrode was carefully polished with sand paper (European # P4000, Struers, Ballerup, Denmark) and rinsed with distilled water before each run. All experiments were conducted in argon saturated solutions at room temperature.



HPLC Analysis

The residual diatrizoate and the concentration of 3,5-diacetamidobenzoic acid were measured by high performance liquid chromatography (HPLC). Samples were analyzed after filtering through a 0.2 μm membrane filter. The HPLC system consisted of a Waters 996 High Performance Liquid Chromatography equipped with a Waters 996 PDA (Photodiode Array Detector) and a Waters 600 LCD Pump. The separation was conducted on a column Waters C-18 (5 μm; 4.6 × 250 mm). 10 μl of sample were injected with an auto-sampler. The carrier liquid consisted of the solution A composed of 95% of deionized water and 5% acetonitrile as well as 0.1% formic acid, and the solution B composed of acetonitrile containing 0.1% formic acid (A 100%, B 0% for 2 min, then a gradient to A 0% B 100% in 6 min and for 2 min and finally a gradient to A 100% B 0% in 1 min at a flow rate of 0.4 mL min−1). Diatrizoate and 3,5-diacetamidobenzoic acid were detected at a wavelength of 238 nm at a column temperature of 35°C at 1.09 and 4.20 min, respectively.



Ion Chromatography Analysis

I− and IO3− ions were measured by an ion chromatography (IC) system [DIONEX DX120 equipped with a conductivity detector and a DIONEX AS19 (4 × 250 mm) ion-exclusion column]. The sample was eluted with potassium hydroxide at a flow rate of 1 mL min−1. The detection was analyzed by conductivity with a Self-Regenerating Suppressor (SRS).



Biodegradability Evaluation

The biodegradability was evaluated by the ratio of Biological Oxygen Demand in 5 days (BOD5) to Chemical Oxygen Demand (COD), which was performed in an incubator box set (Oxitop IS6; WTW, Ales, France) at 20°C (Fontmorin et al., 2014b). The biodegradable ability of the DTR, of its products of electrochemical reduction (ER), as well as of the electrochemical oxidation (EO) process was determined. Activated sludge (AC), taken from the Beaurade wastewater treatment plant (Rennes, France), was considered. Before treatment, activated sludge had to be washed 8–10 times to remove the dissolved organic matter. For BOD5 test, samples were added in 500 mL brown bottles containing the culture medium with orbital shaking (300 rpm). The composition of the BOD5 culture medium was: MgSO4·7H2O, CaCl2, FeCl3·6H2O, NH4Cl, KH2PO4, K2HPO4 at concentrations of 22.5, 27.5, 0.15, 2.0, 6.8, 2.8 g L−1, respectively. The concentration of activated sludge was 0.05 g L−1. All samples were adjusted to pH 7 before BOD5 measurement and at least duplicated. Then bottles were closed with sensor caps, which automatically recorded each hour the BOD5 value. A carbon dioxide scrubber containing solid sodium hydroxide was fixed above the solution.



Biological Treatment

Biological treatment was conducted in aerobic mode, in a 500 mL Erlenmeyer flask with activated sludge at an initial concentration of 0.5 g L−1. The composition of the culture medium was: MgSO4·7H2O, CaCl2, FeCl3·6H2O, NH4Cl, Na2HPO4·2H2O, KH2PO4, K2HPO4 at concentrations of 22.6, 27.6, 0.26, 75, 154.4, 85, 208 g L−1, respectively. Experiments were performed in an incubator with orbital shaking (250 rpm) at 25°C for 21 days. Samples were taken at an interval of 2 or 3 days for total organic carbon (TOC) determination, to calculate the mineralization yield. The TOC values were read from a Total Organic Analyzer Shimadzu TOC-VCPH/CPN with the method of standard NPOC (Non-Purgeable Organic Carbon).




RESULTS AND DISCUSSION


Electrochemical Reduction of Diatrizoate
 
Cyclic Voltammetry Analysis

The electroactivity of diatrizoate was determined by cyclic voltammetry analysis (CV) on glassy carbon electrode in 0.1 mol L−1 Na2SO4 (Figure 2). The onset potential corresponding to the reduction of diatrizoate was −1.1 V/SCE (−0.43 V vs. RHE). The absolute current density increased for potentials lower than −1.1 V/SCE, although hydrogen evolution was observed in the blank at around −1.4 V/SCE (−0.75 V vs. RHE). From these analyses, electrochemical reduction of diatrizoate was tested at different potentials ranging from −1.1 V to −1.5 V/SCE to find the optimal conditions.


[image: Figure 2]
FIGURE 2. Cyclic voltammogram of 1.7 mmol L−1 diatrizoate in 0.1 mol L−1 Na2SO4 on glassy carbon electrode. Scan rate 0.1 V s−1.




Effect of Applied Potentials

Electroreduction of diatrizoate on graphite felt electrode was performed in a flow electrochemical cell at 5 different potentials ranging from −1.1 to −1.5 V/SCE. The removal yield of diatrizoate was estimated by HPLC analysis during electrolysis (Figure 3).


[image: Figure 3]
FIGURE 3. Removal yield of diatrizoate (100 mg L−1 in 0.1 mol L−1 Na2SO4, 100 mL) vs. time during electroreduction in the electrochemical flow cell (3 mL min−1). Error bars are based on duplicate experiments.


The kinetic of the electrolysis increased when the potential was more negative and reached a maximum for −1.4 and −1.5 V/SCE.

Additional insights about the kinetic were derived from the plots of ln[C0/C] against time (Figure 4).


[image: Figure 4]
FIGURE 4. Relationship between diatrizoate removal yield and time during 15 min electroreduction for five different applied potentials.


Diatrizoate deiodination followed a first-order kinetic model for all tested potentials according to Equation (1), with regression coefficients R2 higher than 0.99 (Table 1):

[image: image]

Where kobs (min−1) is the observed pseudo-first-order rate constant. The value of kobs increased from 0.044 to 0.059 min−1 (around 30%) as the applied potential decreased from −1.1 to −1.5 V/SCE. However, the removal yield of diatrizoate was close to 100% after 2 h electrolysis for all studied potentials.


Table 1. Value of kobs and R2 for each studied potential.

[image: Table 1]

To complete the comparison, the faradaic efficiency of diatrizoate reduction ε was calculated considering three reductive deiodination reactions as follows:

[image: image]

where 2 is the number of electrons involved in the deiodination reaction, F is the Faraday's constant (96 485 C mol−1), [DTR]i is the initial concentration of diatrizoate (mol L−1), V is the volume of solution (L) and Q is the electric charge consumed during electrolysis (C). As observed in Figure 5, the faradaic efficiency increased when the potential was less negative, attributed to a competition of the reaction with hydrogen evolution. It is also worth noting that the contribution of the residual current in the faradaic efficiency was high due to the low concentration of diatrizoate used in the flow electrochemical cell. An optimization of the cell would allow the improvement of the faradaic efficiency.


[image: Figure 5]
FIGURE 5. Faradaic efficiencies for the electroreduction of diatrizoate at applied potentials ranging from −1.1 to −1.5 V/SCE. Error bars are based on duplicate experiments.


Hydrogen evolution was confirmed by an increase of the solution pH beyond 11 for all studied potentials. Further experiments were performed with a potential of −1.3 V/SCE, which represents a good compromise between the kinetic of the reaction and the faradaic efficiency.



Mass Balance of Diatrizoate Electroreduction

The electroreduction of diatrizoate (100 mg L−1) was conducted on graphite felt in 0.1 mol L−1 Na2SO4 solution at −1.3 V/SCE. The amount of released iodide ions was measured by ion chromatography and the concentration of the deiodinated derivative 3,5-diacetamidobenzoic acid (DTR-3I) by HPLC with a commercially available standard. As observed in Figure 6, the decrease of the diatrizoate concentration with time was accompanied by an increase of both the deiodination yield and the yield of 3,5-diacetamidobenzoic acid.


[image: Figure 6]
FIGURE 6. Removal yield of diatrizoate (DTR), yield of 3,5-diacetamidobenzoic acid (DTR-3I) and deiodination yield (I−) during electroreduction of diatrizoate (100 mg L−1) at −1.3 V/SCE.


After 2 h electroreduction, diatrizoate was almost completely removed, whereas 3,5-diacetamidobenzoic acid was formed quantitatively and the deiodination yield reached 97.8 ± 0.01%. These results underline the high selectivity of the electroreduction process to cut the carbon-iodine bonds.

The effectiveness of the electroreduction process can be also underlined. Indeed, whereas a partial electroreduction of diatrizoate on graphite felt has been previously noticed with remaining iodinated intermediates even after 2 h electrolysis (Radjenovic et al., 2013), a total deiodination was obtained in this work. This enhanced activity is probably due to the used flow electrochemical cell, which favors mass transport through the felt. Therefore, the easily adaptability of the process to large-scale treatments and its high selectivity and effectiveness makes it promising as a pretreatment of DTR with possible iodide ions recovery (Radjenovic et al., 2013) before a coupling with a biological treatment.




Electrochemical Oxidation of Deiodination Products
 
Cyclic Voltammetry Analysis

After electroreduction of diatrizoate in 0.1 mol L−1 Na2SO4 at −1.3 V/SCE for 2 h, the electrolytic medium was analyzed by cyclic voltammetry (Figure 7).


[image: Figure 7]
FIGURE 7. Cyclic voltammetry of electrolytic medium after electroreduction and of potassium iodide for comparison on glassy carbon electrode. Scan rate: 0.1 V s−1.


As expected, no peak was observed in negative potentials. However, four oxidation peaks were noticed at 0.5, 0.9, 1.3, and 1.45 V/SCE. To check if these peaks were due to the oxidation of iodide ions released after electroreduction of DTZ, a solution of 4.7 × 10−3 mol L−1 KI in 0.1 mol L−1 Na2SO4, corresponding to the concentration of iodide ions released after electroreduction was analyzed. A first reversible system was observed at 0.42 V/SCE, corresponding to Equation (3).

[image: image]

Two other irreversible oxidation peaks appeared at 0.79 and 1.35 V/SCE, which were supposed to correspond to the oxidation peaks of the electrolyzed solution observed at 0.9 and 1.45 V/SCE, due to the difference of pH of both solutions (around 1–2 units). The first one probably corresponded to the oxidation of iodine into iodate IO3− and the last one to the formation of higher-oxidation-state iodinated compounds (Pourbaix, 1966). Therefore, the peak at 1.3 V/SCE could be due to the oxidation of 3,5-diacetamidobenzoic acid. To confirm this hypothesis, the electrochemical oxidation of the electroreduced solution was performed at 0.5, 0.9, and 1.3 V/SCE.

Figure 8 displays the evolution of the removal yield of DTR-3I and I− during electrochemical oxidations performed at 0.5, 0.9, and 1.3 V/SCE. At 0.5 V/SCE, the concentration of iodide ions decreased, showing their oxidation into iodine, whereas no iodate IO3− were formed. When the applied potential was 0.9 V/SCE, ion chromatography analysis revealed an increase of the degradation yield of iodide ions and the presence of a new peak, identified as iodate IO3−. However, the electrochemical oxidation of DTR-3I was still low. At 1.3 V/SCE, DTR-3I was quantitatively oxidized, confirming that the peak at 1.31 V/SCE observed in cyclic voltammetry analysis was due to the oxidation of DTR-3I. Iodide ions were also totally oxidized, whereas the yield of IO3− was 62 ± 2%.


[image: Figure 8]
FIGURE 8. Electrochemical oxidation of electroreduced diazoate solution (100 mg L−1 in 0.1 mol L−1 Na2SO4 at −1.3 V/SCE for 2 h) at (A) 0.5 (B) 0.9 V, and (C) 1.3 V/SCE. Error bars are based on duplicate experiments.




Biodegradability Estimation

After the electrochemical treatment of diatrizoate, the biodegradability was evaluated considering the BOD5/COD ratio. Indeed, a solution is considered as biodegradable when this ratio is higher than 0.4 (Lou et al., 2020). After electroreduction, the BOD5/COD ratio was enhanced from 0.16 ± 0.02 to 0.48 ± 0.11 (Figure 9), which was just above the threshold level of biodegradability.


[image: Figure 9]
FIGURE 9. BOD5/COD ratio of DTR before and after electrochemical treatments and I2 solutions in 0.1 mol L−1 Na2SO4. Error bars are based on duplicate experiments.


Since electrochemical oxidation of iodide ions led to the formation of iodine, which is well-known for its antiseptic properties, the influence of I2 concentration on biodegradability was first evaluated. The theoretical maximum concentration of I2, cI2T, M, can be calculated according to the following equation, considering only IO3− and I2 as oxidation products of iodide ions:

[image: image]

Where, cI−R is the concentration of released I− after electroreduction, cI−D the detected concentration of I− after electrochemical oxidation and [image: image] the concentration of detected IO3− after electrochemical oxidation.

Thus, the theoretical maximum concentrations of I2 after electrochemical oxidation at 0.5, 0.9 and 1.3 V/SCE were 0.8 × 10−5, 0.14 × 10−5, and 6.2 × 10−5 mol L−1, respectively. Therefore, the impact of I2 on biodegradability was examined for two I2 concentrations, 10−4 and 10−5 mol L−1 in 0.1 mol L−1 Na2SO4. The BOD5/COD ratio was close to 0.4 for both concentrations (Figure 9), showing that the presence of I2 in the electrolyzed solution should not affect the biodegradability measurements. Furthermore, after electrochemical oxidations, the solutions were degassed overnight under argon to decrease their concentration in I2.

Therefore, the biodegradability after electrochemical oxidations at the different potentials was estimated with the BOD5/COD ratio (Figure 9). A significant increase of the ratio was observed for all potentials and reached a maximum of 0.90 ± 0.08 for electrolysis performed at 1.3 V/SCE, showing that adding an electrochemical oxidation step after the electroreduction of diatrizoate is in favor of a coupling with a biological treatment. However, the BOD5/COD ratio was significantly lower for oxidations performed at 0.9 V/SCE. It could be explained by the presence of iodate ions in the solution cumulated with DTR-3I. Although careful washing of the activated sludge was performed, the presence of remaining carbon substrate could impact the intrinsic values of the BOD5/COD ratios. To confirm these first results, a biological treatment was therefore considered.



Biological Treatment

The high values of BOD5/COD ratio led us to perform a biological treatment for the non-treated solution, namely 100 mg L−1 DTR to check the biorecalcitrance of this compound, the solutions after an electroreduction at −1.3 V/SCE and coupled with an electrochemical oxidation step at 0.5, 0.9, and 1.3 V/SCE. All the oxidized solutions were degassed under argon overnight before the biological treatment. The degradation of diatrizoate was monitored by TOC measurement for 21 days of activated sludge culture (Figure 10). As displayed in Figure 10A, the mineralization of DTR remained very low with only 5% decrease, confirming its biorecalcitrance. This result is consistent with other studies, showing that DTR is difficult to remove by biological treatment owing to its poor biodegradability (Haiß and Kümmerer, 2006). After DTR deiodination by electroreduction at −1.3 V/SCE, a significant improvement of the mineralization yield was observed, which slowly increased until 41% after a 21 days culture period. When a subsequent electrochemical oxidation treatment was performed at 0.5 V/SCE, the biodegradability of the solution was similar to those obtained after electroreduction. The 10% oxidation of DTR-3I and the low concentration of iodine in solution did not influence significantly the biodegradability of the solution. After the electrochemical oxidation at 0.9 V/SCE, the biodegradability of the solution was even lower. This behavior was consistent with the trend given by the BOD5/COD ratio (Figure 9), although the intrinsic value >0.6, showing a good biodegradability of the solution was not confirmed by the biological treatment (Figure 10B). Concerning the presence of iodate ions during biological treatment, literature studies highlighted their influence on bacteria growth, as it has been shown for Escherichia coli (Wang et al., 2006). Indeed, it has been observed that for IO3− concentrations lower than 6.67 mM, iodate ions had a significant impact on bacteria metabolism and for higher concentrations, a cellular lysis occurred as well as growth inhibition. However, some specific microorganisms such as Shewanella oneidensis (Toporek et al., 2019), Shewanella putrifaciens, and Desulfovibrio desulfuricans (Councell et al., 1997) are able to use iodate ion as final electron acceptor in anaerobic conditions. In the anoxic conditions of the biological treatment performed in this study, it is difficult to specify the impact of iodate ions on the microbial culture. Since electrolyses performed at 0.5 and 0.9 V/SCE exhibited similar concentrations of DTR-3I (Figures 8A,B), and the concentration of iodate was the same for electrolyses performed at 0.9 and 1.3 V/SCE (Figures 8B,C), we suspected the simultaneous presence of DTR-3I and iodate ions to be responsible for the lower biodegradability. Best results were obtained with a coupling between electroreduction at −1.3 V/SCE and electrochemical oxidation at 1.3 V/SCE, leading to a mineralization yield of 60% after only 5 days of culture. The oxidation of DTR-3I promoted biodegradability, compared with electrolysis performed at 0.9 V/SCE. However, refractory organic carbon (around 42%) still remained even after 21 days of activated sludge culture. The amido groups on the side chain of the benzene ring may be responsible of the persistence of the by-products, as previously observed with other pollutants (Lou et al., 2020).


[image: Figure 10]
FIGURE 10. (A) Time-courses of TOC values and (B) final mineralization yield during activated sludge culture on DTR solution (100 mg L−1, 0.1 mol L−1 Na2SO4) before and after electrochemical treatments. Error bars are based on triplicate experiments.






CONCLUSIONS

This work focused on the mineralization of diatrizoate, a biorecalcitrant X-ray contrast agent. For this purpose, an electrochemical pretreatment was performed to improve its biodegradability before a biological process to complete its mineralization. Electroreduction of diatrizoate led selectively to its total deiodination product, 3,5-diacetamidobenzoic acid. A total electrochemical oxidation of 3,5-diacetamidobenzoic acid was also achieved at 1.3 V/SCE. A first estimation of the biodegradability of the solutions considering the BOD5/COD ratio showed an improvement of biodegradability after all studied electrochemical treatments. A biological treatment with activated sludge was therefore considered on a period of 21 days. As expected, a low mineralization yield (5%) was obtained for the non-treated diatrizoate solution. This value increased to 41% after electroreduction and to 60% after the entire electrochemical treatment combining electroreduction with a subsequent electrochemical oxidation step performed at 1.3 V/SCE. These results show that the coupling of selective electrochemical treatments with a biological process is a promising cost-effective approach for diatrizoate removal.

Since the amido groups attached to the benzene ring are suspected to be responsible of the presence of refractory organic carbon after the biological treatment, a catalytic electroreduction of diatrizoate is now under consideration to reduce both the carbon-iodide bond and the amido groups.
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Performance decline in Li-excess cathodes is generally attributed to structural degradation at the electrode-electrolyte interphase, including transition metal migration into the lithium layer and oxygen evolution into the electrolyte. Reactions between these new surface structures and/or reactive oxygen species in the electrolyte can lead to the formation of a cathode electrolyte interphase (CEI) on the surface of the electrode, though the link between CEI composition and the performance of Li-excess materials is not well understood. To bridge this gap in understanding, we use solid-state nuclear magnetic resonance (SSNMR) spectroscopy, dynamic nuclear polarization (DNP) NMR, and electrochemical impedance spectroscopy (EIS) to assess the chemical composition and impedance of the CEI on Li2RuO3 as a function of state of charge and cycle number. We show that the CEI that forms on Li2RuO3 when cycled in carbonate-containing electrolytes is similar to the solid electrolyte interphase (SEI) that has been observed on anode materials, containing components such as PEO, Li acetate, carbonates, and LiF. The CEI composition deposited on the cathode surface on charge is chemically distinct from that observed upon discharge, supporting the notion of crosstalk between the SEI and the CEI, with Li+-coordinating species leaving the CEI during delithiation. Migration of the outer CEI combined with the accumulation of poor ionic conducting components on the static inner CEI may contribute to the loss of performance over time in Li-excess cathode materials.

Keywords: cathode-electrolyte interphase (CEI), Li2RuO3, Li-excess cathode, Li-rich cathode, DNP-NMR, interfacial phenomena, anode-cathode crosstalk


INTRODUCTION

The next generation of high energy density lithium ion batteries will likely be defined by the choice of cathode (Goodenough and Kim, 2009; Ellis et al., 2010; Etacheri et al., 2011). Thus, current research has focused on identifying cathode materials that can provide both high capacity and high voltage to pair with existing anode materials. Li-excess transition metal oxide cathodes are promising candidates, as they offer high capacities exceeding 250 mAh/g (Sathiya et al., 2013; Rozier and Tarascon, 2015; Arunkumar et al., 2016; Hy et al., 2016), which is a substantial improvement over commercial cathodes LiNi0.8Co0.15Al0.05O2 (NCA) and LiNixMnyCozO2 (NMC) at ~200 mAh/g (Hy et al., 2016). In Li-excess compounds, Li is substituted in the transition metal layer allowing for a combination of transition metal (TM) and anion (e.g., oxygen) redox to contribute to the observed capacity (Zheng et al., 2019). However, structural degradation during the repeated delithiation/lithiation that occurs during electrochemical cycling causes severe capacity and voltage fade, which ultimately hinders the practical use of these materials in commercial lithium ion batteries (Hy et al., 2016).

The capacity and voltage fading in Li-excess cathodes has mainly been attributed to a combination of TM migration and oxygen loss from the lattice (Song et al., 2012; Mohanty et al., 2014; Sathiya et al., 2015; Hy et al., 2016; Jung et al., 2017). Oxygen evolution in these systems has been proposed to lead to a nucleophilic attack of the carbonate electrolyte (Aurbach et al., 1991; Yabuuchi et al., 2011; Dupré et al., 2015; Gauthier et al., 2015). Electrolyte decomposition products can then go on to form a cathode electrolyte interphase (CEI) (Aurbach et al., 1991) that is also correlated with irreversible capacity loss in the first cycle (Zhang et al., 2002a). While a substantial body of work has examined the relationship between structural rearrangements in the electrode as a function of electrochemical cycling, little is known about the role that the CEI plays in the performance decline of Li-excess cathodes.

Previous characterizations of the CEI suggest that its composition is nearly identical to that of the solid electrolyte interphase (SEI) on the anode side of the battery. For example, Fourier transform infrared (FTIR) spectroscopy (Aurbach et al., 1991; Kanamura et al., 1996; Aurbach, 1998; Hong et al., 2012; Zhang et al., 2020), mass spectrometry (MS) (Liu et al., 2016), and X-ray spectroscopies (Eriksson et al., 2002; Edström et al., 2004; Lu et al., 2009; Carroll et al., 2013; Malmgren et al., 2013; Yamamoto et al., 2014; Jarry et al., 2015; Fang et al., 2018; Källquist et al., 2019; Li et al., 2019) show that the CEI contains commonly observed electrolyte decomposition products such as PEO-type polymers, organic and inorganic carbonates, inorganic oxides, and fluorinated compounds. The similarity in composition between the CEI and the anodic SEI has led to the speculation that the CEI is formed from anode-cathode crosstalk (Cuisinier et al., 2013; Lu et al., 2013; Malmgren et al., 2013; Fang et al., 2018). However, a solely anode-derived CEI ignores the contribution of cathode-specific degradation mechanisms (e.g., oxygen evolution) and surface chemistries (e.g., undercoordinated transition metal centers) (Zhang et al., 2002a; Castaing et al., 2015) to electrolyte decomposition and subsequent interphase formation. Techniques that identify how molecular-level structures within the CEI evolve during battery operation are required to understand the relationship between CEI growth, anode-cathode crosstalk, and performance degradation.

Here, we use a combination of solid-state NMR (SSNMR), dynamic nuclear polarization (DNP) NMR, and electrochemical impedance spectroscopy (EIS) measurements to probe the organic and inorganic CEI that forms on Li2RuO3 cathodes at different states of charge. While both SSNMR and DNP NMR have enabled the assignment of the SEI on graphitic and Si anodes (Leifer et al., 2011; Michan et al., 2016; Leskes et al., 2017; Jin et al., 2018), reports examining the cathode side of the battery have been more limited (Cuisinier et al., 2012, 2013) because most commercially available cathode materials are strongly paramagnetic (Dupre et al., 2011). In this report, SSNMR/DNP characterization is enabled by the reduced magnetic susceptibility in Li2RuO3 (Miura et al., 2007; Wang et al., 2014), which allows us to identify the composition and the structure of the CEI. We find that the CEI on Li2RuO3 is comprised of a mixture of organic and inorganic components, such as PEO, Li acetate, carbonates, and LiF that arise from the decomposition of carbonate solvents and LiPF6. Formation of the CEI is observed after the first charge of the battery, indicating that cathode degradation during delithiation can lead to electrolyte decomposition. The CEI that is observed in the charged state is distinct from that observed in the discharged state, supporting the hypothesis that crosstalk between the SEI and the CEI impacts the compositions of these interphases, where solvating components leave the CEI during delithiation. Migration of the outer CEI combined with the accumulation of poorly ionic conducting components on the static inner CEI may contribute to the loss of performance over time in Li-rich cathode materials.



MATERIALS AND METHODS


Materials

Li2CO3 (99.99%, trace metals basis), 1 M LiPF6 in ethylene carbonate:dimethyl carbonate (EC:DMC 1:1 v/v, LP30, battery grade), fluoroethylene carbonate (FEC, 99%), 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), 1,1,2,2-tetrachloroethane (TCE, ≥98.0%), and KBr (≥99.0%) were purchased from Sigma-Aldrich. Prior to use, FEC was dried over molecular sieves in an Ar-filled glovebox (O2 <0.1 ppm, H2O <0.5 ppm) for 48 h. KBr was dried in vacuo at 100°C for 3 days before bringing into the glovebox for use. All other chemicals were used as received. RuO2 (99.95%, trace metals basis) was purchased from Alfa Aesar and dried at 300°C for 4 h to remove moisture prior to syntheses. Carbon Super P and polyvinyldene fluoride (PVDF) were purchased from MTI Corporation and used as received. TEKPol was purchased from CortecNet; CDCl3 was purchased from Cambridge Isotope Laboratories, both were used as received.



Synthesis of Li2RuO3

Li2RuO3 was prepared by traditional solid-state synthesis by reacting Li2CO3 with RuO2. Stoichiometric amounts of Li2CO3 (10% wt excess) and dried RuO2 powders (vide supra) were combined and hand ground in a mortar and pestle for 10 min. The mixture was heated in an alumina crucible at 900°C for 12 h and then at 1,000°C for 12 h using a 2°C min−1 ramp rate with intermediate and final grinding for 10 min. Synthesis of Li2RuO3 was confirmed using powder X-ray diffraction (PXRD) (Figure S1).



Powder X-Ray Diffraction

PXRD was collected on a PANalytical XPERT3 powder diffractometer with Cu Kα radiation. The Li2RuO3 sample was placed on a zero-background Si plate for data collection.



Electrode Fabrication

The Li2RuO3 cathodes were prepared by first grinding a 9:1 ratio by mass mixture of Li2RuO3 and carbon super P. This mixture was added to a solution of PVDF binder in a 9:1 ratio by mass (Li2RuO3 + C:PVDF), using NMP as the PVDF solvent, to create a viscous slurry. The slurry was cast onto an Al current collector (25 μm thick) using a 150 μm doctor blade and dried at 100°C in a vacuum oven overnight. The dried film was punched into 12.7 mm diameter disks to use in cell assembly. Typical mass loadings of active material (Li2RuO3) per cathode were 7–12 mg cm−2. These electrodes were used for all electrochemical testing and NMR characterization.



Electrochemistry

Electrochemical tests were conducted using 2032 coin cells assembled in an Ar-filled glovebox with a Li-metal disc as the anode and Li2RuO3 composite thin films as the cathode. Each assembled cell used Whatman glass microfiber (GF/A) separators and ~0.2 mL battery grade LP30 or LP30 + 10% FEC v/v electrolyte. Galvanostatic cycling experiments were performed at rates of C/30 to C/10 (assuming a theoretical capacity of 329 mAh g−1) between 2.0 and 4.6 V.



DNP NMR

DNP NMR experiments were performed at 9.4 T at Bruker Biospin in Billerica, MA on a 400 MHz Avance III HD spectrometer with a 263.6 GHz gyrotron microwave source using a 3.2 mm HXY MAS probehead. DNP NMR experiments at 14.1 T were performed at the New York Structural Biology Center (NYSBC) on a 600 MHz Avance III spectrometer with a 395 GHz gyrotron microwave source using a 3.2 mm HCN MAS probehead. Cells were disassembled in either the charged or discharged state at 4.6 or 2.0 V, respectively. After cell disassembly, the Li2RuO3 cathode material was scraped from the Al current collector and was then dried under vacuum for 1 h to remove residual EC/DMC. Note electrodes were not washed during sample preparation in order to preserve the highly sensitive interphase layer. For analysis in Billerica, samples were sealed under Ar and transported to the Bruker Biospin facility in three layers of sealed plastic bags. Upon arrival, the samples were packed into 3.2 mm sapphire MAS rotors in a N2-filled glovebox. For measurements at NYSBC, samples were packed in an Ar glovebox. Each sample was mixed with KBr powder in a roughly 1:1 ratio by volume in a mortar and pestle until homogenized. 10–20 μL of radical solution (20 mM TEKPol in 4:1 TCE:CDCl3 solution) was added to the sample and ground until fully wetted. Samples were immediately packed into 3.2 mm sapphire rotors. Si spacers were used to protect the samples from moisture and oxygen. Electron paramagnetic resonance (EPR) spectroscopy was recorded on a Bruker EMXnano benchtop EPR spectrometer to measure the concentration of TEKPol in the solution after integration with the sample (Figure S2). Sample masses, volumes of radical solution used, and EPR results are available in Table S1. All experiments were performed at 11.1 kHz magic-angle spinning (MAS) frequency, except for the 1 cycle LP30 sample which was spun at 10 kHz. DNP NMR was recorded at probe sensor temperatures of 90-112 K. 1H → 13C cross polarization magic-angle spinning (CPMAS) DNP NMR experiments were performed using 13C B1 field of ~60 kHz and 1H field linearly ramped from 80 to 100% at the Hartmann-Hahn matching condition followed by 100 kHz SPINAL-64 decoupling on 1H. 1H → 13C CPMAS spectra were recorded with microwaves on and microwaves off to calculate signal enhancements from DNP. At 9.4 T, we find that ε ~38 (Figure S3), whereas ε ~6 at 14.1 T.



Solid-State NMR

SSNMR experiments were performed at room temperature on a Bruker Avance NEO 600 MHz spectrometer equipped with a 1.6 mm HFXY MAS Phoenix probehead. The cathode material was extracted and dried as described in the previous section, either in the discharged state at 2.0 V or the charged state at 4.6 V. Each sample was mixed with KBr powder in a roughly 1:1 ratio by volume in a mortar and pestle until homogenized, then packed into a 1.6 mm o.d. ZrO2 rotor in an Ar-filled glovebox. All experiments were performed at 18 kHz MAS frequency. 1H → 13C CPMAS and 19F → 13C CPMAS experiments were performed using 13C B1 field of ~60 kHz and 1H (or 19F, respectively) field linearly ramped from 90 to 100% at the Hartmann-Hahn matching condition of ~60 kHz and high power 1H decoupling with TPPM for both experiments. 19F spin echo spectra were collected using a rotor-synchronized spin-echo pulse sequence (90°—τ—180°—τ—acquire, with τ set to 2 rotor periods).




RESULTS AND DISCUSSION


Capacity and Voltage Fade During Galvanostatic Cycling of Li2RuO3

Characteristic charge/discharge plots for the 2nd and 20th cycles of Li2RuO3|Li batteries cycled in LP30 are shown in Figure 1. The delithiation/lithiation behavior of Li2RuO3 has been studied extensively to determine structure-performance relationships in Li-excess cathodes (e.g., the role of TM migration and oxygen loss) because it contains a simple redox couple (where Ru4+ is oxidized to Ru5+ upon charge) (Sathiya et al., 2013; Mori et al., 2016; Zheng et al., 2019). At early charge cycles (Figure 1, purple line), two prominent plateaus are observed at 3.42 and 3.65 V, representing two separate phase transformations that occur during removal of the first lithium (Li2−xRuO3 where x = 1) (Zheng et al., 2019). By the end of the second plateau, ex situ diffraction, X-ray scattering, and density functional theory (DFT) indicate that the C2/c crystallographic structure rearranges into a R[image: image] intermediate phase for LiRuO3 (Sathiya et al., 2013, 2015; Mori et al., 2016; Zheng et al., 2019). Upon further charging, a third sloped plateau is observed at 4.30 V which signifies local reordering of the R[image: image] intermediate phase to a Li-deficient rhombohedral phase (Mori et al., 2016; Zheng et al., 2019). Beyond 4.30 V, Ru migration and oxygen redox/evolution may occur to compensate charge on the now undercoordinated oxygen (Sathiya et al., 2013; Mori et al., 2016; Zheng et al., 2019). The structural transitions that follow in the discharge process are distinct from that of the charge process; the plateau at approximately 3.30 V represents the reduction of Ru5+ to Ru4+ and corresponds to a single-phase transition between the reordered Li2RuO3 (C2/c, post-TM migration) and LiRuO3 (R[image: image], post-TM migration) (Mori et al., 2016; Zheng et al., 2019). Upon subsequent charge/discharge, the voltage plateaus subside such that the shape of the voltage profile is more consistent cycle-to-cycle, indicating lithium insertion/removal is reversible in these structures (Sathiya et al., 2013; Zheng et al., 2019). By the 20th cycle, voltage fade and capacity decline are evident (Figure 1, black line) and continue to worsen with cycle number (Figure S4). This gradual performance loss is attributed to the accumulation of Ru cations in the Li layers of the cathode (Sathiya et al., 2015; Zheng et al., 2019) and/or accumulation of electrolyte decomposition products on the cathode surface (Zhang et al., 2002b, 2006; Gauthier et al., 2015).
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FIGURE 1. Characteristic charge/discharge curves for a Li2RuO3|Li cell cycled in LP30 at C/30. Cycle 2 and cycle 20 are shown to emphasize the capacity/voltage fade that occurs during cycling. Specific capacity as a function of cycle number is shown in Figure S4.




NMR Characterization of the CEI Composition

A combination of SSNMR and DNP NMR was used to identify the structure and composition of the CEI that forms on Li2RuO3 cathodes. Figure 2 shows a comparison of 1H → 13C CPMAS NMR of the CEI on Li2RuO3 in the discharged state (at 2.0 V) after 27 cycles collected under DNP conditions (Figure 2A, black) and conventional SSNMR (Figure 2B, blue). The most striking feature from these spectra is that the signal-to-noise ratio (SNR) in the DNP NMR is significantly improved compared to conventional SSNMR as a result of the DNP enhancement for surface species (ε ~38 at 9.4 T, Figure S3). Both spectra show nearly identical resonances (N.B. small changes in shift between the two spectra may arise because DNP NMR is performed at cryogenic temperatures) with DNP NMR showing minor peaks at 98, 148, and 173 ppm not observed in conventional SSNMR due to the lower SNR.
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FIGURE 2. 1H→13C CPMAS DNP NMR (A, black) and SSNMR (B, blue) of the CEI on Li2RuO3 cycled against Li in LP30 at C/10 and disassembled at the end of the 27th cycle (at discharge, 2.0 V). SSNMR (blue) was collected at 14.1 T at room temperature. DNP NMR (black) was recorded at 9.4 T at 92 K. Gray shading is used to label peaks in the ROCO2R′ region as well as to label regions where the temperature change caused slight shifts in peak centers between the DNP and SSNMR spectra. *denotes spinning sidebands.


Analysis of the 1H → 13C CPMAS NMR spectra indicates that the CEI on Li2RuO3 contains several electrolyte decomposition products commonly found in the SEI. The 13C resonances in the carbonyl region can be assigned to Li acetate at 173 ppm and Li alkyl carbonates/polycarbonates at 160 ppm (Leskes et al., 2017). The 13C resonance at ~68 ppm is consistent with PEO-type fragments in the CEI, which is also a prominent component of the SEI on the anode side of the battery (Edström et al., 2004; Gireaud et al., 2006; Leskes et al., 2017; Jin et al., 2018). The low intensity 13C peak at 148 ppm is assigned to alkyl carbonate environments (e.g., ROCO2R′) formed from carbonate solvent decomposition (Schechter et al., 1999; Dedryvère et al., 2005; Leifer et al., 2011; Michan et al., 2016). The 13C resonance observed at approximately 98 ppm is assigned to an acetal carbon (RCH(OR′)2) moiety, prominently observed on the anode in the presence of FEC additive (Jin et al., 2018). Here, acetal decomposition products are observed in the CEI on Li2RuO3 both with and without FEC (Figures S10–S12). Acetal carbons have previously been attributed to the reductive decomposition of the carbonyl in carbonate-based electrolytes and additives (Leifer et al., 2011; Michan et al., 2016; Jin et al., 2018) and we hypothesize that they migrate to the cathode side of the battery during discharge (vide infra). The 13C NMR also shows two additional resonances at 121 ppm and 43 ppm, not usually observed in binder-free characterization of the SEI, that we assign to the PVDF in the cathode composite (see Figures S5–S7 for further discussion on this assignment).

To further explore the surface enhancement provided by DNP, we examined the CEI present on Li2RuO3 cathodes after a single charge/discharge cycle with two-dimensional (2D) 1H → 13C heteronuclear correlation (HETCOR) DNP NMR (Figure 3). Figure 3 shows the remarkable sensitivity and in-depth structural assignments that can be obtained from 2D DNP NMR analyses of Li2RuO3 cathode materials when the CEI is still expected to be very thin (a few nanometers). The 1H → 13C HETCOR results confirm our above assignments of PEO, Li acetate, and carbonates in the CEI. The 13C resonance at ~68 ppm has a corresponding 1H crosspeak at 3.68 ppm, which is consistent with the -(CH2CH2O)n- fragments found in PEO (Michan et al., 2016; Leskes et al., 2017). Both the alkyl carbonates and lithium acetate species show characteristic correlations that we would expect for these individual species (13C ~160 ppm, 1H ~3.62 ppm and 13C ~173 ppm, 1H ~4.67 ppm, respectively) (Michan et al., 2016; Jin et al., 2017; Leskes et al., 2017). The peaks at 98 ppm and 148 ppm seen in Figure 2 are not visible in the HETCOR due to the low SNR in those regions. In the aliphatic portion of the spectrum (~30–50 ppm), we see two cross peaks between 13C and 1H. The 13C resonance at 32 ppm exhibits a 1H crosspeak at 1.21 ppm and can be assigned to a RCH2R'-type species, such as lithium butylene dicarbonate (LBDC) (Michan et al., 2016). The crosspeak for 13C at 43 ppm and 1H at 1.34 ppm is consistent with RCFx groups in PVDF binder (Montina et al., 2012). Further scrutiny of the 1H → 13C HETCOR data reveals that the 13C resonance at ~121 ppm shows a 1H crosspeak with a center of mass at ~5.87 ppm, which is consistent with the hydrocarbons adjacent to CFx moeities in PVDF (Montina et al., 2012). Overall, this HETCOR spectrum confirms that after just one cycle, a multicomponent CEI forms containing PEO-type polymers, alkyl carbonates, and Li salts.
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FIGURE 3. Two-dimensional (2D) 1H→13C heteronuclear correlation (HETCOR) DNP NMR of Li2RuO3 cycled against Li in LP30 at C/10 and disassembled at the end of the 1st charge/discharge cycle at 2.0 V.


Similar to the organic CEI, the inorganic CEI contains electrolyte decomposition products that have previously been observed on the anode side of the battery. Figure S7 shows 19F SSNMR of Li2RuO3 after electrochemical cycling in LP30. The most intense 19F resonances are a doublet at −73 ppm that is assigned to residual [image: image] salt and a 19F resonance at −203 ppm that is assigned to LiF that arises from the decomposition of LiPF6.



CEI Dependence on State of Charge and CEI/SEI Crosstalk

To understand the formation of the CEI, we performed NMR analyses as a function of state of charge and cycle number (Figure 4); we will discuss the latter first. When comparing the molecular species that are present in the CEI after the first cycle and many cycles (27 cycles for cells disassembled at 2.0 V and 100 cycles for cells disassembled at 4.6 V), we see that the chemical composition of the CEI remains relatively constant for a given state of charge (i.e., the species present within Figure 4A are similar to one another; likewise for Figure 4B). The presence of PVDF on the surface of Li2RuO3 cathodes allows us to perform a semi-quantitative analysis of the voltage-dependence of the CEI composition by comparing the relative intensities in Figure 4. For example, after the first charge cycle (Figure 4A, bottom), a small shoulder next to the solvent peak at ~68 ppm indicates that PEO from EC decomposition deposits on the cathode surface. Peak fitting of this spectrum shows a ratio of PEO:PVDF equal to 0.28 (see Table S2 for tabulated peak integrals). After 100 cycles, this PEO resonance persists and is present in similar quantities with a ratio of PEO:PVDF equal to 0.29. Similarly, the PEO:PVDF ratio in the discharged state is consistent across cycle number: approximately 2.2 after 1 cycle and 2.0 after 27 cycles. Resonances assigned to Li alkyl carbonates (148 and 160 ppm), LBDC (32 ppm), cross-linking acetal carbons (98 ppm), and Li acetate (173 ppm) are consistently observed in cells disassembled at 2.0 V from the first cycle onward (Figure 4B). The buildup of CEI products on the first charge/discharge cycle at high operating potentials is consistent with work from Komaba and coworkers that show O2 released upon charge from cathode degradation can be reduced to reactive oxygen species, e.g., O2−, around 3.0 V (Yabuuchi et al., 2011). On discharge, these species can react with the carbonate electrolyte and deposit on the cathode surface (Yabuuchi et al., 2011), indicating that cathode degradation is at least partly responsible for interphase formation.
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FIGURE 4. 1H→13C CPMAS SSNMR and DNP NMR spectra of the CEI on Li2RuO3 at different states of charge and cycle number. The cells shown in (A) were disassembled in the charged state at 4.6 V after a single charge (blue, bottom left, DNP NMR at 14.1 T at 100 K) and 100 cycles (black, top left, SSNMR at 14.1 T, room temperature). The cells shown in (B) were disassembled in the discharged state at 2.0 V after one charge/discharge cycle (blue, bottom right, DNP NMR at 9.4 T at 92 K) and 27 cycles (black, top right, DNP NMR at 9.4 T at 92 K). All samples were cycled in LP30 against Li metal at a rate of C/10. The gray rectangle in (B) is used to label peaks at 148 ppm and 160 ppm in the ROCO2R′ region. *denotes spinning sidebands.


The differences observed in CEI composition between charge and discharge suggest that a substantial amount of the CEI is stripped off during charge, likely due to anode-cathode crosstalk. For example, the PEO:PVDF ratio in the discharged state significantly decreases from ~2 in the discharged state to ~0.29 in the charged state. Similarly, Li acetate, acetal carbon moieties, and Li carbonate species are absent in the charged state (Figure 4A), although they were clearly present at the end of discharge (Figure 4B). The lack of Li salts and some PEO in the CEI on charge indicates that upon delithiation, these CEI compounds solvate Li ions when traveling to the anode side of the battery. These species are subsequently re-deposited on the cathode surface during the next discharge step (Figure 4B). The phenomenon of migration and crosstalk between the anode and the cathode has been shown by several groups (Cuisinier et al., 2013; Zhan et al., 2013; Fang et al., 2018; Harris et al., 2018; Källquist et al., 2019). For example, Hamers and coworkers observed migration of species from the SEI on graphite to the CEI on NMC during cycling (Fang et al., 2018). Yet no evidence of CEI formation on NMC was observed when cycled against higher voltage anodes, such as Li titanate (LTO), supporting the hypothesis that many SEI species only form at lower voltages (Fang et al., 2018). The lack of CEI in NMC|LTO cells led to the hypothesis that CEI formation may rely on electrolyte degradation at low voltage (because very little would occur in LTO-containing cells) and anode-cathode crosstalk, rather than cathode degradation-driven processes that can occur at higher voltages. However, analysis of Li2RuO3 cathodes after just a single charge to 4.6 V show the deposition of PEO (Figure 4A), suggesting that the structural rearrangements that occur in less stable Li-rich cathode materials may lead to unique CEI formation mechanisms that act in parallel with anode-cathode crosstalk. In support of cathode degradation contributing to the CEI, Dupré and coworkers studying LiFePO4|LTO cells found that a composite inorganic/organic CEI formed despite cycling against these “SEI-free” anodes (Castaing et al., 2015). Further, the stripping and deposition of the CEI that we observe during delithiation/lithiation is consistent with XPS measurements by Hahlin and coworkers, where they observe CEI thickening upon discharge of Li2VO2F cathodes (Källquist et al., 2019). They suggest this CEI thickening at discharge is correlated with phase changes at the surface of the electrode that migrate to the electrode bulk upon further (de)lithiation (Källquist et al., 2019). The coupling of bulk electrode degradation and interfacial instability was correlated with a continual loss of capacity during electrochemical cycling (Källquist et al., 2019), and is likely partially responsible for the capacity fade observed in Li2RuO3 as well.

Upon extended cycling of Li2RuO3, the capacity gradually fades (i.e., Figure S13C shows a discharge capacity loss of 87% after 100 cycles). EIS results (Table S3, Figures S8, S9) show that the interfacial resistance (RCEI) increases when measured in the discharged state (2.0 V) compared to the charged state (4.6 V), which is correlated with the CEI growth that we detect with NMR spectroscopy (Figure 4). This phenomenon has been documented in other EIS work on cathode materials (Zhang et al., 2002a; Nagao et al., 2019) and attributed to CEI dissolution at high voltages/deposition at low voltages (Zhang et al., 2002b). Our NMR analyses of Li2RuO3 cathodes provides molecular-scale evidence supporting this theory. More specifically, our results suggest there may be an increase in interfacial resistance at the discharged state due to deposition of Li salts/short chain PEO at low voltages. In addition, we also observe that certain species, like PEO, persist in the CEI from the first charge onwards, regardless of cycle number or state-of-charge. Similarly, LiF is present on the cathode in both the charged and discharged state and does not appear to depend greatly on state of charge (Figure S7). We hypothesize that the PEO observed on the cathode surface during charge is likely longer-chain PEO compounds, which could explain why some PEO (likely short-chain) is removed during charge but not all. The crystallinity, quantity, and arrangement of PEO and Li salts on the surface of Li2RuO3, in addition to the charge-dependent CEI stripping/deposition, may be correlated with cycling performance of Li ion batteries. Crosstalk between electrode interphases may negatively impact battery performance by promoting thickening of the anodic SEI over extended cycling, which leads to reduced ion transport at the negative electrode (Burns et al., 2013). It remains unclear if the CEI of this material is deposited evenly such that it acts as a passivating layer or if the CEI deposits unevenly on the surface, welcoming parasitic attacks (Cuisinier et al., 2013). An uneven or fluxional CEI may leave the electrode surface vulnerable to opportunistic degradation of the cathode surface, such as HF reacting with the surface to form insulating species like LiF, and ultimately lead to performance degradation (Hong et al., 2012).




CONCLUSIONS

The high surface sensitivity and chemical resolution afforded by DNP and SSNMR techniques have allowed structural assignment of the chemical species (e.g., PEO, Li salts, carbonates, and LiF) present in the CEI on Li2RuO3 cathodes after a single charge/discharge cycle and at different stages of the charge/discharge process. These findings provide the framework necessary to correlate well-documented voltage-dependent cathode degradation processes to specific molecular compounds in both the anode- and cathode-electrolyte interphases. Reversible deposition and stripping of Li salts/short-chain PEO in the CEI during anode-cathode crosstalk suggests that these species may play an important role in controlling interfacial resistance and Li+ transport through the battery during charge/discharge. Instability in the CEI paired with the accumulation of poor ionic conductors (e.g., LiF and high molecular weight PEO) in the CEI may contribute to performance degradation over time in Li-excess cathode materials. Future work examining the molecular-level evolution of the CEI during electrochemical cycling will play a key role in understanding and controlling Li+ ion conduction through this interphase and enabling next generation cathode materials.
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In this work, polyacrylonitrile (PAN) nanofiber mats coated with conductive polypyrrole layers were produced at the surface of gold electrodes by a two-step approach combining electrospinning and vapor phase polymerization. In the first step, smooth and uniform PAN fibers exhibiting an average diameter of 650 ± 10 nm were generated through electrospinning of 12 wt% PAN solutions. The electrospun PAN fibers were impregnated with iron(III)tosylate (FeTos), annealed at 70°C and used as a robust and stable template for the growth of a thin layer of conductive polymer by co-polymerizing pyrrole (Py) and pyrrole-3-carboyxylic acid (Py3COOH) vapors under nitrogen atmosphere. The carboxyl groups introduced in polypyrrole coatings enabled further covalent binding of a model enzyme, glucose oxidase. The effect of different parameters (concentration of FeTos into the immersion solution, time of polymerization, Py/Py3COOH molar ratio) on the PAN/PPy/PPy3COOH/GOx impedimetric biosensor response was investigated. In the best conditions tested (immersion of the PAN fibers into 20 wt% FeTos solution, polymerization time: 30 min, 1:2 Py/Py3COOH ratio), the biosensor response was linear in a wide range of glucose concentration (20 nM−2μM) and selective toward ascorbic and uric acids. A very low limit of detection (2 nM) compared to those already reported in the literature was achieved. This value enables the determination of glucose in human serum after a large dilution of the sample (normal concentrations: 3.6 mM−6.1 mM range).

Keywords: core-shell nanofibers, electrospinning, vapor phase polymerization, polyacrylonitrile, polypyrrole, glucose oxidase, impedimetric biosensor


INTRODUCTION

Among the various intrinsically conducting1 polymers (ICPs) prepared to date, polypyrrole (PPy) is one of the most widely used in biosensing applications, owing to its biocompatibility, high hydrophilic character, high stability at ambient conditions and ease of synthesis (Inzelt, 2018). The polymer can be combined with nanomaterials to provide enhanced properties or functions (Jain et al., 2017; Naveen et al., 2017; Naseri et al., 2018; Wang et al., 2018). In conventional electrochemical biosensors, PPy is grown as thin films onto an electrode surface via oxidative electropolymerization. Biosensing molecules, e.g., enzymes, are immobilized by direct adsorption on the polymer, cross-linking or chemical grafting on functional PPy, e.g., poly(3-carboxyle pyrrole). In a second strategy, enzymes are entrapped within the film in a simple one-step procedure performed under mild conditions thereby preserving enzyme activity. This approach also helps preventing enzymes from leaching out of the biosensing membrane. However, the enzymes are embedded in the polymeric matrix, which limits their accessibility to the substrate. Grafting the biomolecules at the electrode surface improves the accessibility.

In recent years, there have been a growing interest in developing PPy nanostructures (e.g., nanospheres, nanowires, nanocapsules, nanotubes, nanofibers,…) for sensors and biosensors applications. The structures, arranged in a more or less organized way at the electrode surface, offer smaller dimensions, larger specific surface areas and higher reactivity compared to thin films. Biomolecules loading, interaction processes and mass transfer kinetics are significantly improved, conferring enhanced sensitivity and response time to the biosensors (Xia et al., 2010; Yoon, 2013; Nguyen and Yoon, 2016; Park et al., 2016). The synthesis of PPy nanostructures may be accomplished through hard-template, soft-template or physical methods (Xia et al., 2010). Among the physical approaches, electrospinning enables for the rapid and easy generation of long, continuous nanofibers (NFs) directly on electrode surfaces without the need of post-treatment processes (Sapountzi et al., 2017). In a general way, ICPs are too stiff to be electrospun directly. Blending with a carrier polymer is usually required to improve the spinability of ICPs, to the detriment of the conductive properties of resulting NFs (Sapountzi et al., 2017; Migliorini et al., 2018). Thus, an alternative can be used to produce conductive NF mats, in which electrospun fibers of a non-conducting polymer, e.g., polyacrylonitrile (PAN) (Laforgue and Robitaille, 2010a; Ekabutr et al., 2013; Liu et al., 2016; Cetin and Camurluz, 2017), poly(ε-caprolactone) (PCL) (Guler et al., 2015), polyamide 6 (PA6) (Granato et al., 2009; Wang et al., 2013), polystyrene (PS) (Nair et al., 2008; Wang et al., 2012), or polyethyleneoxide (PEO) (Nair et al., 2005), serve as a template for ICP growth. Coating of the non-conductive backbone NFs with CP such as PPy can be achieved by electropolymerization (Wang et al., 2013) or by chemical polymerization, starting from Py monomer in solution (Guler et al., 2015; Liu et al., 2016) or in vapor form (Nair et al., 2005, 2008; Granato et al., 2009; Laforgue and Robitaille, 2010a; Wang et al., 2012; Ekabutr et al., 2013; Cetin and Camurluz, 2017).

Herein, we propose an original and efficient electroactive platform for electrochemical biosensing, based on conducting core-shell NFs produced by the combination of electrospinning and vapor phase polymerization (VPP) process. To do so, PAN, a well-studied polymer with good stability and mechanical properties, was electrospun to fabricate PAN NFs (Nataraj et al., 2012). These NFs were used as backbone non-conductive structure (core fibers), whilst facilitating the growth of PPy based coatings onto their surface. Py polymerization was performed chemically after immersion of PAN fibers into an oxidative iron(III)tosylate (FeTos) solution. Glucose oxidase (GOx) and electrochemical impedance spectroscopy were used respectively as model sensing enzyme and transduction mode to evaluate biosensing capacities of the plaform. In order to secure GOx immobilization, the enzyme was covalently bound to carboxyle groups introduced in the polypyrrole coating by copolymerizing pyrrole-3-carboyxylic acid (Py3COOH) with Py. Carboxylated PPy are excellent candidates for electrochemical biosensors because they offer suitable interface for covalent grafting of biomolecules, which results in good stability and high immobilization density. They have been studied, mostly as thin films and only by a few research groups, for the development of immunosensors (Puri et al., 2014; Iordanescu et al., 2018) or aptasensors (Jun et al., 2014; Sheikhzadeh et al., 2016). Kausaite-Minkstimiene et al. recently proposed amperometric glucose biosensors based on GOx immobilized on PPyCOOH particles and PPyCOOH particles/gold nanoparticles composites (Kausaite-Minkstimiene et al., 2018, 2020). Only two enzyme biosensors have been reported for glucose detection based on NFs and pure PPy coating, GOx being adsorbed or cross-linked at the conducting NFs surface (Ekabutr et al., 2013; Cetin and Camurluz, 2017). To the best of our knowledge, this is the first report of an enzyme biosensor where sensing biomolecules are conjugated with carboxylated Py-coated NFs prepared by combining electrospinning and VPP of Py/Py3COOH mixtures.



MATERIALS AND METHODS


Reagents

Polyacrylonitrile (PAN, average Mw:150000), Fe(III) p-toluenesulfonate hexahydrate, (FeTos, technical grade), 1-butanol (ButOH, 99.5%), acetonitrile (ACN, 99%), N,N-dimethylformamide, (DMF, 99.8%), glutaraldehyde (GA, 25 wt% aqueous solution), N-hydroxysuccinimide (NHS, 98%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, crystalline), pyrrole-3-carboxylic acid (Py3COOH, >96%), pyrrole (Py, 98%), D-(+)-glucose (>99.5%) and lyophilized glucose oxidase (GOx, type X-S, from Aspergillus niger, 100-250 kU/g solid) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Prior to use, Py was purified by distillation over calcium hydride under reduced pressure. Phosphate buffer saline solutions (PBS, pH 7.2, 0.1M) were prepared from monopotassic and dipotassic phosphate salts, sodium and potassium chlorides from Sigma Aldrich.



Preparation of the Working Electrodes

One cm2 square gold electrodes (300-nm gold/30-nm titanium on silicon substrate) were used as working electrodes. They were fabricated by the Laboratory of Analysis and Architecture of Systems (LAAS, Toulouse, member of the French RENATECH network) using standard silicon technologies. Before modification, the gold electrodes were cleaned in an ultrasonic bath for 10 min in acetone and dried under a N2 flow, then dipped for 2 min at room temperature into a H2O2:H2SO4 (3:7 v/v) piranha solution and rinsed with ethanol. Between and after these treatments, the gold electrodes were rinsed thoroughly with ultrapure water.



Preparation of Electrospun Solutions
 
PAN Solutions

For the fabrication of PAN NFs, 7, 12, and 18 wt% PAN solutions were prepared by dissolving adequate amounts of PAN powder into DMF at 80°C for 3 h under magnetic stirring. The solutions were cooled down to room temperature before use.



PAN/FeTos Suspensions

For the fabrication of PAN/FeTos NFs, a 15 wt% PAN solution was prepared by dissolving PAN powder into DMF at 80°C for 5 h under magnetic stirring. Three different FeTos solutions (12, 20 and 40 wt% in DMF) were also prepared and added to the PAN solution individually. The resulting PAN/FeTos solutions were heated at 80°C for 3 h under magnetic stirring. Different mass ratios of the PAN and FeTos solutions (1:1, 1:2, 2:1 and 3:1, respectively) were tested for each concentration of the oxidant.




Electrospinning

NFs were fabricated using a home-made electrospinning device. The spinneret was made of a glass syringe equipped with a luer lock port to connect blunt-end needles. To control the feed rate of the polymer solution with no induced fluctuations, a pneumatic jack driven by an electro-pneumatic regulator (ITV 1030, SMC) and controlled through a LabView interface was used. The electrical field was produced by a high voltage power supply (Spellman CZE1000R) delivering up to 30 kV.

PAN and PAN/FeTos solutions were loaded immediately after preparation into a glass syringe fitted with a stainless needle (0.644 mm I.D.), the cleaned working gold electrodes were placed on the collector inside the ES chamber and fibers were spun at room temperature (23 ± 2°C). The nanofibers were directly deposited on the surface of the gold electrodes. Electrospinning parameters (e.g., applied voltage, feed rate and collection distance) ranging from 8 to 22 kV for the applied voltage, 9 to 23 cm for the tip-to-collector distance and 1–3 mL/h for the polymer flow rate, were adjusted to limit bead formation.



VPP Process

The PAN NFs coated electrodes were dipped into an oxidant FeTos solution (12, 20, or 40 wt% in ButOH). Spincoating for 20 s at 3000 rpm allowed removing the excess of FeTos. The FeTos-impregnated NFs were then annealed for 5 min in air at 70°C on a hot plate and introduced in a reactor containing the liquid monomer(s) (Py, Py3COOH, or a mixture of both). The monomer(s) vapors, generated by bubbling nitrogen into the solution, polymerized when they came in contact with the FeTos-impregnated NFs, producing a conductive polymer coating doped with tosylate anions at the electrode surface (Figure 1).


[image: Figure 1]
FIGURE 1. VPP coating process.


In the PPy (resp. PPy3COOH) coating procedure, a 0.05M Py (resp. Py3COOH) solution was prepared by appropriate dilution of the monomer in acetonitrile and placed into the reactor. In the PPy/PPy3COOH coating procedures, the Py solution was mixed with a 0.05 M or 0.1 M PPy3COOH solution prepared in acetonitrile and allowed to evaporate. The polymerization time for PPy and PPy/PP3COOH mixtures were set at 15 and 30 min, respectively. After polymerization, the PAN/FeTos/PPy and PAN/FeTos/PPy/PPy3COOH NFs were removed from the reactor and left in ambient atmosphere for 4–5 h to ensure complete evaporation of Py and Py/Py3COOH vapors. They were then ultrasonicated for 1 min, rinsed with H2O/MeOH mixture (1:1 v:v) for 10 min and dried under N2 at room temperature.



Immobilization of GOx
 
Immobilization on PPy Coated PAN NFs

One hundred μL of a mixture containing 5 mg of GOx and 5 mg of BSA were prepared in phosphate buffer (20 mM, pH 7.2). From this mixture, 20 μL were deposited onto the PAN/PPy modified gold electrode surface by spin coating for 15 s at 500 rpm and then for 15 s at 1,000 rpm. Then, the electrodes were exposed to GA saturated vapors for 30 min. GA allows the cross-linking of GOx and BSA. BSA, a lysine-rich protein with no enzymatic activity, was used as cross-linking co-reagent to help forming enzyme immobilization matrices and protect the enzyme from excessive reaction with GA, which might have compromised its activity (Barbosa et al., 2014). Finally, the biomembranes formed on top of the electrodes were dried at room temperature for 1 h and kept dry overnight at 4°C.



Covalent Immobilization of GOx Onto PPy/PPy3 COOH Coated PAN NFs

One hundred mM stock solutions of EDC and NHS were prepared by dissolving respectively 1.9 mg EDC and 1.2 mg NHS in 100 μL of PBS. Subsequently, the two solutions were mixed together and diluted to achieve a final solution containing 10 mM of both reagents. The gold electrodes modified with PAN/PPy/PPy3COOH NFs were immediately immersed into the EDC/NHS mixture for 1 h. Afterwards, the activated surface of the PAN/PPy/PPy3COOH NFs surface was washed 3 times with distilled H2O to remove the excess of unreacted EDC/NHS. Finally, the modified working electrodes were immersed into the enzyme solution (10 mg GOx in 300 μL of 5 mM phosphate buffer, pH 7.2) for 2 h at room temperature, washed with distilled H2O and immediately used for electrochemical measurements.




Electrochemical Measurements

Characterizations by electrochemical impedance spectroscopy (EIS) were all performed at room temperature with a Voltalab 80 PGZ 402 analyzer (Hach Lange, France) using a 5 mL glass cell placed into a Faraday cage. The electrochemical cell was equipped with three electrodes, including the NFs modified gold working electrode (active surface: 0.07 cm2), a Ag/AgCl reference electrode and a Pt plate counter electrode (active surface: 0.29 cm2). Active surfaces of the working and counter electrodes were delimited via o-ring seals used to fit the electrodes with the measurement cell.

The frequency was varied in the 100 mHz to 100 kHz range, acquiring 5 points per decade. An excitation voltage of 10 mV was superimposed on a dc potential of −300 mV vs. Ag/AgCl.

Biosensing experiments were performed by injecting small aliquots (typically 5–200 μL) of concentrated glucose solutions into the electrochemical cell containing either PAN/ PPy/GOx NFs or PAN/ PPy/PPy3COOH/GOx NFs modified electrodes and 0.1 M PBS pH 7.2 as electrolyte. The calibration curve was built in the 20 nM-2 μM glucose range by plotting Z'-Z'0 values obtained at 1.6 Hz vs. log[glucose], where Z' is the real part of the impedance signal and Z'0 refers to Z' value for [glucose] = 0. Three replicates were performed for each glucose concentration and related standard deviations were calculated.



Characterization of NFs Morphology

NF mats were characterized by transmission electron microscopy (TEM) using a Philips CM120 instrument operating at an accelerating voltage of 120 kV and by scanning electron microscopy (SEM) with a TESCAN MIRA3 FEG-SEM microscope after sample metallization (2 nm Pt or Cr).




RESULTS AND DISCUSSION


Fabrication of PAN Electrospun NFs

The influence of PAN concentration on NFs morphology was first investigated. Three concentrations, i.e., 7, 12, and 18 wt% of PAN, were tested. We observed that it was not possible to produce NFs at the lowest polymer concentration due to the insufficient viscosity of the solution for ES. Increasing PAN concentration from 7 up to 12 wt% helped solving this issue and pure fibers were generated. The 18 wt% PAN solutions appeared as hardly electrospinnable due to the very high viscosity that they exhibited. The 12 wt% concentration was therefore selected for further experiments. The influence of applied voltage (ranging from 8 to 22 kV), the tip-to-collector distance (9–23 cm) and the polymer flow rate (1–3 mL/h) on NFs morphology were further investigated. It was observed that when the applied voltage was fixed at 22 kV, the collection distance at 15 cm and the flow rate was set at 1 mL/h, the ES process was very stable and allowed the continuous production of very uniform PAN NFs, free of beads with an average diameter of 677 ± 20 nm (Figure 2). TEM images of the pure PAN NFs revealed a perfectly smooth fiber surface.


[image: Figure 2]
FIGURE 2. SEM (a) and TEM (b) images of electrospun PAN NFs formed by using an applied voltage of 22 kV, a polymer concentration of 12 wt%, flow rate of 1 mL/h and collection distance of 15 cm.




Fabrication of Oxidant PAN NFs

Two different routes were investigated to produce oxidant electrospun PAN NFs. In the first approach, fibers were generated by electrospinning mixtures of PAN and oxidant. In the second approach, pure PAN electrospun NFs used as backbone core fibers were first produced and then immersed into the oxidant solution. FeTos and FeCl3 are commonly used as oxidant, but Nair et al. (2008) showed that FeTos is more adequate than FeCl3 for further polymerization of Py, because it results in a more rapid growth and cristallinity of PPy, and therefore to higher conductivity.

In the first set of experiments where PAN/FeTos mixtures were electrospun, three polymer/oxidant blends were prepared by mixing equal masses of a PAN solution (12 wt% in DMF) and a FeTos solution containing 12, 20, or 40 wt% of oxidant in DMF. The mixtures exhibited insufficient viscosity for electrospinning but this issue could be overcome by increasing PAN concentration from 12 to 15 wt%.

Further electrospinning tests were carried out by varying the mass ratios (i.e., 1:1, 1:2, 2:1, and 3:1) of the 15 wt% PAN solution and the three FeTos solutions (12, 20, 40 wt% FeTos in DMF). Only the polymer/oxidant mixtures with 1:1 and 2:1 ratios exhibited the required viscosity whereas the viscosity of the solution by using 3:1 ratio became so high that after the addition of the polymer a gel formed at room temperature, leading to the solidification of the mixture. On the contrary, when a ratio of 1:2 was used, the viscosity of the resulting mixture was insufficient to obtain stable conditions for electrospinning.

Electrospinning of all the 1:1 mixtures, regardless of FeTos concentration, resulted in the production of PAN/FeTos NFs exhibiting the characteristic yellow/orange color of FeIII salts. However, it was hard to achieve highly stable jets and control all the parameters in order to deposit the NFs regularly onto the gold surface. Above 15 kV, sparks creation made the process impossible. This result may be attributed to the electrical conductivity of FeTos solutions (σ = 0.52 mS/cm for 40 wt% salt content, from Laforgue and Robitaille, 2010b). So, in order not to compromise the reproducibility of the glucose sensor, it was preferred to produce pure PAN NFs and then immerse them into the oxidant solution.



Fabrication of PPy and PPy3COOH Coated PAN NFs

Using this approach, PAN electrospun NFs were produced in the optimal conditions defined above and immersed in FeTos solutions (12, 20, or 40 wt%). The excess of oxidant was removed by centrifugation using a spincoater and, after annealing at 70°C, the VPP process was initiated. First experiments were carried out by evaporating solutions of pure monomers (0.05 M of Py or PPy3COOH).

Uncoated PAN NFs exhibited a white color (Figure S1A), whereas PAN NFs immersed in FeTos solution and annealed at 70°C, exhibited the characteristic yellow/orange color of the oxidant solution (Figure S1B). PAN NFs successfully coated with PPy or PPy3COOH displayed a black color, characteristic of the presence of the polymers (Figure S1C).


PPy Coated PAN NFs

Whatever the concentration of FeTos solution tested, Py polymerized rapidly at ambient temperature. The characteristic black color of PPy could be detected within a few minutes only. The whole membrane looked very uniform, without any color variations and physical defects.


SEM characterization of PPy coated PAN NFs

Figures 3a–c shows typical SEM images of PAN/PPy NFs produced by VPP process after immersion of the PAN NFs into 12, 20, and 40 wt% FeTos solutions, respectively. The images reveal the presence of FeTos crystals within the interfiber porosity of the mats, the amount of which increasing upon increasing the concentration of the oxidant solution. This could not be attributed only to FeTos concentration in itself, but also to the highest viscosity of the solution that prevented an efficient removal of the excess of oxidant from the mat during the spincoating process. In order to restore the porosity of the mats and then favor further contact with sample solutions, different speed rates ranging from 0 to 3,000 rpm were tested during the spincoating process. It was found that removal was maximal at 3,000 rpm but remained partial. Thus, an additional cleaning step was necessary. Different solvents were tested including distilled H2O, pure methanol, ethanol and a mixture of H2O/methanol (1:1) which was found to be the most efficient. Simply rinsing the modified electrodes was not sufficient to remove the totality of FeTos crystals, so the PAN/PPy NFs modified gold electrodes were first placed into an ultrasonic bath. The sonication time was varied from 0 to 3 min. For sonication times <1 min, the removal of unreacted FeTos was incomplete, independently of oxidant concentration, and for sonication times higher than 3 min, partial removal of the fibers themselves was observed. Thus, optimum conditions were found at ultrasonication time of 1 min followed by rinsing with H2O/MeOH.


[image: Figure 3]
FIGURE 3. SEM images of PAN NFs covered with PPy coatings before (a–c) and after (d–f) the cleaning step. The PAN NFs mats were immersed in FeTos 12 wt% (a,d), 20 wt% (b,e) or 40 wt% (c,f), respectively, before VPP process. Scale bars represent 5 μm.


SEM images presented in Figures 3d–f confirm the total elimination of crystallized FeTos salts when FeTos solutions of 12 and 20 wt% are used. The successful removal of FeTos salts after rinsing NFs with methanol has been also reported and confirmed by X-ray diffraction analysis by some authors (Laforgue and Robitaille, 2010b). At the 40 wt% concentration (Figure 3f), only partial removal of FeTos crystals was achieved, also confirming some previous results reported in the literature (Laforgue and Robitaille, 2010a). Thus, this concentration was not tested in further experiments.

SEM images also confirmed the successful polymerization of Py on the PAN NFs surface. The formation of typical cauliflower shaped PPy nanostructures was observed and a complete coverage of the surface was achieved after 15 min of polymerization, independently of FeTos concentration (Figure 4).


[image: Figure 4]
FIGURE 4. SEM images of PAN NFs coated with PPy after exposure to Py vapors for 15 min in ambient conditions. 20 wt% FeTos.




Electrochemical characterization of PPy coated PAN NFs

EIS technique was further employed to evaluate the electrochemical properties of gold electrodes modified with PAN/PPy NFs upon increasing concentration of the oxidant solution. EIS is a label-free, sensitive and non-destructive technique particularly well suited to characterize the electrical properties of electrode/electrolyte interfaces and investigate biological events, e.g., enzyme reactions, occurring at the modified electrode surfaces (Bahadir and Sezgintürk, 2016). In EIS technique, a small sinusoidal perturbation is applied to the modified electrode polarized at a constant potential. This enables for the acquisition of signals, which are linear in time and well suited for analytical purposes (Ramanavicius et al., 2014). EIS spectra were recorded in the 100 mHz to 100 kHz frequency range by applying an AC voltage of −300 mV vs. Ag/AgCl and 10 mV amplitude. Different potentials were tested in the −500 mV vs. Ag/AgCl to 500 mV vs. Ag/AgCl range. −300 mV vs. Ag/AgCl allowed minimizing the charge transfer resistance of the modified electrodes and this negative potential is also favorable to minimize some common interferences in serum samples, e.g., ascorbic and uric acids. It was therefore considered as the most appropriate for analytical application purpose.

The Nyquist plots of PAN NFs electrodes before and after coating with PPy (polymerization time: 15 min) are presented in Figure 5. Both spectra (12 and 20 wt% FeTos) exhibited a slightly distorted semi-circle. The charge transfer resistance of the NFs mat, directly related to the diameter of the semi-circle, was divided by a factor of about 10 and 20 by coating the fibers with PPy, and by increasing FeTos concentration from 12 to 20 wt%, respectively. The first result confirms that PPy acts as a good charge transferring agent. The second is consistent with the slight increase of the PPy layer thickness, as observed by SEM (data not shown). This may be also due to the presence of small quantities FeTOs salts, which were not totally removed by the washing step, this quantity increasing with initial FeTOs concentration. The Spectra recorded for the PAN/PPy NFs exhibited also a linear part in the low frequencies range, characteristic of diffusion-limited processes within the NFs mat.


[image: Figure 5]
FIGURE 5. Nyquist plots of impedance spectra obtained for gold electrodes modified with PAN NFs (A) and PAN/PPy (B). The PAN NFs were dipped into a 12 wt% (♦) or 20 wt% (□) FeTos solution, spin-coated and cleaned before reaction with 0.05 M Py vapor for 15 min. The EIS measurements were performed at −300 mV vs. Ag/AgCl in the presence of PBS solution by varying frequency in the 100 mHz to 100 kHz range.


We tried to model these impedance spectra as well as all the spectra presented in the following sections, using first the classical Randles model, and then some other more complex models, but fitting results were not totally satisfactory. As our main objective was to demonstrate the feasibility of our approach to develop operational biosensors using GOx as model enzyme, and not to find a suitable equivalent circuit able to describe the electrochemical system, we did not concentrate our efforts on modeling.

Experimental data at other potentials, such at 0 mV vs. Ag/AgCl, would be more informative for a better description of the system (Ramanavicius et al., 2014), but less interesting from an analytical application point-of-view.

After cross-linking GOx on the PPy coated NFs, glucose was injected at different concentrations. A large number of electrodes were tested, but in all cases Nyquist plots obtained at the different glucose concentrations were superimposed with the curve recorded before glucose injection.

After the removal of the working electrode from the electrochemical cell, the removal of the membrane containing the biomolecule of interest (GOx) was certified, whilst the PAN/PPy NFs were still well attached to the gold substrate. The first protocol tested for the production of PAN/PPy/GOx NFs modified electrodes was therefore not satisfying since it did not enable a firm attachment of the biological sensing membrane onto the fibers. This is why a second strategy of enzyme immobilization was investigated, which consisted in the covalent binding of GOx by incorporating functional carboxylic groups to the PPy coating. This was done by incorporating PP3C containing carboxylic groups in the conductive layer covering the PAN NFs.




PPy3COOH Coated NFs

Similar results were obtained by coating PAN NFs with PPy3COOH, except that longer polymerization times were required. The black characteristic color of the polymer coating started to appear only after 20 min, which may arise from slower evaporation and/or reaction processes.

Considering this difference in Py and Py3COOH evaporation/reaction rates, further experiments where the coating of PAN NFs with PPy/PPy3COOH composites was considered, were performed using polymerization times above 30 min.




Fabrication of Electrospun PAN NFs Coated With PPy/PPy3COOH Composites

In a first set of experiments, VPP step was carried out by using an acetonitrile solution containing an excess of Py monomer bearing carboxyle groups (2:1 Py3COOH/Py molar ratio) to favor subsequent grafting of the enzyme. 12 and 20 wt% FeTos concentrations were tested.

In all cases, the nanofibrous mat turned gray/black after 30 min polymerization time. The whole membrane looked very uniform, without any color variations and physical defects. SEM images revealed that PPy/PPy3COOH thin coating was grown onto the surface of oxidant PAN NFs and that all the coated NFs maintained their fibrous morphology after the cleaning step.

The electrochemical properties of the PAN/PPy/PPy3COOH NFs modified gold electrodes were further characterized by EIS in the same conditions as those used for PAN/PPy NFs.

Impedance measurements of PAN/PPy/PPy3COOH NFs modified electrodes revealed a 2-fold increase in the charge transfer resistance when compared to the PAN/PPy NFs modified electrodes fabricated under the same conditions (Figure 6). This result is consistent with previous works and may be attributed to the alteration of π-π conjugation in PPy films introduced by the COOH groups (Sheikhzadeh et al., 2016).


[image: Figure 6]
FIGURE 6. Nyquist plots of impedance spectra obtained for gold electrodes modified with PAN/PPy/PPy3COOH NFs. PAN NFs were dipped into 12wt% (♦) or 20 wt% (□) FeTos solutions and (1:2) Py/Py3COOH solutions were used for VPP (polymerization time: 30 min). The EIS measurements were performed at −300 mV vs. Ag/AgCl in the presence of PBS solution by varying frequency in the 100 mHz to 100 kHz range.


As the PAN/PPy/PPy3COOH NF mats prepared by immersing PAN NFs into the 20 wt% FeTos solution prior to VPP process were free of FeTos crystals and exhibited both a uniform coating and the lowest charge transfer resistance, they were chosen for further elaboration of the glucose biosensor.



Analytical Performances of the Glucose Biosensor

In order to study the influence of Py/Py3COOH molar ratio in the monomers solution on the final glucose biosensor response, different electrodes were prepared using pure Py3COOH, and 1:1 or 2:1 Py3COOH/Py mixtures. GOx was covalently bound to the NFs after activation of the PPy3COOH carboxyl groups. Each electrode was measured by EIS in PBS solution in presence of different glucose concentrations in the 20 nM−2μM range.

Glucose could not be detected, neither with the PAN/ PPy3COOH/GOx NFs nor with the PAN/PPy/PPy3COOH/GOx NFs produced from 1:1 PPy/PPy3COOH solutions. The first result may be attributed to the too high density of carboxyl groups present on the surface, which may hamper activation reaction and/or subsequent binding of a sufficient amount of enzymes. The same issue and/or a slower evaporation rate of the Py3COOH monomer compared to PPy may explain the absence of signal observed for the second type of NFs. Pure PPy polymerizes at ambient temperature within 7 min, whereas for Py3COOH a longer polymerization time is required (15 min). By setting the ratio of Py/Py3COOH monomers at 1:2, EIS measurements enabled successful detection of glucose, thus validating the successful incorporation of carboxylic groups onto the NFs surface. The charge transfer resistance decreased upon the increasing concentration of glucose, confirming other published results (Ramanavicius et al., 2014). This may be attributed to the reaction of GOx enzyme with glucose, the latter being converted into gluconolactone, which is rapidly hydrolyzed into gluconate ions (Figure S2). No signal was detected from the PAN/PPy/PPy3COOH control electrode.

To determine the optimal frequency to be used for glucose quantification, the real part of impedance (Z') was collected for each concentration point and different frequency values. Z'0-Z', where Z'0 refers to Z'-value for [glucose] = 0, was plotted vs. log[glucose]. Figure 7 shows the biosensor response curves obtained for frequencies in the 1.6–100 Hz range. The highest sensitivity, deduced from the slope of the linear part of the curves, was achieved at 1.6 Hz. At this frequency, the curve was linear in the whole range of concentrations (r2 = 0.9949, Z'0-Z'(kΩ) = 12.019 x log([glucose, μM]) + 24.462), Figure 8) and an excellent repeatability of the biosensor response, calculated from three consecutive measurements, was obtained. This value was therefore chosen as optimal frequency for further experiments.


[image: Figure 7]
FIGURE 7. Effect of the applied voltage frequency on the evolution of PAN/FeTos 20wt%/PPy0.05M/PP3C0.1M/GOx NFs biosensor response with glucose concentration. EIS measurements performed at −300 mV vs Ag/AgCl in PBS solution (0.1M, pH 7.2).



[image: Figure 8]
FIGURE 8. Calibration curve of the PAN/FeTos 20wt%/PPy/PPy3COOH/GOx NFs biosensor (EIS values at 1.6 Hz and −300 mV vs. Ag/AgCl in PBS 0.1M, pH 7.2). Error bars represent standard deviations obtained from three successive measurements.


In order to evaluate inter-sensor reproducibility, six electrodes coming from two batches of the VPP process were tested. The relative standard deviation, calculated from the analysis of a 50 nM glucose solution using the six different biosensors, was 15%. The limit of detection (LOD), defined as the concentration of glucose for which the relative standard deviation was 50%, varied only between 1.3 and 2.7 nM. Moreover, all sensors tested exhibited linearity within the same range (20 nM−2 μM), implying that even though the thickness of the conducting PPy/PPy3COOH coating during the VPP was not accurately controlled, the impact of this fact on the reproducibility demonstrated by the developed glucose biosensors was negligible.

As shown in Table 1, the proposed biosensor exhibited a much wider linear range and lower LOD than the two other reported glucose biosensors based on core-shell electrospun NFs produced by combining electrospinning and VPP processes (Ekabutr et al., 2013; Cetin and Camurluz, 2017). This LOD value enables for the determination of glucose in human serum (normal concentrations: 3.6 mM−6.1 mM range), after a large dilution of the sample, which is highly beneficial for the reduction of matrix effects.


Table 1. Comparison of the proposed biosensor with amperometric glucose biosensors based on GOx and NFs prepared by combining electrospinning and VPP process.

[image: Table 1]

Ascorbic acid and uric acids, which are classical interfering species in blood glucose determination, did not significantly modify the biosensor signal recorded for 100 nM glucose, when introduced at the 5 nM concentration. This glucose:interferent ratio was chosen as it is representative of the one found in blood serum samples.

No significant decrease of the PAN/PPy/PPy3COOH/GOx biosensor response was observed after 10 measurements of the 1 μM glucose solution, performed the same day. In the same way, EIS signal remained stable for 10 days when the biosensor was tested twice per day at the 1 μM glucose concentration and the biosensor was kept at 4°C between 2 days of measurement. The signal started to decrease slowly after 10 days, the signal drop being 15% after 1 month. The results demonstrate the good operational and storage stabilities of the PAN/PPy/PPy3COOH/GOx NFs biosensor.

Kausaite-Minkstimiene et al. proposed two amperometric glucose biosensors based on GOx covalently bound to PPyCOOH particles. In the first publication (Kausaite-Minkstimiene et al., 2018), the PPyCOOH-GOx composite was mixed with BSA and cross-linked at the surface of a graphite electrode. The influence of different parameters (pH of GOx solution for particles modifications, and pH of measurement electrolyte) on the biosensor signal was demonstrated. However, the addition of an electron-transfer mediator was required and the biosensor was not suitable for online glucose monitoring. A reagent-less amperometric biosensor based on GOx/PPyCOOH particles/gold nanoparticles composites was very recently developed by the same group (Kausaite-Minkstimiene et al., 2018), exhibiting a low limit of detection (0.08 mM), excellent stability and anti-interference ability and a wide linear range (0.2 M−150 mM). This biosensor is somewhat more easy to fabricate than the biosensor we propose. In addition, it has been shown that it is suitable for glucose determination in pharmaceutical preparations and human serum samples. However, the GOx/PPy/PPy3COOH/PAN NFs impedimetric biosensor, though perhaps not totally optimized, offers a lower limit of detection, which enables a larger dilution of samples.




CONCLUSION

In the present study, we illustrated the successful elaboration of an original electrochemical glucose biosensor based on electrospun PAN NFs covered with conducting PPy/PPy3COOH coatings via VPP, followed by covalent grafting of GOx onto the surface of the NFs. Owing to the poor electrospinnability of PAN/FeTos solutions, immersion of PAN NFs into FeTos oxidant solution was found to be the best way to produce the PAN/FeTos oxidant NFs used as support for subsequent Py/Py3COOH polymerization.

The resulting glucose biosensor exhibited excellent analytical performances, by achieving linearity in a wide range of glucose concentration (20 nM−2 μM), good operational and storage stability, selectivity toward uric and ascorbic acids, and very low LOD values (2 nM) when compared to already reported biosensors. Biosensors coming from different batches exhibited linearity in the same concentration ranges thus implying good reproducibility of the VPP method. These results demonstrate the potential of the proposed approach for the development of new performing electrochemical biosensors. Glucose oxidase was chosen as model enzyme but carboxyl groups of the PPy/Py3COOH coating could be used to bind covalently other enzymes, or other sensing biomolecules such as aptamers, antibodies,…paving the way to a wider range of biosensing applications.
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Two series of disulfonated iptycene-based poly(arylene ether sulfone) random copolymers, i.e., TRP-BP (triptycene-based) and PENT-BP (pentiptycene-based), were synthesized via condensation polymerization from disulfonated monomer and comonomers to prepare proton exchange membranes (PEMs) for potential applications in electrochemical devices such as fuel cell. To investigate the effect of iptycene units on membrane performance, these copolymers were systematically varied in composition (i.e., iptycene content) and the degree of sulfonation (i.e., 30–50%), which were characterized comprehensively in terms of water uptake, swelling ratio, oxidative stability, thermal and mechanical properties, and proton conductivity at various temperatures. Comparing to copolymers without iptycene units, TRP-BP and PENT-BP ionomers showed greatly enhanced thermal and oxidative stabilities due to strong intra- and inter-molecular supramolecular interactions induced by hierarchical iptycene units. In addition, the introduction of iptycene units in general provides PEMs with exceptional dimensional stability of low volume swelling ratio at high water uptakes, which is ascribed to the supramolecularly interlocked structure as well as high fractional free volume of iptycene-based polymers. It is demonstrated that the combination of high proton conductivity and good membrane dimension stability is the result of the synergistic effects of multiple factors including free volume (iptycene content), sulfonation degree, hydrophobicity, and swelling behavior (supramolecular interactions).

Keywords: iptycene-containing poly(arylene ether sulfone), random copolymers, high free volume, proton exchange membrane, fuel cell


INTRODUCTION

With the increasing world population and limited fossil energy sources, clean, and sustainable energy has become a hot topic (Dincer, 2000; Omer, 2008; Chu and Majumdar, 2012). Fuel cells are regarded as promising energy devices for vehicle propulsion, stationary, and portable power with high energy conversion, decent energy density, and sustainability (Hickner et al., 2004; Smitha et al., 2005; Peighambardoust et al., 2010; Wang et al., 2011). Proton exchange membrane fuel cells (PEMFCs) using proton exchange membranes (PEMs) as solid electrolyte are widely studied for their high proton conductivity, good chemical, thermal, and mechanical stabilities. The state-of-the-art proton exchange membrane Nafion® produced by Dupont has dominated the commercial field for their exceptional chemical and mechanical stabilities as well as good conductivities, resulting from the poly(perfluorosulfonic acid) structure. However, the drawbacks of high cost, low operation temperature, poor conductivity at low relative humidity, and high fuel permeability promote the research for alternative non-fluorinated structures such as poly(arylene ether)s, poly(imide)s and poly(ether sulfone)s (Ghassemi and McGrath, 2004; Harrison et al., 2005; Liu et al., 2007; Miyatake et al., 2007; Matsumoto et al., 2008). Among the diverse structures reported in the literature, disulfonated poly(arylene ether sulfone) copolymers, such as BPSH series (Wang et al., 2002) are promising candidates for PEMFCs for their high proton conductivities with facile synthesis. Much efforts have been focused on modifying the membranes, including but not limited to introducing pendant groups (Wang et al., 2012; Zhao et al., 2013; Zhou et al., 2020), developing acid-base membranes (Yue et al., 2017; Ahn et al., 2018), preparing block copolymers (Lee et al., 2008; Li et al., 2012; Assumma et al., 2015), and blending sulfonated polysulfone with other polymers and fillers (Bi et al., 2010; Liang et al., 2013; Wang et al., 2019). Nevertheless, there is still a lot of room to improve for the polysulfone-based PEMs in terms of proton conductivities and dimensional stabilities to enable practical applications.

Recently, incorporating bulky, space-occupying (i.e., high free volume) moieties into ionic polymers has attracted a lot of attention for various membrane applications including PEMFCs. The main idea is to enable high water uptake via high fractional free volume to address the loss of water at low humidity and high temperature while suppressing excessive water swelling via highly rigid backbone structure. Zhang and his co-workers first introduced poly(arylene ether sulfone) random copolymers containing iptycene (i.e., triptycene and pentiptycene) with post-sulfonation treatment and reported reduced water swelling without loss of proton conductivities (Gong and Zhang, 2011; Gong et al., 2011). Swager group recently found that triptycene-based poly(ether ketone)s with increased fractional free volume showed enhanced proton conductivities under the conditions of low relative humidity and high temperature (Moh et al., 2018). They attributed the enhanced performance to the strong ability of retaining more water molecules and relieving the high internal energy enabled by high intrinsic free volume associated with bulky triptycene moieties in the polymer structures.

However, most existing studies of ionic polymers containing bulky structure units used post-polymerization sulfonation methods to introduce ionic groups (e.g., sulfonate) into polymer structures, where aromatic polymers were sulfonated by concentrated sulfuric acid, chlorosulfonic acid, fuming sulfuric acid, or sulfurtrioxide. Post-polymerization sulfonation in general is not able to attain precise control of the sulfonation degree and the location or distribution of ionic groups, and usually has low sulfonation efficiency. Moreover, post modifications are frequently accompanied with possible polymer backbone degradation and undesired side reactions due to the use of strong acidic media that result in deteriorated membrane properties (Hickner et al., 2004). For example, Genova-Dimitrova et al. (2001) reported that the use of strong sulfonating agent induced chain cleavage, as evidenced by the decreased viscosity upon post sulfonation. In this regard, preparing ion-containing polymers directly from disulfonated ionic monomers is beneficial in terms of better controlling the sulfonation degree and the location of sulfonate groups and achieving high molecular weight in resulting ionic polymers. Recently, we reported triptycene-containing poly(arylene ether sulfone) multiblock copolymers prepared directly from sulfonated monomers, which exhibit excellent dimensional stability with low swelling ratios despite of their relatively high water uptake (Aboki et al., 2018). We demonstrated that the supramolecular interlocking interactions and π-π stacking associated with triptycene units in the hydrophobic blocks are instrumental in suppressing the undesired excessive water-swelling behavior frequently observed in common ionic membranes. The excellent properties of triptycene-containing PEMs and related ionic exchange membranes with high free volume motivate us to further explore the potential of high-free-volume ionic polymers, in particular, sulfonated poly(arylene ether sulfone)s for PEMFCs applications.

In this work, we report the use of iptycene-based (i.e., triptycene and pentiptycene) structure units and sulfonated monomer to prepare disulfonated poly(arylene ether sulfone) random copolymers with systematically varied composition and functionality. The extension to pentiptycene moieties, which has even bulkier structure and higher intrinsic internal free volume than triptycene ones (Luo et al., 2015), is expected to retain more water molecules and facilitate the proton conductivity at low relative humidity (RH) and high temperature. Moreover, with more arene rings participating in strong supramolecular interactions and π-π stacking, more rigid scaffolds are expected to form in pentiptycene-based structures that may further improve mechanical and dimensional stabilities. Specifically, two series of iptycene-containing, sulfonated polysulfone random copolymers are prepared via direct polycondensation reactions and comprehensively examined for PEMFC applications, including triptycene-based TRP-BP series and pentiptycene-based PENT-BP series with systematically varied iptycene content and sulfonation degree. Direct comparisons with non-iptycene-containing BPSH series are made to elucidate the effect of the incorporation of triptycene or pentiptycene moieties on PEM properties. Comprehensive investigations of physical properties, chemical structure, proton conductivity, and thermal, mechanical, and oxidative stabilities of these new iptycene-based sulfonated copolymers were conducted to establish the fundamental structure-property relationships for these new PEM materials, which would serve as a guide to new designs of high-performance PEMs.



EXPERIMENTAL


Materials

Triptycene-1,4-diol (TRP) (Wiegand et al., 2014) and pentiptycene-6,13-diol (PENT) (Luo et al., 2015) were synthesized according to previous literature. Anthracene, sodium hydrosulfite, 4,4′-dichlorodiphenylsulfone (DCDPS), and 4,4′-difluorodiphenylsulfone (DFDPS) were purchased from Alfa Aesar and used as received. 1,4-benzoquinone, tetrachloro-1,4-benzoquinone, potassium carbonate (K2CO3), sodium bicarbonate, acetic acid, methanol, and 2-propanol were purchased from Sigma-Aldrich. 4,4′-biphenol (BP) and 3,3′-disulfonated-4,4′-dichlorodiphenylsulfone (SDCDPS) were purchased from Akron Polymer Systems and dried in vacuum at 110°C for 24 h before use. Anhydrous N, N-dimethylacetamide (DMAc), toluene, and hydrogen peroxide (30 wt% solution) were purchased from EMD Millipore and used as received.



Synthesis of Disulfonated Iptycene-Containing Poly(Arylene Ether Sulfone) Copolymers


Triptycene-Containing Copolymers

A series of triptycene-containing disulfonated poly(arylene ether sulfone) random copolymers (i.e., TRP-BP series) with different molar ratios of TRP to BP and varied degrees of sulfonation were synthesized via nucleophilic polycondensation according to reported method (Scheme 1) (Luo et al., 2018). The nomenclature used for the copolymers is TRP-BP a:b-X, where a:b is the TRP:BP molar ratio and X is the molar percentage of sulfonated SDCDPS relative to non-sulfonated DCDPS in the copolymers, as shown in Scheme 1. For example, TRP-BP 1:1-35 refers to the copolymer containing 1:1 molar ratio of TRP:BP, 35 mol% sulfonated monomer (SDCDPS), and 65 mol% non-sulfonated monomer (DCDPS). It should be noted that random copolymers with high TRP molar contents (>66 mol%) and high degree of sulfonation (>50 mol%) did not have sufficiently high molecular weight for film formation due to the low reactivity between TRP and SDCDPS. A sample polymerization of TRP-BP 1:1-35 is as follows: 1.8621 g (10.0 mmol) of BP, 2.8633 g (10.0 mmol) of TRP, 3.4386 g (7.0 mmol) of SDCDPS, 3.7330 g (13.0 mmol) of DCDPS, and 3.3169 g (24.0 mmol) of anhydrous K2CO3 were charged into a three-necked round-bottom flask equipped with a condenser, mechanical stirrer, Dean-Stark trap, and nitrogen inlet. Anhydrous DMAc (60 mL) and toluene (30 mL) were then added to the flask, and the reaction was heated, under a N2 purge, to 145°C while stirring. The reaction was refluxed at 145°C for 4 h to azeotropically dehydrate the system. Afterward, toluene was removed from the reaction by slowly increasing the temperature to 185°C. The reaction was allowed to proceed at 185°C for another 72 h until a viscous solution formed. The polymer solution was then cooled to room temperature, vacuum filtered to remove salts, and coagulated in a stirred 2-propanol bath. The precipitated fibrous TRP-BP copolymer was collected and dried under vacuum at 120°C for 24 h.
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SCHEME 1. Synthesis of TRP-BP and PENT-BP disulfonated random copolymers with controlled composition.




Pentiptycene-Containing Copolymers

Similar procedures were taken to synthesize pentiptycene-containing disulfonated polysulfone random copolymer series, i.e., PENT-BP series, with varied pentiptycene content and degree of sulfonation. The same naming system is applied to the PENT-BP series. A typical synthesis of PENT-BP 1:2-40 (1:2 refers to the molar ratio of PENT:BP and 40 is the sulfonation degree of the copolymer) is described as follows: 2.3127 g PENT (5 mmol), 1.8621 g BP (10 mmol), 2.9474 g SDCDPS (6 mmol), 2.2883 g DFDPS (9 mmol) and 4.1462 g K2CO3 (30 mmol) were charged into a 100 mL three-neck flask with a nitrogen inlet, a mechanical stirrer, and a Dean-Stark trap. Then 50 mL anhydrous DMAc and 25 mL toluene were added and the reaction mixture was refluxed at 145°C for 4 h to azeotropically dehydrate the system. While removing the toluene, the temperature was slowly increased to 185°C and hold for 72 h. The resulting viscous polymer solution was filtered to remove salts and then precipitated in methanol with stirring. The fibrous copolymer was then collected and dried in vacuum oven for 24 h at 120°C.

As a control for comparisons to investigate the effect of iptycene structure, a series of non-iptycene-containing BPSH random copolymers with controlled degree of sulfonation were also synthesized from BP, DCDPS, and SDCDPS according to previous reports (Wang et al., 2001, 2002).




Film Preparation and Acidification

All salt-form (as synthesized) copolymer films were prepared via a solution casting method. In a typical case, the salt-form copolymers were dissolved in DMAc to form a ~7% w/v solution, which was filtered through 0.45 μm Teflon® syringe filters. The filtered solutions were cast onto clean, leveled glass plates and dried under an infrared lamp at ~55°C for 24 h to form polymer films. The residual solvent was further removed by drying the film under vacuum at 120°C for 24 h.

The as-cast salt-form thin films were converted to acid form—that is, K+ was replaced with H+ in the copolymer structure shown in Scheme 1—by boiling the films in 0.5 M sulfuric acid solution for 2 h followed by boiling the films in deionized (DI) water for another 2 h (Kim et al., 2004). All obtained acid-form polymer films with thickness between 30 and 70 μm were stored in DI water until use.



Characterization of Polymers and Films

Intrinsic viscosity (IV) of salt-form copolymers was determined in 0.05 M LiBr-NMP solution at 25°C using a Cannon-Ubbelohde viscometer and the average value of at least three measurements was reported. The density of dry acid-form membrane was measured using a density measurement kit (ML-DNY-43, Mettler Toledo) and an analytical balance (ML204, Metter Toledo) at room temperature. The dry membrane density ρdry, was determined according to Archimedes' principle as follows:
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where mair is the membrane weight measured in air and mwet is measured in cyclohexane. The density of cyclohexane ρaux was determined at measured temperature and ρair was taken as 0.0012 g/cm3 (Luo et al., 2018).

The thermal stability (weight loss) of the acid-form membranes was evaluated by thermogravimetric analysis (TGA) using a TA instrument Q500. The samples were heated from 50 to 800°C at a heating rate of 10°C/min under N2 atmosphere after drying at 150°C for 30 min in the TGA furnace. The differential scanning calorimetry (DSC) analyses were done on a TA instrument Q2000 with liquid nitrogen cooling system at a heating rate of 10°C/min. Prior to the measurement, membranes were dried under vacuum at 120°C for 24 h to fully remove residual solvents. The samples were tested within the range of 50–325°C and the glass transition temperature (Tg) was obtained from the second heating cycle (Aboki et al., 2018).

Membrane oxidative stability was tested by immersing the films in hot Fenton's reagent (3% H2O2 aqueous solution containing 2 ppm FeSO4) at 80°C for 1 h. Then the residual weight (RW) was measured after drying the remaining film in vacuum oven at 100°C overnight.

The dry-weight ion exchange capacity (IECw, meq/g) (Hickner et al., 2004) of all acid-form membranes was determined by acid-base titration method. Dry membranes were immersed in 5 M NaCl solution for 48 h to release the H+. Then the solution was titrated by 0.01 M NaOH solution using phenolphthalein as indicator. The dry-weight-based IECw was calculated as follows,
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where cNaOH and VNaOH are the concentration and the used volume of NaOH solution, respectively, and m is the mass of the sample. Average values of IECw were obtained and reported from at least 3 samples for each film.

Mechanical properties of the acid-form films were determined via uniaxial tensile testing with a Bose Electro-Force 3300 instrument with 25 lb load cell at 25°C following our previous method (Aboki et al., 2018). The hydrated specimens were prepared as dumbbell shape specimens of 25 × 10 mm (total) and 10 × 5 mm (test area). The stress-strain curve was obtained at a stretching rate of 2 mm/min. At least three samples were tested for each copolymer and the average value was reported.

Water uptake (WU) of acid-form membranes was evaluated by immersing fully dried polymer films (Wdry) in DI water at room temperature for 24 h. The membranes were wiped using Kimwipe® to remove any surface water and quickly weighed (Wwet). WU in weight percent was calculated as follows:

[image: image]

Swelling ratio (SR) of the membranes was determined by measuring the volume change after immersing the films in DI water. The acid-form membranes were cut into rectangular shape and immersed in DI water at room temperature for 24 h. The dimension (i.e., length, width, and thickness) of the films were measured before and after water immersion to calculate the dry and wet volume of the films. Then the SR was calculated by the following equation:
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To account for membrane swelling, the wet volume-based IEC values were also calculated from the weight-based IECw, density and swelling ratio as follows,
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where IECw, density and swelling ratio (SR) are all from experimentally determined values.



Proton Conductivity Measurement

The proton conductivity of the acid-form films under fully hydrated condition was measured in DI water on a PARSTAT® MC 1,000 impedance spectrometer via Linear Sweep Voltammeter (LSV) using a 4-electrode BekkTech Conductivity Clamp BT-110. All the samples were cut into stripes (30 × 5 mm). The conductivities of acid-form membranes were measured in DI water at varied temperatures ranging from 25 to 80°C. The films were immersed in water for at least 10 min to obtain consistent resistance at each temperature. The resistance of sample was acquired from the slope of a linear voltage-current plot (0.3–0.8 V). The proton conductivity σ (S/cm) was calculated as follows:
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where ohmic resistance (R) was calculated from the slope of potential-current plot, l is the distance between platinum wires (0.425 cm), W and T are the width and thickness of the membrane, respectively. The average value was recorded from at least 3 samples of each membrane.




RESULTS AND DISCUSSION


Copolymer Synthesis and Characterization

The synthetic route for iptycene-containing sulfonated copolymers is shown in Scheme 1 via condensation polymerization following nucleophilic aromatic substitution (SNAr) mechanism. Two structure parameters were adjusted in these two series of copolymers: the degree of sulfonation (ranging from 35 to 50%) and the molar content of iptycene unit (ranging from 33 to 66%). This has allowed systematic investigation of the structure-property relationship for these new iptycene-containing sulfonated polysulfones to elucidate the effect of iptycene structure on membrane properties. It should be noted that the molar content of TRP or PENT in the copolymers was limited due to the relatively low reactivity between TRP/PENT and SDCDPS as well as the low solubility of pentiptycene-based polymers, which prevented the formation of polymers with sufficiently high molecular weight for film casting. The chemical structures and the composition of iptycene-containing disulfonated copolymers were confirmed by 1H NMR spectroscopy. Figure S1 shows representative 1H NMR spectrum of a triptycene-based copolymer and a pentiptycene-based copolymer with peak assignment according to their structures. The actual molar contents of iptycene units in the copolymers were determined by the peak integration ratio of the iptycene moieties and the BP unit. The results matched the target values, indicating successful synthesis of both copolymer series with well-controlled compositions. The intrinsic viscosity values of iptycene-containing copolymers are mostly in the range of 0.50~0.75 dL/g (Table 1), indicating sufficiently high molecular weight for film casting as shown later. The relatively lower IV values of TRP/PENT-BP series compared to the BPSH series indicating lower molecular weight than BPSH series due to lower reactivity of TRP and PENT series caused by the steric hindrance and poor solubility.


Table 1. Density, intrinsic viscosity (IV), decomposition temperature (Td, 5%), and glass transition temperature (Tg) of iptycene-containing polysulfone copolymers.
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As shown in Table 1, at given degree of sulfonation, the dry membrane densities of iptycene-containing copolymers, both TRP-BP series and PENT-BP series were all lower than BPSH series without iptycene moieties. It seems to suggest that incorporating iptycene-based structure units might effectively disrupt the chain packing generating larger fractional free volume. Additional analysis reveals that the PENT-BP series exhibit lower densities than TRP-BP series at equivalent sulfonation degree (except TRP-BP 1:2-40). This observation could be rationalized by the larger free volume cavities than those of triptycene units, in particular, the internal free volume defined by the clefts between the benzene “blades” of pentiptycene units (Luo et al., 2015).



Thermal Analysis and Mechanical Properties

The thermal stability of the acid-form copolymer membranes was studied by thermogravimetric analysis (TGA) in nitrogen flow and the results of 5% weight-loss temperature (Td, 5%) are listed in Table 1. All the membranes showed a typical two-step degradation behavior (Figure 1). The first stage weight loss around 350°C was due to the loss of -SO3H group (Gong and Zhang, 2011). As such, copolymers with higher degree of sulfonation usually show lower thermal stability. The second stage loss above 500°C was ascribed to the degradation of the polymer main chains. All of the tested polysulfones show Td,5% higher than 300°C, indicating sufficient thermal stability for use in PEMFCs. As a general observation, incorporation of iptycene moieties into the backbone appeared to improve the thermal stability of the copolymers given the same degree of sulfonation, which could be ascribed to the high rigidity of iptycene-based polymer structures and strong intermolecular and intramolecular π-π interactions. For example, at the same degree of sulfonation of 50% (Figure 1C), BPSH 50 has a Td,5% value of 341°C, which is significantly lower than the iptycene-containing copolymers, i.e., PENT-BP 1:2-50 (392°C), TRP-BP 1:2-50 (382°C), and PENT-BP 1:2-50 (388°C). The same trend is observed when comparing the copolymers with similar IECw values. For example, PENT-BP 1:1-40 (1.27 meq/g) and TRP-BP 1:1-35 (1.27 meq/g) showed Td,5% values of 394 and 383°C, respectively, which are much higher than 352°C of BPSH 30 (1.25 meq/g).
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FIGURE 1. The TGA curves of disulfonated copolymers at comparable sulfonation degrees.


The glass transition temperatures were determined using TA Q2000 and the results are shown in Table 1. It can be seen that within the same copolymer series, Tg increases with increasing the degree of sulfonation. This could be attributed to the fact that higher degree of sulfonation induces stronger intermolecular interactions by ionic effect that stiffens polymer backbone. As expected, iptycene-based sulfonated polysulfones show higher Tg than BPSH series at the equivalent sulfonation degree. For example, the Tg of TRP-BP 1:1(2)-40 and PENT-BP 1:1(2)-40 increased by ~8 and 15%, respectively, compared to BPSH 40. The observed increase in Tg suggests that the bulky and shape-persistent structures of iptycene units effectively increase the polymer chain rigidity. On the other hand, the strong intermolecular and intramolecular π-π interactions between the benzene rings of iptycene units might also contribute to higher glass transition temperatures. This may also explains that PENT-BP series with more fused arene rings exhibit higher Tg than TRP-BP copolymers at similar sulfonation degree. While previous studies reported that two Tg's might be observed for BPSH 50 and BPSH 60 (Wang et al., 2002), here we were able to observe only one Tg for BPSH 50 and other copolymers at 50% sulfonation degree. It should be noted that the degradation of -SO3H group starts at ~250°C (Figure 1), which may also obscure the Tg detection. Interestingly, two distinct Tg's (299 and 311°C) were detected for PENT-BP 1:1-40 (Figure S2), which correspond to the Tg of the polymer matrix and ionic clusters, respectively. The unusual phenomenon here might be rationalized by the lower sulfonation degree and excellent thermal stability (Td, 5% = 394°C) of PENT-BP 1:1-40.

Mechanical properties of membranes were tested on the acid-form films in fully hydrated state at room temperature. Depending on the degree of sulfonation and the content of iptycene units, the copolymer membranes showed tensile strength in a range of 16-48 MPa, Young's modulus of 0.11-0.48 GPa, and elongation at break of 19–75% (Table S1). While other factors, such as molecular weight, may have strong impact on mechanical properties, the iptycene-containing copolymers, especially the pentiptycene series, seem to be stiffer (higher Young's modulus) but less ductile (smaller elongation at break) than the non-iptycene-containing BPSH series due to much higher chain rigidity (higher Tg) upon the incorporation of iptycene units.



Ion Exchange Capacity, Water Uptake, and Swelling Ratio

Ion exchange capacity (IECw, meq/g) is an important factor for the PEM performance: high IECw leads to high water uptake facilitating the proton transport; however, excessive water uptake causes severe dimensional instability and ion dilution, weakening the mechanical strength and reducing proton conductivity. To achieve high PEMFC performance, it is desirable to optimize the IECw by tuning the polymer composition to balance mechanical integrity and proton conductivity. The dry-weight IECw was obtained from the acid-base titration method using phenolphthalein as indicator, and the results were in agreement with the theoretical values calculated from the monomer feed ratio during polymerization (Table 2). The 0.1~0.2 meq/g deviation between calculations and titration results probably came from incomplete ion exchange and experimental errors. As expected, increasing the degree of sulfonation led to increases in IECw values in all three copolymer series. Given the same degree of sulfonation, iptycene-containing copolymers have lower IECw values than the BPSH series. This is due to higher molecular weight of repeat units in the iptycene series.


Table 2. Ion exchange capacity (IEC), water uptake (WU), and swelling ratio (SR).
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The water uptake and swelling behavior results are depicted in Figure 2. It is noted that there are multiple interplaying factors that regulate the water uptake and swelling behavior of the copolymer membranes, including IECw, fractional free volume, hydrophobicity, and intra- and intermolecular interactions like π-π stacking. For all three copolymer series, a general trend is observed as expected that: higher IECw or sulfonation degree yields higher water uptake and swelling ratio. Another general observation (with few exceptions as explained below) is that with similar IECw or degree of sulfonation, iptycene-containing series seem to have larger water uptake (due to larger fractional free volume) but less volume swelling (possibly due to strong supramolecular interactions) than BPSH series. For example, comparing to BPSH 30 and BPSH 40, TRP-BP 1(2):1-35 and TRP-BP 1:1(2)-40 copolymers with similar or even lower IEC showed much higher water uptake while maintaining dimensional stabilities (Figures 2A,B). Usually water uptake is proportional to free volume according to Yasuda's theory (Yasuda et al., 1969). The increased water uptake suggests that incorporation of bulky triptycene units increases the free volume compared to BPSH series. While the absolute values of swelling ratios for TRP-BP series are higher than those of BPSH series at 35 and 40% sulfonation degrees, TRP-BP series are still deemed to have better dimensional stability considering their much higher water uptake than BPSH series. For example, comparing BPSH 40 and TRP-BP 1:1-40 copolymers, the latter could take nearly 60 wt% more water but had the same volume swelling ratio of 47% as that of BPSH40. This could be attributed to the supramolecular interlocking and possible chain threading interactions between iptycene moieties, in addition to their strong π-π stacking interaction, which effectively suppress the water swelling by transferring strain from one polymer chain to another (Tsui et al., 2007; Gong et al., 2011; Aboki et al., 2018). Moreover, increasing the iptycene molar content in the polymer backbone led to further improved membrane swelling behavior. For example, compared to TRP-BP 1:2-40 membrane containing 33 mol% TRP units, TRP-BP 1:1-40 membrane containing 50 mol% TRP unit has slightly higher water uptake (70 vs. 67 wt%) but much lower swelling ratio (47 vs. 59 vol%). This observation further supports the conclusion that iptycene units are instrumental in suppressing excessive water swelling in ionic polymers.
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FIGURE 2. Water uptake (WU) and swelling ratio (SR) for copolymers with (A) 30 or 35%, (B) 40%, and (C) 50% degree of sulfonation at 25°C. The number in the brackets is dry weight-based IECw (meq/g) determined from titration method.


The trend became more complicated in copolymers involving pentiptycene units and very high sulfonation degree. Despite of the possible higher free volume suggested by the lower dry polymer densities, the PENT-BP copolymers with 40% sulfonation degree didn't show high water uptake as expected. This might be ascribed to their low IECw values and the more hydrophobic characteristic caused by excessive π-π interactions and highly bulky structures of pentiptycene units, which may block the penetration of water molecules especially at low sulfonation degree. However, the same phenomena of suppression of swelling was observed for the PENT-BP copolymers due to the aforementioned strong π-π stacking and supramolecular interactions. At high sulfonation degree (50%), all the membranes showed markedly increased water uptake and swelling ratio as Figure 2C shows. In particular, PENT-BP 1:2-50 maintained excellent water swelling management with a very high water uptake (99 wt%) but a moderate swelling ratio of 61%. The excellent water uptake and swelling resistance might be explained by the synergistic effects of high fractional free volume, strong intra- and inter-molecular interactions between pentiptycene moieties, and high polymer backbone rigidity. However, excessive swelling behavior was observed for TRP-BP 1:1-50 and TRP-BP 1:2-50 copolymer membranes. It seems that when water uptake surpasses certain critical point, the absorbed water may serve as plasticizer and breaks the inter-chain association formed through supramolecular interlocking and chain threading, resulting excessive swelling behavior. Additionally, TRP-BP 1:1(2)-50 copolymers had relatively low molecular weights (as evidenced by their low intrinsic viscosities) and thus might fail to form stable supramolecularly interlocked structures as in other copolymers. For instance, TRP-BP 1:1-50 had the lowest intrinsic viscosity (0.42) among all the copolymers, which consequently showed the highest water uptake and swelling ratio.



Oxidative Stability

In PEMFC operation, incomplete reduction reaction along with oxygen diffusion through membrane would generate ·OH and ·OOH radicals, which are responsible for accelerating the degradation of PEM membranes (Wang and Capuano, 1998; Hübner and Roduner, 1999; Panchenko et al., 2004; Gong and Zhang, 2011). It is believed that the attack of hydroxyl radicals mainly occurs on aromatic rings, especially in the ortho position to alkyl- and alkyl ether-substituents (Hübner and Roduner, 1999). Hot Fenton's reagent (80°C) is an effective tool that has been frequently used to evaluate the oxidative stability of PEMs. The oxidative stability was quantified by the residual weight percentage after soaking in hot Fenton's reagent for 1 h (Figure 3). It has been shown that the oxidative stability decreases as sulfonation degree increases (Liu et al., 2007) as BPSH series exhibited. At higher sulfonation degree, BPSH 50 and TRP-BP1:1(2)-50 either dissolved or broken into small pieces during the tests. This could be attributed to the open membrane structure due to excessive water uptake and swelling are more vulnerable to radical attack. It is worth noticing that PENT-BP 1:2-50 showed excellent chemical stability without detectable weight loss in the test, which might be related with the relatively low IECw and excellent dimensional stability as a result of strong inter-chain association induced by π-π stacking and supramolecular interaction. At lower sulfonation degrees, all the sulfonated random polysulfone copolymers exhibit good oxidative stabilities with residual weight over 90%. In comparison, iptycene-based copolymers all exhibited higher oxidative stabilities than their BPSH counterparts. The excellent oxidative stabilities could be attributed to the strong supramolecular interlocked structures and π-π interactions induced by iptycene units, which shield the polymer backbones from the radical attack.
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FIGURE 3. Comparisons of oxidative stabilities of iptycene-based copolymers and BPSH copolymers. BPSH100-TRP0 15K-15K is a triptycene-based multiblock copolymer reported in our previous work (Aboki et al., 2018).




Proton Conductivity

The in-plane proton conductivities of all the membranes were measured at varied temperatures (25–80°C) in deionized (DI) water as tabulated in Table 3. As a general observation, within each copolymer series, increasing IECw or sulfonation degree led to increased proton conductivity unless excessive water swelling [or very low IECv(wet) values] was involved such as TRP-BP 1:1(2)-50 series. Across the three copolymer series, there are mixed trends comparing the iptycene-containing systems with the BPSH series. To examine the fundamental structure-property relationship, the proton conductivities at varied temperatures were plotted as a function of dry-weight IECw determined from titration method as Figure 4 shows. For BPSH and PENT-BP series, it can be seen that proton conductivities increased almost linearly with increasing IECw under all four temperatures, while TRP-BP series showed a different trend, particularly, for the ones with 50% sulfonation degree whose relatively low molecular weights and excessive swelling might contribute to this unusual trend. PENT-BP 1:1-40 and PENT-BP 1:2-40 showed lower conductivities than BPSH 30 with similar IECw, consistent with the low water uptake caused by higher hydrophobicity and excessive π-π interactions. The much higher water uptake of PENT-BP 1:2-50 led to higher proton conductivities than BPSH 40 even they share similar dry weight IECw (1.60 meq/sg and 1.59 meq/g, respectively). Interestingly, PENT-BP 1:2-50 with much higher water uptake than BPSH 40 (99 vs. 44%) showed much improved conductivities at 25°C (88 vs. 78 mS/cm) but similar conductivities of ~132 mS/cm at higher temperatures. This phenomenon could be explained by the proton transport mechanism: the translational mode gradually transits from Grotthuss mechanism to vehicle-type mechanism with increasing temperature (Kreuer, 1996). Different from the “smooth” backbone of BPSH 40, the bulky structure and pendant fused arene rings of pentiptycene units in PENT-BP series increase the pathway tortuosity that might slow down the proton transporting vehicles (i.e., H3O+), compromising the conductivity increase at high temperatures.


Table 3. Proton conductivity as a function of temperature and calculated activation energy (Ea).
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FIGURE 4. Proton conductivities of BPSH, TRP-BP, and PENT-BP copolymer series at (A) 25°C, (B) 50°C, (C) 60°C, and (D) 80°C.


For TRP-BP series, the situations were more complicated. TRP-BP 1:1-35 and TRP-BP 2:1-35 are more conductive at all the temperatures than BPSH 30, PENT-BP 1:1-40 and PENT-BP 1:2-40, which had similar IECw values. For example, at 25°C, TRP-BP 2:1-35 and TRP-BP 1:1-35 have proton conductivities of 66 and 69 mS/cm, respectively, much higher than BPSH 30 (43 mS/cm), PENT-BP 1:1-40 (30 mS/cm), and PENT-BP 1:2-40 (40 mS/cm). The excellent proton conductivities of TRP-BP series even with low IECw values are consistent with their high water uptake of ~65% (Figure 2). As for the effect of iptycene content, the proton conductivities of TRP-BP 1:1-40 (IECw = 1.43 meq/g) surpassed TRP-BP 1:2-40 (1.46 meq/g) at 50°C and finally reached 108 mS/cm at 80°C (cf. Table 3 or Figure 4), approximately 16% greater than the latter. The conductivity increase at higher temperatures is possibly due to more stable interlocked structures in the copolymer with higher iptycene content: higher percentage of triptycene units might retain the connectivity of ionic domains facilitating the vehicle-type proton transport at high temperatures. However, TRP-BP 1:1-50 and TRP-BP 1:2-50 ionomers with high IECw values suffered cliff-like drops in proton conductivities, consistent with the excessive water uptake and water-swollen behaviors, where the ion concentration is too dilute to form continuous conduction. As such, TRP-BP 1:1-50 and TRP-BP 1:2-50 with very low volume-based IECv(wet) values of ~ 0.7 meq/cm3 exhibited lower conductivities than BPSH 40, PENT-BP 1:2-50, and BPSH 50, which have much higher IECv(wet) values (≥1.29 meq/cm3). As mentioned earlier, the excessive water-swollen stress may override the π-π interactions and deteriorate the interlocked structures from triptycene units.

The relationship between the proton conductivity (σ) and temperature (T) was well-expressed by the Arrhenius equation as follows (Lee et al., 2005),
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where σ0 is the frequency factor, R is gas constant (8.314 J mol−1 K−1), and T is absolute temperature (K). The activation energy (Ea) was calculated from the slope of linear fit of ln σ vs. 1/T as Figure 5 shows and the calculated values were tabulated in Table 3. It should be noted that the activation energy values could be affected by multiple non-structure related factors such as film-casting conditions, testing method, etc. Although some samples tested here didn't rigorously follow the Arrhenius behavior (such as BPSH 30), most copolymers show rather linear correlation between ln σ and 1/T with linearity approaching unity. Generally, a high activation energy value means proton conductivity is more sensitive to temperature change. As demonstrated in previously studies (Kim et al., 2003), the activation energy of BPSH series decreased as sulfonation degree increased due to the formation of continuous ionic domains (cf. Table 3). For PENT-BP series, the activation energy is higher than BPSH at equivalent sulfonation degree. For example, the activation energy of PENT-BP 1:1-40 (14.39 kJ/mol) is ~27 and ~72% higher than PENT-BP 1:2-40 and BPSH 40. This phenomenon could be attributed to that the dynamic ion transport gradually outweighs the excessive π-π interactions as temperature increases. As such, the proton conductivity of PENT-BP changes more rapidly with temperatures. For TRP-BP series, there is no obvious trend of activation energy as observed in PENT-BP and BPSH series.
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FIGURE 5. Arrhenius plot of log conductivity vs. 1/T for copolymers with (A) 30 or 35%, (B) 40%, and (C) 50% degree of sulfonation.





CONCLUSION

Disulfonated iptycene-based poly(arylene ether sulfone) random copolymers, i.e., TRP-BP and PENT-BP, were synthesized via direct copolymerization of disulfonated monomer. The sulfonation degree and iptycene contents were systematically varied to investigate the effects of intrinsic free volume and IEC on proton exchange membrane performance. Due to the combined effects of high free volume, supramolecularly interlocked structure, and strong π-π interaction associated with triptycene moieties, TRP-BP copolymers showed high water uptake with low swelling ratio as compared to BPSH series. Correspondingly, they exhibited much higher proton conductivities from 25 to 80°C than BPSH counterparts with similar IECw values. However, with even higher intrinsic free volume, pentiptycene-based PENT-BP series didn't show much improved proton conductivities at low degree of sulfonation, possibly due to their higher hydrophobicity (evidenced by low water uptake and swelling ratio) that compromises IEC and thus proton conductivity. For PENT-BP 1:2-50, its high sulfonation degree might overcome the hydrophobic characteristic, resulting in high water uptake, good dimensional stability as well as high conductivity. The TRP-BP and PENT-BP copolymer membranes exhibited much improved oxidative stability after 1 h hot Fenton's reagent treatment than BPSH series, which could be attributed to the strong supramolecular interlocked structures and π-π interactions induced by iptycene units, which shield the polymer backbones from the attack of ·OH and ·OOH radicals.
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Herein is described the introduction of lipid moieties onto a simplified teixobactin pharmacophore using a modified Cysteine Lipidation on a Peptide or Amino acid (CLipPA) technique, whereby cysteine was substituted for 3-mercaptopropionic acid (3-MPA). A truncated teixobactin analog was prepared with the requisite thiol handle, thus enabling an array of vinyl esters to be conveniently conjugated onto the simplified teixobactin pharmacophore to yield S-lipidated cyclic lipopeptides.

Keywords: teixobactin, lipopeptide, modified CLipPA, antimicrobial peptide, AMP, thiol-ene, lipidation


INTRODUCTION

Nature has historically been the primary source of medicinally important antibiotics (Moloney, 2016). By screening soil microorganisms, Ling et al. discovered the novel antimicrobial peptide (AMP) teixobactin (1, Figure 1), isolated from bacterium Eleftheria terrae (Ling et al., 2015). Teixobactin exhibited potent activity against Gram-positive pathogens with antimicrobial resistance (AMR) such as methicillin-resistant Staphylococcus aureus (MRSA [MIC = 0.25 μg/ml]). Crucially, resistance in S. aureus was not induced by exposure to sub-lethal doses of teixobactin. The lack of resistance was found to be due to teixobactin binding to the highly conserved targets lipid II and lipid III. As both of these are non-protein precursors to the bacterial cell wall, they cannot be easily mutated to impart AMR.


[image: Figure 1]
FIGURE 1. Structures of teixobactin 1 and teixobactin analogs; Arg10-teixobactin 2, lipobactin 3, and Lys10-farnesylbactin 4. Examples of most relevant MICs from the literature are shown above each structure. Yang H. et al. (2016), Girt et al. (2018), Zong et al. (2018) The End10, Arg10 and Lys10 substitutions (red) and the lipid moieties of lipobactin 3 and farnesylbactin 4 (blue) are highlighted.


Structurally, teixobactin is an undecapeptide with a cyclic tetradepsipeptide and a seven-residue exocyclic chain comprised of four D-amino acid residues and a rare L-allo-enduracididine (End) residue (Atkinson et al., 2016). The total synthesis of teixobactin has been independently reported by the Li and Payne groups, as well as the complete solution-phase total synthesis by the Reddy group (Giltrap et al., 2016; Jin et al., 2016; Gunjal and Reddy, 2019). Collectively, it was established that the End residue, containing a cyclic guanidine moiety, was the bottleneck for developing an efficient synthesis of teixobactin, limiting its potential as a drug candidate. This is due to the preparation of the End building block requiring a lengthy and low-yielding synthetic route.

The Albericio group (Jad et al., 2015) demonstrated that End can be substituted for arginine (L-Arg10-teixobactin 2, Figure 1), leading to a much simpler and overall higher-yielding synthetic route. Despite this substitution, the L-Arg10-teixobactin analog maintained excellent, albeit reduced potency, with MIC values ranging 1–4 μg/mL across a number of Gram-positive bacterial species (Yang H. et al., 2016; Zong et al., 2018). The rationale for this substitution being that the positive charge from the guanidinium group was the moiety responsible for eliciting antibacterial activity. Indeed, other positively charged isosteres have been substituted that have exhibited antimicrobial activity. These include lysine, ornithine, histidine, and homoarginine, to name a few (Schumacher et al., 2017; Matheson et al., 2019).

In light of the fact that End is not essential for antimicrobial activity, many ensuing reports of synthetic analogs used L-Arg10-teixobactin as the starting point to conduct structure-activity relationship (SAR) studies of teixobactin (Abdel Monaim et al., 2016, 2017, 2018; Parmar et al., 2016, 2017a,b,c, 2018; Yang H. et al., 2016; Chen et al., 2017; Jin et al., 2017, 2018; Schumacher et al., 2017; Wu et al., 2017; Yang et al., 2017; Girt et al., 2018; Zong et al., 2018) Employing this strategy, the Nowick group (Yang H. et al., 2016) demonstrated that the teixobactin macrocycle was an important pharmacophore, as a linear Arg10 analog was inactive. In the same work, they examined the role of the N-terminal tail by replacing residues 1–5 with a 12-carbon linear alkyl lipid. The resultant analog retained potent antimicrobial activity (MIC 4–8 μg/mL), albeit with an MIC two- or four-fold higher than L-Arg10-teixobactin (MIC 1–4 μg/mL) across a range of Gram-positive bacterial species. This lipophilic analog was coined “lipobactin” 3 (Figure 1). It is understood that the N-terminal tail interacts with the plasma membrane to deliver teixobactin into the vicinity of the binding targets, lipid II, and lipid III, in order to confer antibacterial activity (Yang H. et al., 2016). Lipobactin later inspired the work of the Jamieson group (Girt et al., 2018), who undertook the synthesis of farnesyl- and geranyl-derived lipopeptidomimetics of teixobactin with residues 1–7 truncated. The most potent of the analogs, Lys10-farnesylbactin 4 (Figure 1), elicited activity against both Gram-positive and Gram-negative bacteria with moderate potency.

The work reported herein showcases a technique developed in our group for the facile synthesis of an array of lipopeptidomimetics: a modified Cysteine Lipidation on a Peptide and Amino acid (CLipPA), whereby cysteine was substituted for 3-mercaptopropionic acid (3-MPA) (Scheme 1) (Wright et al., 2013; Yang S. et al., 2016; Brimble et al., 2017; Hermant et al., 2020; Yang et al., 2020). CLipPA comprises a one-pot thiol-ene reaction between a vinyl ester bearing a lipid 5 and a peptide containing a free thiol handle 6 in which irradiation at 365 nm in the presence of photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) forms a thioether-linked lipopeptide 7.


[image: Scheme 1]
SCHEME 1. Vinyl ester 5 and peptide 6 with a free thiol is irradiated under UV at 365 nm with a photoinitiator (DMPA) to generate S-lipidated peptide 7.


We have recently prepared a series of S-lipidated analogs of the cyclic lipopeptide iturin A by employing CLipPA thiol-ene chemistry (Yim et al., 2020). Taking a similar approach, we envisaged the dodecanoyl chain from lipobactin 3 could be replaced with S-lipidated derivatives of 3-mercaptopropionic acid (MPA) to afford truncated S-lipidated teixobactin analogs 8 (Figure 2). MPA is a structural analog of cysteine lacking the amine group. Compared to MPA, use of cysteine results in an extra charge by protonation of its Nα-amino group at physiological pH and would thereby render the analogs significantly different to the parent compound. Hence, MPA (lacking an additional amino group) was selected as the thiol handle for the generation of S-lipidated teixobactin analogs.


[image: Figure 2]
FIGURE 2. General structure of truncated S-lipidated teixobactin analog 8 with the S-lipidated moiety (blue). The R group denotes the truncated S-lipidated teixobactin derivatives 8a–8f (boxed) prepared in the current work.




RESULTS AND DISCUSSION

The three key steps for the synthesis of 8 are ester-bond formation, macrolactamization, and finally attachment of the lipid moiety (Scheme 2).


[image: Scheme 2]
SCHEME 2. Synthesis of 8a−8f. The linear sequence was assembled using Fmoc-SPPS under microwave irradiation: (i) Fmoc-deprotection: piperidine/DMF (1:4 v/v), 50 W, 75°C, 2 × 3 min; (ii) coupling of amino acids: Fmoc-AA-OH (4 eq.), HATU (3.8 eq.), DIPEA (8 eq.), 25 W, 50°C, 5 min in DMF. *D-Thr-OH was coupled without side chain protection.


We based our synthesis on that described by the Nowick group (Yang H. et al., 2016), who performed the key cyclization between Arg and Ile in solution. In order to prepare a fully protected peptide suitable for cyclization in solution, a linker that is sensitive to weakly acid conditions was required. (4-Hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) linker allows peptide detachment from the resin using 0.5 % trifluoroacetic acid (TFA) (McMurray and Lewis, 1993; Góngora-Benítez et al., 2013), thereby allowing for a precursor to be liberated from the resin with side chain protecting groups intact and the C-terminus free for lactamization with the Nα-amine of the branched Ile residue. HMPB was coupled onto aminomethyl-polystyrene resin using N,N'-diisopropylcarbodiimide (DIC) to give linker-resin 9. Following the method reported by the Nowick group (Yang H. et al., 2016), 10 was formed by attaching Fmoc-L-Arg(Pbf)-OH to HMPB using DIC with catalysis by 4-dimethylaminopyridine (DMAP). Through iterative deprotections using 20% piperidine in DMF (v/v) and subsequent coupling steps using commercially-available amino acid building blocks activated by 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) and N,N-diisopropylethylamine (DIPEA) under microwave irradiation, resin 10 was elongated to afford peptidyl resin 11. A ninhydrin test showed that all couplings were complete (Sarin et al., 1981). Akin to the Nowick group synthesis (Yang H. et al., 2016), D-Thr without side chain protection could be used to facilitate the subsequent side chain esterification step as we observed no O-acylation during sequence elongation. Initially, for Ser (Jad et al., 2015), we employed tert-butyl (tBu) side chain protection. Upon final global deprotection, LC-MS analysis of 14 revealed an S-tBu adduct of the MPA group SI 1 (ca. 33%, Figure S1) that could not be reversed. Hence, we switched to trityl (Trt) protection for the hydroxyl group of serine, alleviating the problem.

Resin bound peptide 11 was then O-acylated on D-Thr with two treatments of Fmoc-Ile-OH (10 eq.) activated with DIC (5 eq.) and DMAP (0.5 eq.), giving branched depsipeptidyl resin 12. LC-MS analysis showed the esterification was efficient with a conversion of ca. 93% after two coupling cycles. A final Nα-Fmoc deprotection was achieved with one treatment of 20% piperidine/DMF (v/v). The branched depsipeptide was then released from the solid support with repeated 15-min treatments of TFA/CH2Cl2 (0.5:99.5 v/v) until a pink colouration on the resin was observed, (ca. 5 iterations) to afford the side chain protected cyclization precursor 13 in 37% crude yield.

Cyclization of crude 13 was effected using HBTU/6-Cl-HOBt/DIPEA (6:6:6 eq.) in a mixture of MeCN/THF/CH2Cl2 (6:2:2 v/v/v) for 2 h. The solvent mixture could be readily evaporated, conveniently permitting the subsequent addition of the cleavage cocktail to remove side chain protecting groups directly. HPLC purification of the fully unprotected cyclic depsipeptide afforded pure 14, ready for S-lipidation, in 51% crude yield and 80% purity. Depsipeptide 14 was dissolved in NMP/TFA (95:5 v/v) along with radical initiator DMPA, vinyl ester and the scavengers, TIPS and tNonylSH (1:70:80:80 eq. based on 14) under argon (Yang et al., 2020). The cocktail was irradiated with a UV lamp at 365 nm and stirred for 1 h at room temperature. Employing different vinyl esters, we were able to construct a series of seven truncated S-lipidated teixobactin analogs 8a–8f (Figure 2) from the common precursor 14, yielding 10–13% after purification.

We evaluated the antibiotic activity of the analogs 8a–8f against S. aureus using lipobactin 3 as a reference compound. Lipobactin 3 was prepared using Fmoc-SPPS as described by the Nowick group (Yang H. et al., 2016) and purified to 95% (Yang H. et al., 2016). Lipobactin 3 demonstrated an MIC of 8 μM against S. aureus ATCC 29213 (ca. 6.5 μg/mL, Table S1), which was within two-fold of the reported MIC against S. epidermidis ATCC 14990 (4 μg/mL) (Yang H. et al., 2016). Despite the distinct similarity to lipobactin 3, in which hydrophobic residues 1–5 of teixobactin are also replaced with a lipid moiety, the S-lipidated teixobactin analogs 8a–8f failed to demonstrate antibacterial activity against S. aureus (MIC > 128 μM, Table S1). To examine the reasons for the lack of bioactivity, the hydrophobicity of the S-lipidated teixobactin analogs as a function of lipid tail length were examined by analyses of their RP-HPLC retention times and compared to that of lipobactin 3 (Table 1).


Table 1. RP-HPLC column retention times (tR) of the synthesized compounds and the comparison to lipobactin 3 as a function of lipid tail length.

[image: Table 1]

Analogs 8a and 8b are most similar in atom length with respect to lipobactin 3, with a difference of one carbon shorter and longer, respectively. Both analogs are however, more hydrophilic than 3 as judged by their earlier retention times. Based on this observation, we suspect that the bridging unit, –(O)COCH2CH2SCH2CH–, imparts undesirable hydrophilicity onto the lipid tail as judged by RP-HPLC, likely arising from the additional ester moiety and potentially the thioether moiety as well. It was observed that S-lipidated teixobactin compounds which are more hydrophobic than 3 require an atom difference of +7 or more (8d and 8e), thereby significantly increasing the length of the tail portion. We therefore suggest that the presence of this bridging unit may interfere with S-lipidated teixobactin compounds traversing into the bacterial plasma membrane or with the interactions toward lipids II and III, thereby destroying any antibiotic activity against S. aureus as observed in our MIC assays.



CONCLUSIONS

Despite the lack of antibiotic activity, lipidated teixobactin analogs were successfully synthesized using an efficient process that was achieved using commercially available vinyl ester building blocks. The advantage of this technique over classical lipidation is the ability to chemoselectively introduce a diverse range of functionalities onto the unprotected cyclic teixobactin pharmacophore. Moreover, the synthetic route leading to the thiolated precursor (the teixobactin pharmacophore bearing a thiol handle) was well-established, facilitating the subsequent one-step modified CLipPA reaction.

The disappointing lack of antimicrobial activity exhibited by the truncated S-lipidated teixobactin analogs warrants further investigation into the effect of the thioether bridging unit upon the key interactions with the intended bacterial membrane targets. Modeling the interactions of the truncated S-lipidated teixobactin analogs with the bacterial membrane, comparing the thioether-linked lipid to both a simple alkyl chain (the lipid tail of lipobactin), and the N-terminal residues of teixobactin, would likely provide interesting mechanistic insights for this unique class of AMP.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



AUTHOR CONTRIBUTIONS

All synthetic work and data analysis were carried out by VY. Antibacterial susceptibility testing was carried out by VY under supervision of AC. The experiment design and manuscript preparation were done by VY, AC, IK, PH, and MB. All experimental work was carried out in the laboratory of MB. All authors have approved the submitted manuscript.



FUNDING

This work was supported by the Biocide Toolbox (contract UOA1410), funded by New Zealand Ministry of Business, Innovation and Employment (Ph.D. Scholarship, VY) and the Maurice Wilkins Center for Molecular Biodiscovery.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2020.00568/full#supplementary-material

Procedures for the synthesis of lipobactin and CLipPAbactin analogs and minimum inhibitory concentration (MIC) assays.



REFERENCES

 Abdel Monaim, S. A. H., Jad, Y. E., El-Faham, A., de la Torre, B. G., and Albericio, F. (2018). Teixobactin as a scaffold for unlimited new antimicrobial peptides: SAR study. Bioorg. Med. Chem. 26, 2788–2796. doi: 10.1016/j.bmc.2017.09.040

 Abdel Monaim, S. A. H., Jad, Y. E., Ramchuran, E. J., El-Faham, A., Govender, T., Kruger, H. G., et al. (2016). Lysine scanning of Arg10-teixobactin: deciphering the role of hydrophobic and hydrophilic residues. ACS Omega 1, 1262–1265. doi: 10.1021/acsomega.6b00354

 Abdel Monaim, S. A. H., Ramchuran, E. J., El-Faham, A., Albericio, F., and de la Torre, B. G. (2017). Converting teixobactin into a cationic antimicrobial peptide (AMP). J. Med. Chem. 60, 7476–7482. doi: 10.1021/acs.jmedchem.7b00834

 Atkinson, D. J., Naysmith, B. J., Furkert, D. P., and Brimble, M. A. (2016). Enduracididine, a rare amino acid component of peptide antibiotics: natural products and synthesis. Beilstein J. Org. Chem. 12, 2325–2342. doi: 10.3762/bjoc.12.226

 Brimble, M. A., Wright, T. H., Dunbar, P. R., and Williams, G. M. (2017). Amino Acid and Peptide Conjugates and Conjugation Process. WO2017145097A3.

 Chen, K. H., Le, S. P., Han, X., Frias, J. M., and Nowick, J. S. (2017). Alanine scan reveals modifiable residues in teixobactin. Chem. Commun. 53, 11357–11359. doi: 10.1039/C7CC03415F

 Giltrap, A. M., Dowman, L. J., Nagalingam, G., Ochoa, J. L., Linington, R. G., Britton, W. J., et al. (2016). Total synthesis of teixobactin. Org. Lett. 18, 2788–2791. doi: 10.1021/acs.orglett.6b01324

 Girt, G. C., Mahindra, A., Al Jabri, Z. J. H., De Ste Croix, M., Oggioni, M. R., and Jamieson, A. G. (2018). Lipopeptidomimetics derived from teixobactin have potent antibacterial activity against Staphylococcus Aureus. Chem. Commun. 54, 2767–2770. doi: 10.1039/C7CC06093A

 Góngora-Benítez, M., Tulla-Puche, J., and Albericio, F. (2013). Handles for Fmoc solid-phase synthesis of protected peptides. ACS Comb. Sci. 15, 217–228. doi: 10.1021/co300153c

 Gunjal, V. B., and Reddy, D. S. (2019). Total synthesis of Met10-teixobactin. Tetrahedron Lett. 60, 1909–1912. doi: 10.1016/j.tetlet.2019.06.027

 Hermant, Y. O., Cameron, A. J., Harris, P. W. R., and Brimble, M. A. (2020). “Synthesis of antimicrobial lipopeptides using the “CLipPA” thiol-ene reaction,” in Peptide Synthesis: Methods and Protocols, eds W. M. Hussein, M. Skwarczynski, I. Toth (New York, NY: Springer US), 263–274. doi: 10.1007/978-1-0716-0227-0_18

 Jad, Y. E., Acosta, G. A., Naicker, T., Ramtahal, M., El-Faham, A., Govender, T., et al. (2015). Synthesis and biological evaluation of a teixobactin analogue. Org. Lett. 17, 6182–6185. doi: 10.1021/acs.orglett.5b03176

 Jin, K., Po, K. H. L., Kong, W. Y., Lo, C. H., Lo, C. W., Lam, H. Y., et al. (2018). Synthesis and antibacterial studies of teixobactin analogues with non-isostere substitution of enduracididine. Bioorg. Med. Chem. 26, 1062–1068. doi: 10.1016/j.bmc.2018.01.016

 Jin, K., Po, K. H. L., Wang, S., Reuven, J. A., Wai, C. N., Lau, H. T., et al. (2017). Synthesis and structure-activity relationship of teixobactin analogues via convergent ser ligation. Bioorg. Med. Chem. 25, 4990–4995. doi: 10.1016/j.bmc.2017.04.039

 Jin, K., Sam, I. H., Po, K. H. L., Lin, D., Ghazvini Zadeh, E. H., Chen, S., et al. (2016). Total synthesis of teixobactin. Nat. Commun. 7, 12394. doi: 10.1038/ncomms12394

 Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P., et al. (2015). A new antibiotic kills pathogens without detectable resistance. Nature 517:455. doi: 10.1038/nature14098

 Matheson, E., Jin, K., and Li, X. (2019). Establishing the structure-activity relationship of teixobactin. Chinese Chem. Lett. 30, 1468–1480. doi: 10.1016/j.cclet.2019.07.004

 McMurray, J. S., and Lewis, C. A. (1993). The synthesis of cyclic peptides using fmoc solid-phase chemistry and the linkage agent 4-(4-Hydroxymethyl-3-Methoxyphenoxy)-butyric acid. Tetrahedron Lett. 34, 8059–8062. doi: 10.1016/S0040-4039(00)61450-8

 Moloney, M. G. (2016). Natural products as a source for novel antibiotics. Trends Pharmacol. Sci. 37, 689–701. doi: 10.1016/j.tips.2016.05.001

 Parmar, A., Iyer, A., Lloyd, D. G., Vincent, C. S., Prior, S. H., Madder, A., et al. (2017a). Syntheses of potent teixobactin analogues against methicillin-resistant Staphylococcus Aureus (MRSA) through the replacement of l-Allo-Enduracididine with its isosteres. Chem. Commun. 53, 7788–7791. doi: 10.1039/C7CC04021K

 Parmar, A., Iyer, A., Prior, S. H., Lloyd, D. G., Leng Goh, E. T., Vincent, C. S., et al. (2017b). Teixobactin analogues reveal enduracididine to be non-essential for highly potent antibacterial activity and lipid II binding. Chem. Sci. 8, 8183–8192. doi: 10.1039/C7SC03241B

 Parmar, A., Iyer, A., Vincent, C. S., Van Lysebetten, D., Prior, S. H., Madder, A., et al. (2016). Efficient total syntheses and biological activities of two teixobactin analogues. Chem. Commun. 52, 6060–6063. doi: 10.1039/C5CC10249A

 Parmar, A., Lakshminarayanan, R., Iyer, A., Mayandi, V., Leng Goh, E. T., Lloyd, D. G., et al. (2018). Design and syntheses of highly potent teixobactin analogues against Staphylococcus Aureus, methicillin-resistant Staphylococcus Aureus (MRSA), and vancomycin-resistant Enterococci (VRE) in vitro and in vivo. J. Med. Chem. 61, 2009–2017. doi: 10.1021/acs.jmedchem.7b01634

 Parmar, A., Prior, S. H., Iyer, A., Vincent, C. S., Van Lysebetten, D., Breukink, E., et al. (2017c). Defining the molecular structure of teixobactin analogues and understanding their role in antibacterial activities. Chem. Commun. 53, 2016–2019. doi: 10.1039/C6CC09490B

 Sarin, V. K., Kent, S. B. H., Tam, J. P., and Merrifield, R. B. (1981). Quantitative monitoring of solid-phase peptide synthesis by the ninhydrin reaction. Anal. Biochem. 117, 147–157. doi: 10.1016/0003-2697(81)90704-1

 Schumacher, C. E., Harris, P. W. R., Ding, X.-B., Krause, B., Wright, T. H., Cook, G. M., et al. (2017). Synthesis and biological evaluation of novel teixobactin analogues. Org. Biomol. Chem. 15, 8755–8760. doi: 10.1039/C7OB02169K

 Wright, T. H., Brooks, A. E. S., Didsbury, A. J., Williams, G. M., Harris, P. W. R., Dunbar, P. R., et al. (2013). Direct peptide lipidation through thiol–ene coupling enables rapid synthesis and evaluation of self-adjuvanting vaccine candidates. Angew. Chem. Int. Ed. 52, 10616–10619. doi: 10.1002/anie.201305620

 Wu, C., Pan, Z., Yao, G., Wang, W., Fang, L., and Su, W. (2017). Synthesis and structure–activity relationship studies of teixobactin analogues. RSC Adv. 7, 1923–1926. doi: 10.1039/C6RA26567G

 Yang, H., Chen, K. H., and Nowick, J. S. (2016). Elucidation of the teixobactin pharmacophore. ACS Chem. Bio. 11, 1823–1826. doi: 10.1021/acschembio.6b00295

 Yang, H., Du Bois, D. R., Ziller, J. W., and Nowick, J. S. (2017). X-ray crystallographic structure of a teixobactin analogue reveals key interactions of the teixobactin pharmacophore. Chem. Commun. 53, 2772–2775. doi: 10.1039/C7CC00783C

 Yang, S., Harris, P. W. R., Williams, G. M., and Brimble, M. A. (2016). Lipidation of cysteine or cysteine-containing peptides using the thiol-ene reaction (CLipPA). Eur. J. Org. Chem. 2016, 2608–2616. doi: 10.1002/ejoc.201501375

 Yang, S.-H., Hermant, Y. O. J., Harris, P. W. R., and Brimble, M. A. (2020). Replacement of the acrid tert-butylthiol and an improved isolation protocol for cysteine lipidation on a peptide or amino acid (CLipPA). Eur. J. Org. Chem. 2020, 944–947. doi: 10.1002/ejoc.201901696

 Yim, V. V., Kavianinia, I., Cameron, A. J., Harris, P. W. R., and Brimble, M. A. (2020). Direct synthesis of cyclic lipopeptides using intramolecular native chemical ligation and thiol–ene CLipPA chemistry. Org. Biomol. Chem. 18, 2838–2844. doi: 10.1039/D0OB00203H

 Zong, Y., Sun, X., Gao, H., Meyer, K. J., Lewis, K., and Rao, Y. (2018). Developing equipotent teixobactin analogues against drug-resistant bacteria and discovering a hydrophobic interaction between lipid II and teixobactin. J. Med. Chem. 61, 3409–3421. doi: 10.1021/acs.jmedchem.7b01241

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Yim, Cameron, Kavianinia, Harris and Brimble. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 14 August 2020
doi: 10.3389/fchem.2020.00701






[image: image2]

The Influence of Halide Substituents on the Structural and Magnetic Properties of Fe6Dy3 Rings

Irina A. Kühne1,2, Christopher E. Anson1 and Annie K. Powell1,3*


1Institut für Anorganische Chemie, KIT (Karlsruhe Institute of Technology), Karlsruhe, Germany

2School of Physics, University College Dublin (UCD), Dublin, Ireland

3Institut für Nanotechnologie, KIT (Karlsruhe Institute of Technology), Eggenstein-Leopoldshafen, Germany

Edited by:
Qin Li, Griffith University, Australia

Reviewed by:
Clara S. B. Gomes, New University of Lisbon, Portugal
 Nail M. Shavaleev, Independent Researcher, Ufa, Russia

*Correspondence: Annie K. Powell, annie.powell@kit.edu

Specialty section: This article was submitted to Inorganic Chemistry, a section of the journal Frontiers in Chemistry

Received: 15 May 2020
 Accepted: 07 July 2020
 Published: 14 August 2020

Citation: Kühne IA, Anson CE and Powell AK (2020) The Influence of Halide Substituents on the Structural and Magnetic Properties of Fe6Dy3 Rings. Front. Chem. 8:701. doi: 10.3389/fchem.2020.00701



We report the synthesis and magnetic properties of three new nine-membered Fe(III)-Dy(III) cyclic coordination clusters (CCCs), with a core motif of [Fe6Dy3(μ-OMe)9(vanox)6(X-benz)6] where the benzoate ligands are substituted in the para-position with X = F (1), Cl (2), Br (3). Single crystal X-ray diffraction structure analyses show that for the smaller fluorine or chlorine substituents the resulting structures exhibit an isostructural Fe6Dy3 core, whilst the 4-bromobenzoate ligand leads to structural distortions which affect the dynamic magnetic behavior. The magnetic susceptibility and magnetization of 1-3 were investigated and show similar behavior in the dc (direct current) magnetic data. Additional ac (alternating current) magnetic measurements show that all compounds exhibit frequency-dependent and temperature-dependent signals in the in-phase and out-of-phase component of the susceptibility and can therefore be described as field-induced SMMs. The fluoro-substituted benzoate cluster 1 shows a magnetic behavior closely similar to that of the corresponding unsubstituted Fe6Dy3 cluster, with Ueff = 21.3 K within the Orbach process. By increasing the size of the substituent toward 4-chlorobenzoate within 2, an increase of the energy barrier to Ueff = 36.1 K was observed. While the energy barrier becomes higher from 1 to 2, highlighting that the introduction of different substituents on the benzoate ligand in the para-position has an impact on the magnetic properties, cluster 3 shows a significantly different SMM behavior where Ueff is reduced in the Orbach regime to only 4.9 K.

Keywords: single molecule magnet (SMM), iron, dysprosium, cyclic coordination cluster, substituent effect


INTRODUCTION

Cyclic coordination clusters (CCCs) consisting of paramagnetic ions are of interest since these can show unusual physical and chemical properties arising from the cyclisation of a short chain of metal ions to give a finite molecular species (Larsen et al., 2003; Cador et al., 2004, 2005; Tang et al., 2006; Timco et al., 2009; Whitehead et al., 2013; Ungur et al., 2014; Ferrando-Soria et al., 2015; Gysler et al., 2016; Langley et al., 2019). For 4f containing cycles this includes stabilization of toroidal moments (Waldmann, 2005; Chibotaru et al., 2008; Ungur et al., 2012), whereas for 3d heterometallic cycles it has been shown that these can function as qubits and even be incorporated into logic gates (Troiani et al., 2005). Cyclic 3d/4f clusters where 3d = Fe(III) offer new opportunities in chiral separation (Baniodeh et al., 2013), magnetic resonance imaging (MRI) (Guthausen et al., 2015; Ranzinger et al., 2016) and the magnetocaloric effect (Botezat et al., 2017; Schmidt et al., 2017b). The Fe/4f cyclic coordination clusters show perhaps the most exotic behavior and can be produced in different nuclearities, such as [Fe2Ln2] (Song et al., 2013; Pugh et al., 2016; Alexandru et al., 2018), [Fe3Ln2] (Baniodeh et al., 2013), [Fe4Dy4] (Schray et al., 2010; Chen et al., 2015), [Fe4Ln2] (Schmidt et al., 2012, 2017a; Baniodeh et al., 2013; Botezat et al., 2017, 2019b; Chen et al., 2017), [Fe5Ln3] (Baniodeh et al., 2013), [Fe6Ln3] (Kühne et al., 2016; Botezat et al., 2019a), [Fe6Ln4] (Botezat et al., 2019b), [Fe8Ln8] (Zhang et al., 2020), [Fe10Ln10] (Baniodeh et al., 2013, 2014), [Fe16Ln4] (Baniodeh et al., 2011), and [Fe18Ln6] (Botezat et al., 2017). The Fe10Gd10 system demonstrated the potential of cyclized systems to show solid state properties on a molecular length scale—in this case, a quantum critical point tipping the system toward a ferromagnetic ultra-high spin state of S = 60 with a choice of at least 10,000 ground state configurations, making this a system with polynary rather than binary prospects (Baniodeh et al., 2018). A particularly fascinating aspect to these systems is provided by examples where the components of the chain are not simply alternating iron and 4f ions (Schmidt et al., 2012, 2017a; Baniodeh et al., 2013; Botezat et al., 2017, 2019b). This behavior was recently reported for the family of Fe6Ln3 clusters (Kühne et al., 2016) where the repeating unit can be regarded as {Fe2Ln}3 and three of these give an {Fe6Ln3} cycle. The repeating units within big clusters can vary, but it is also possible to have a situation where there is no true cyclisation of a fundamental building block. This can be seen for example in the arrangement within [Fe4Ln2] clusters where some structures can be described in terms of a {FeLn2}2 cycle as shown by Schmidt et al. (2012), Botezat et al. (2019b), and Schmidt et al. (2017a) which is very different from the cyclized strand of {FeLn4Fe} described in Baniodeh et al. (2013). Other repeating units, such as {Fe3Dy} have been reported in the largest example of Fe/4f coordination cluster where the basic unit is repeated six times to give an {Fe18Dy6} cycle (Botezat et al., 2017).

Odd-numbered rings are rare, with only a few examples (Baniodeh et al., 2013; Kühne et al., 2016; Botezat et al., 2019a), such as provided by our non-anuclear Fe6Ln3 clusters (Kühne et al., 2016), but they hold promise for discovering new exotic magnetic phenomena including single molecule magnetism, magnetocaloric effect, MRI contrast reagents, and toroidal arrangements of anisotropic 4f spin centers. It has previously been shown that electron-withdrawing/donating substituents on the phenyl ring of benzoic acids can lead to small changes in the structural environment and therefore have an impact on the magnetic properties of Single Molecule Magnets (SMMs) (Mereacre et al., 2011; Habib et al., 2013). Even small variations in the ligand field of lanthanide ions can have a significant influence on the slow relaxation process responsible for SMM behavior (Peng et al., 2016).

Here, we investigate the influence of para-substituents of the coordinated benzoate ligand on the structural and magnetic properties of [Fe6Dy3] cyclic coordination clusters. This systematic study led to three new crystal structures of cyclic [Fe6Dy3] clusters, with a core motif of [Fe6Dy3(μ-OMe)9(vanox)6(X-benz)6] where vanox−2 is doubly-deprotonated o-vanillinoxime, and the benzoate ligands are para-substituted with X = F (1), Cl (2), Br (3) (Scheme 1). The subtle changes in the non-coordinating part of the ligand, give insights into the structure-directing properties of the ligand as well as the magnetic properties of the clusters. The change of the coordination preferences of the bridging benzoate with para-substituent variation was monitored by magnetic susceptibility measurements. We compare the static and dynamic susceptibility data of the para-substituted 1-3 and the unsubstituted cyclic coordination clusters to determine the role of the electron-withdrawing group.


[image: Scheme 1]
SCHEME 1. H2vanox (left) and 4-parasubstituted benzoic acid (right).




RESULTS


Synthetic Route

The synthesis of 1-3 was achieved in a one pot reaction; for full synthetic details see section Materials and Methods. A ligand solution containing o-vanillinoxime, H2vanox, and sodium methoxide, NaOMe, dissolved in methanol was added to a solution of FeCl2·4H2O and Dy(NO3)3·6H2O in methanol with the respective para-halide-substituted benzoic acid as depicted in Scheme 1. Small adjustments in terms of solvents and amount of base to allow for the different pKa of the para-substituted benzoic acids were made as outlined in section Materials and Methods. In this way, dark red single crystals of three nine-membered [Fe6Dy3(μ-OMe)9(vanox)6(X-benz)6] cyclic coordination clusters 1-3 were obtained for the 4-fluorobenzoate, [Fe6Dy3(μ-OMe)9(vanox)6(F-benz)6].12MeOH.H2O (1), the 4-chlorobenzoate, [Fe6Dy3(μ-OMe)9(vanox)6(Cl-benz)6].13MeOH (2), and the 4-bromobenzoate, [Fe6Dy3(μ-OMe)9(vanox)6(Br-benz)6(MeOH)]. 9MeOH (3).



Structural Details

1-3 crystallize in the triclinic space group P1̄, where 1 and 2 crystallize isomorphically with 13 solvent molecules found in the crystal lattice. For 1, there are 12 methanol molecules and one water molecule and for 2, there are 13 methanol molecules. In contrast, 3 crystallizes with 9 molecules of methanol in the unit cell and incorporates a tenth methanol within an iron coordination sphere of the cluster as outlined below. A table summarizing the crystallographic details can be found in section Materials and Methods. The structure of the coordination cluster within 1 is taken as a representative of the isomorphous structures 1 and 2. The structures of 1 and 3 are shown in Figure 1. The nonanuclear metal core of 1-3 consists of three Fe(III) dimeric units which are linked together through single Dy(III) ions to form a ring and this core motif has been previously reported for the Dy(III) and other Ln(III) compounds where the unsubstituted benzoate was used as a bridging co-ligand (Kühne et al., 2016).


[image: Figure 1]
FIGURE 1. Molecular structure of [Fe6Dy3(μ-OMe)9(vanox)6(F-benz)6] cyclic coordination clusters (1) (left) and of [Fe6Dy3(μ-OMe)9(vanox)6(Br-benz)6(MeOH)] (3) (right) with H-bonds highlighted as turquoise dashed lines, (solvents and H atoms omitted for clarity).


1 and 2 are analogous to the previously reported structure, with the six substituted benzoates in a 1,1′-μ-bridging mode, linking together each end of the dinuclear iron units to the intervening Dy(III) centers. Within 3 one of the Br-benzoates does not bridge between the Fe(III) and Dy(III) ions anymore, but coordinates only to the Dy(III) ion (Figure 1). The vacant coordination site on the Fe(III) center, Fe(6), is filled by O(40) of the methanol ligand. The hydrogen of this methanol forms a hydrogen-bond to the non-coordinated Br-benzoate O(39), which is highlighted as a turquoise dashed bond in Figure 1.

Even though 1 and 2 crystallize isomorphously and show similar bond lengths and angles, the differences become more pronounced by overlapping the structures in Figure 2, where 1-3 are shown as capped stick models with 1 in yellow, 2 in green, and 3 in purple. The metal centers of all clusters almost overlap, highlighting the similarity of the M...M distances (Table S1) within 1-3 (Figure S1). While the vanox2− and the μ2-bridging methoxy groups of 1 and 2 do overlap, there are some differences visible, especially for the coordinating benzoate ligands, which become more pronounced in the side view (Figure 2). By increasing the halide radius from F via Cl to Br, it becomes clear, that the benzoate ligands bend out of the metal plane, and this bending seems to be too much in case of 3, which then leads to the break in connectivity observed in this structure. Additionally, the steric demand of the intramolecular H-bond of the unidentate bromobenzoate forces the latter out of the metal plane, which is defined by all nine Fe(III) and Dy(III) centers (Figure 2). The tilting angles of the benzoate ligands within 1-3 are summarized in Table S2, with small angles in the range 2–20° for the isomorphous clusters 1 and 2, while 3 exhibits stronger tilting of 9.4–34.2° for the μ2-coordinated benzoates. The monodentate bromobenzoate Br6, exhibits the largest tilting out of the metal plane with an angle of 38.9°.


[image: Figure 2]
FIGURE 2. Structure overlap of 1-3 by superposition of all nine metal centers (left) (1: 4-fluorobenzoate (yellow), 2: 4-chlorobenzoate (green) and 3: 4-bromobenzoate (purple)), and plane through all nine metal centers (blue) of 3, [Fe6Dy3(μ-OMe)9(vanox)6(Br-benz)6(MeOH)], (right), highlighting the deviation of the benzoate rings tilted out of the plane (all other ligands omitted for clarity, except for the 4-bromobenzoates and bridging methoxy groups).


In order to see the differences between the structures which can lead to the tuning of the magnetic behavior, the bond lengths around the Fe(III) centers are summarized in Table S3. Table S4 summarizes all Dy-O bond lengths, and both sets of data are compared to the unsubstituted Fe6Dy3 cluster. All Fe(III) centers are hexa-coordinate with five oxygen atoms and one nitrogen atom in the coordination sphere. The Fe-O bond lengths within 1-3 are 1.93–2.08 Å and the Fe-N bond lengths are 2.09-2.13 Å, similar to those for the unsubstituted cluster. Although, 3 shows the disorder of one benzoate ligand, where the carboxylate oxygen of one of the Fe(III) centers, Fe6, is replaced by a coordinating methanol, this Fe-O bond length is in the same range as the respective Fe-Ocarboxylate bonds within this cluster as well as compared to 1 and 2.

Taken together, the Dy-O bond lengths are in a rather wide range, 2.23–2.56 Å. But if they are classified according to the nature of the coordinated oxygen, they now form four non-overlapping ranges, and Table 1 shows the ranges and mean values for the different Dy-O types in 1-3 and the unsubstituted Fe6Dy3 cluster. These clearly highlight the relative hardness of the different oxygen species coordinated to the Dy(III) centers, with the μ2-bridging methoxides exhibiting the shortest Dy-O distances, followed by those involving oxygens from the bridging carboxylates, the bridging phenoxides, while the neutral vanox methoxy groups unsurprisingly form the longest Dy-O bonds. The corresponding bond length for the monodentate bromobenzoate in 3 (Dy1-O38: 2.234 Å) was not included within the data for the bridging carboxylates in Table 1 as it is much shorter, and in fact it falls toward the lower end of the methoxide Dy-O range. This indicates that the “unplugging” of that benzoate from the Fe(III) center has increased the negative charge and hardness of O38, and this may have a significant effect on the electrostatic field around Dy1 in 3.


Table 1. Dy-O bond length ranges and averages (in Å) in 1-3 and the unsubstituted cluster (Kühne et al., 2016).
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Angular Distortion Analysis of Fe(III) Centers

As previously shown in [Fe6Ln3(μ-OMe)9(vanox)6(benz)6] (Kühne et al., 2016), the magnetic behavior of the clusters is dominated by the three dimeric Fe(III) units within the cluster which are antiferromagnetically coupled and the strength of the coupling can be influenced by the bridging angle between the Fe(III) centers as well as the distortion from the octahedral environment (Gorun and Lippard, 1991; Werner et al., 2001). The angular distortion from the octahedral environment around the Fe(III) centers also has an impact on the strength of the magnetic coupling. Therefore the overall distortion of the Fe(III) centers can be described by the angular distortion Σ and the torsional distortion Θ which are defined by formulas (1) and (2) by McKee (Drew et al., 1995), which is a common procedure to describe spin crossover compounds (Marchivie et al., 2005; Halcrow et al., 2019; Kühne et al., 2020).
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The degree of trigonal distortion can be described on the one hand by Σ, which shows the local angular deviation from the octahedral angle of 90° and, on the other hand, by Θ which is the sum of the deviation of the triangular faces from 60°, measured by the torsion angle between two adjacent coordinated oxygen atoms of the two triangles. Σ describes the sum of all 12 cis octahedral angles which should be ideally 90° and Θ describes the sum of all 24 unique torsion angles which define the degree of twist from octahedral toward trigonal prismatic geometry. The twist angle, θ, is defined between opposite triangular faces where θ = 0° for a trigonal prism and θ = 60° for an octahedron, leading to Θ = 1440.0° for a trigonal prism. For an octahedron, both Σ and Θ would be 0. Both Σ and Θ have been calculated for 1-3 as well as for the unsubstituted Fe6Dy3 cluster, using OctaDist 2.6.1 (Ketkaew et al., 2019) and the results are summarized in Table 2.


Table 2. Calculated Σ (top) and Θ (bottom) values (in °), together with the average values within one cluster and the average deviation per angle using OctaDist 2.6.1 (Ketkaew et al., 2019) for the hexacoordinated Fe(III) ions within 1–3 in comparison to the unsubstituted Fe6Dy3 cluster.
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The Σ values were found to increase stepwise from the unsubstituted Fe6Dy3 cluster to the 4-bromobenzoate cluster 3 by 8.7%. While the Σ values for the unsubstituted compound were found to be 80.3°-92.8°, these values increase and widen by substituting the benzoate, and the values are found to be 82.4°-103.9°. These values are similar to the ones reported for mononuclear octahedrally coordinated high-spin Fe(III) systems (Halcrow, 2011). This distortion from the octahedral environment leads to an average deviation of 7–8° for each of the expected 90° angles within 1-3. The average Σ values within one cluster were found to be similar for the isostructural clusters 1 and 2, where the average only changes by <1°. Cluster 3 shows that the average value is higher due to the high distortion around Fe1. Interestingly, Fe6, the Fe(III) center with the benzoate distortion, exhibits a smaller and a more close to average distortion from the octahedral environment in comparison to Fe1.

A similar trend of stepwise increase is observed for the Θ values, from an average angle of 280° for the unsubstituted Fe6Dy3 cluster, to 297° in 1 and 2 to the highest deviation of 309° within 3, which is again an increase by 10.4% from the unsubstituted cluster to 3. The Θ values vary between 278° and 355° (242°-312° for the unsubstituted Fe6Dy3) with similar average values for 1 and 2, while 3 shows again a greater distortion for all Fe(III) centers. Fe1 within 3 exhibits the highest deviation from an octahedral environment. This shows that the deviation for each of the 24 torsion angles averages to 11°-13°, which highlights that the system is far from being trigonal prismatic and can be better described as a distorted octahedron. For comparison, Θ values in mononuclear and octahedrally coordinated high-spin Fe(III) coordination complexes (Halcrow, 2011) as well as Jahn-Teller active Mn(III) high-spin complexes (Gildea et al., 2014; Kühne et al., 2020) were found to be 130°-230°. The angles within 1-3 are slightly higher than these values but are indicative of an octahedral environment.



SHAPE Analysis of Fe(III) and Dy(III) Ions

The unsubstituted cluster, [Fe6Ln3(μ-OMe)9(vanox)6(benz)6] (Kühne et al., 2016), exhibits antiferromagnetic exchange between the Fe-Fe centers. Therefore, the main SMM behavior arises from the three anisotropic Dy(III) ions. The magnetic behavior of 4f-ions is related to the interaction between the single-ion electron density and the crystal field environment (Rinehart and Long, 2011; Sorace et al., 2011; Feltham and Brooker, 2014). The coordination geometry can be analyzed using the software SHAPE (Llunell et al., 2013). For SMMs containing the oblate Dy(III), the square antiprismatic (SAP) configuration was found to be a good geometry to support SMM properties, especially for mononuclear Ln-SMMs where small changes in the coordination environment (Rinehart and Long, 2011; Sorace et al., 2011; Feltham and Brooker, 2014), ligand field strength and the complicated inter-molecular interactions could regulate the anisotropy and tune the magnetic dynamics of the mononuclear SMM systems (Neese and Pantazis, 2011). In order to describe the geometries of the lanthanide ions within the structures, they were analyzed using the software SHAPE (Llunell et al., 2013), which evaluates each geometry and assesses how far it deviates from an idealized polyhedron with zero being ideal. Table 3 summarizes the best geometry for the octacoordinated Dy(III) ions as well as the deviation from the square antiprism. For the Dy(III) centers within 1 and 2, there are two Dy(III) centers best described as having a triangular dodecahedral environment, which is a common geometry found in multinuclear SMMs (Langley et al., 2019). The other Dy(III) center, Dy2 in both clusters, is closer to a square antiprismatic environment. This behavior is not observed in 3, where all Dy(III) centers show small deviations from the triangular dodecahedral geometry, which is similar to that of the unsubstituted Fe6Dy3 cluster.


Table 3. SHAPE analysis of Fe(III) ions within 1–3, highlighting the deviation from the octahedral coordination geometry, OC-6 (top) and SHAPE analysis for all Dy(III) ions (bottom), highlighting the deviation from the square antiprismatic (SAPR) and the triangular dodecahedral (TDD) environment.
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The six “best” suggested geometries for the hexacoordinated Fe(III) ions are given in Table 3. This clearly shows that all Fe(III) ions exhibit a small deviation from an octahedral environment even though the angular distortion Σ and the torsional distortion Θ seem rather large. The SHAPE analysis clearly highlights that the Fe(III) centers within the unsubstituted Fe6Dy3 cluster exhibit smaller deviations from octahedral than within the clusters with the para-substituted benzoates. Trigonal prismatic coordination geometry is the second-best choice with an average deviation of 9.97% for 1 and 10.18% for 2 and 9.88% for 3. As expected, within 3, the Fe(III) center with the largest deviation from an octahedron, Fe1, shows a smaller deviation from a trigonal prism than the other Fe(III) centers.



Packing Arrangement

In the solid state, 1 and 2 exhibit a similar packing arrangement within the crystal lattice as expected for isomorphous clusters, such that the discrete molecules are arranged in layers which are slightly tilted out of the ab-plane (Figure S3). It is not possible for cluster 3, with the bigger bromo substituent, to pack in a similar way (Figure S4) as observed within 1 and 2. The disarray of the coordinated 4-bromobenzoates does not allow the molecules to form sheets and layers like within 1 and 2, but leads to a packing arrangement with slightly shifted molecules. The packing arrangement of all clusters shows that there are intermolecular short contacts between the neighboring molecules, formed by hydrogen bonds to the electronegative halides. These H..X hydrogen bonds within 1-3 (Figure S5) lead to the formation of a 1D chain of molecules along one preferred axis. This seems to be the dominating packing factor, which might be the reason for the change of the coordination mode of one benzoate ligand observed in 3.

In addition to the H..X bonds, two substituted benzoate ligands of adjacent molecules of 1 and 2 are in close proximity to each other (Figure S6), leading to sheets of molecules within the ab-plane. This is not possible for 3 due to the disorder of benzoate ligands, where the steric demand of the intramolecular hydrogen bond of the unidentate bromobenzoate, Br6 (Figure 2), forces the latter out of the Fe6Dy3 plane by 39° and therefore it cannot form short contacts to neighboring molecules.

Although 3, with one of its benzoates being monodentate, is clearly not isostructural to 1 and 2, and its unit cell parameters are also different, there still seems to be a relationship between these crystal structures. Transformation of the unit cell of 2 (Table A1), using the matrix [1/2 1/2 0 1 −1 0 0 0 −1] results in a non-conventional cell with parameters a = 16.308 Å, b = 19.724 Å, c = 22.941 Å, α = 90.06°, β = 109.83°, and γ = 91.56°, which shows a more obvious relationship to the unit cell of 3, and in which the rings would be nearly parallel to the new ab plane, as is the case in 3. It is possible to imagine that the partial disconnection of the bromobenzoate then leads to a shearing which brings the three angles into line with those for the unit cell of 3.



Magnetic Properties
 
DC Magnetic Properties

The direct current (dc) magnetic properties were studied on freshly filtered crystalline samples (in order to avoid lattice solvent loss) in a temperature range 1.9–300 K under an applied field of 1,000 Oe and are shown as χMT vs. T plots in Figure 3. 1-3 show a similar behavior to the unsubstituted cluster with a steady decrease on lowering the temperature. The χMT value for each compound measured at room temperature is lower than the expected spin-only value of 68.76 cm3K/mol for six non-interacting Fe(III) ions and three non-interacting Dy(III) ions. The obtained values at room temperature are 56.77 cm3K/mol for 1 (fluorobenzoate), 57.72 cm3K/mol for 2 (chlorobenzoate) and 58.39 cm3K/mol for 3 (bromobenzoate), which is in good agreement with the unsubstituted Fe6Dy3 where a χMT value of 58.8 cm3K/mol was observed at room temperature (Kühne et al., 2016). The data show a similar curvature for all compounds and initially decrease slowly in an almost linear fashion upon lowering the temperature to 30 K. Below this temperature the curves bend downwards and reach their minimal values at 1.9 K of 33.25 cm3K/mol for 1 (32.73 cm3K/mol for 2 and 36.89 cm3K/mol for 3), indicating the presence of dominant antiferromagnetic interactions within the three Fe(III)2 dinuclear units. The slow and steady decrease in χMT values from room temperature on, highlights the dominating antiferromagnetic coupling of the dimeric Fe2 units within the ring structure, which is present even at room temperature. The arrangement of these dimeric Fe(III) units in a cyclic cluster can lower the expected χMT value due to the spin arrangement within the ring.
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FIGURE 3. Temperature dependence of the χMT product measured under an applied field of 1,000 Oe for 1-3 (top left), field dependence of magnetization for 1 (top right), 2 (bottom left), and 3 (bottom right) measured between 0 and 7 T at different temperatures and the reduced magnetization as inset for each.


Field dependence of the magnetization was measured between 2.0 and 5.0 K and the plots are shown in Figure 3, as M vs. H curves. The lack of saturation in the magnetization values for all clusters indicates the presence of magnetic anisotropy and/or low-lying excited states. The values of the isotherms rapidly increase in all cases at low field, before following a more gradual linear increase after 1.4 T. None of the compounds show saturation of magnetization up to 7.0 T at a temperature of 2.0 K and these values of 18.0 μB for 1 (18.84 μB for 2 and 18.71 μB for 3) are lower than the expected value for six non-interacting or ferromagnetically coupled Fe(III) centers and three Dy(III) centers. The first derivatives of the magnetization isotherms with respect to the applied field are shown in Figure S7, ESI, since such plots can be indicative of a transition between two different magnetic states (Kühne et al., 2014), or a toroidal behavior (Novitchi et al., 2012), but no maxima were observed in these plots.

The reduced magnetization curves plotted as M vs. H/T (Figure 3, inset) show at lower fields, up to 1,000 Oe (0.1 T), only small deviations from an almost perfect superposition of the three isotherms on to one master curve, which is indicative of an isotropic system within this range. On increasing the magnetic field strength, there is an increased deviation from this superposition, compatible with the presence of anisotropy and/or low-lying excited states within 1-3.



AC Magnetic Properties

Given that all χMT vs. T and M vs. H curves have similar shapes with similar slopes, it is likely that the coupling between the metal centers should be in a similar range. This enables us to compare 1-3 to see the effect of the different para-substituents on the dynamic magnetic behavior using ac susceptibility measurements, which previously showed slow relaxation and thus likely SMM behavior for the unsubstituted Fe6Dy3 cluster (Kühne et al., 2016). As a means to suppress any quantum tunneling of the magnetization (QTM), frequency-dependent ac susceptibility was measured at 1.8 K for all clusters with applied fields between 0 Oe and 3,000 Oe (Figure S8). The in-phase and out-of-phase ac susceptibility measurements show field-dependent signals for all compounds. Although 1 and 2 showed rather similar behavior in the dc magnetic properties, their behavior in the ac component is distinctly different. Only 2 shows weak frequency-dependent behavior in the in phase and out-of-phase ac susceptibility under zero applied field, but without visible maxima within the measured parameter set. On application of higher dc fields, it is possible to suppress the quantum tunneling component within 1-3 with the maxima in the out-of-phase component shifted to lower frequencies. At fields higher than 2,500 Oe, the frequency-dependent maxima in the out-of-phase susceptibility start to become very broad and/or vanish (Figure S8). The optimum dc fields where the quantum tunneling is the smallest are 1,500 Oe for 1, 2,000 Oe for 2 and 1,000 Oe for 3.

For the fluorobenzoate cluster 1, the ac measurements under an applied field of 1,500 Oe, show frequency-dependent in-phase and out-of-phase signals (Figure 4), with the temperature-shifting maxima in the out-of-phase component. The Cole-Cole plots (Figure S9) were used to extract the τ and α values (Table S5) and fit the in-phase and out-of-phase susceptibility data (Figure 4) by using a generalized Debye model.
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FIGURE 4. Frequency-dependent in-phase (left) and out-of-phase susceptibility (right) under an applied field of 1,500 Oe for 1 in a temperature range 1.8–3.0 K [the lines are the best fit using CCFit (Reta and Chilton, 2019)].


The obtained α-values are around 0.6 in the higher temperature range of 2.26–3.0 K, indicating a broad distribution of relaxation pathways most likely involving more than one relaxation process. For a single relaxation process, the Cole-Cole plot would show a perfect semi-circular profile leading to an α-value of zero. For 1, the high deviation from this behavior is expected given the very broad maxima which spread over almost the whole frequency range. In order to check for secondary relaxation processes, especially at higher temperatures, the in-phase and out-of-phase susceptibilities were also measured in terms of their temperature-dependency under a variety of frequencies (Figure S10). The out-of-phase susceptibility component clearly highlights that the magnetic relaxation processes are limited to temperatures below 10 K, and that no secondary relaxation processes are expected beyond this temperature, since the out-of-phase susceptibility is now at zero. The temperature-dependent in-phase susceptibility (Figure S10) clearly exhibits a change in slope at low temperatures, from negative for small frequencies (1–100 Hz) to positive at frequencies beyond 200 Hz, which is indicative of multiple relaxation processes.

The isostructural chlorobenzoate cluster 2 shows frequency-dependent in-phase and out-of-phase signals in the ac susceptibility measurements under an applied field of 2,000 Oe, (Figure 5), with the temperature-dependent maxima in the out-of-phase component. The maxima located at low temperatures and small frequencies appear to be frequency-independent and only start shifting at temperatures beyond 3.1 K. The Cole-Cole plot of the 2.5 K ac susceptibility data clearly shows the presence of two relaxation processes (Figure S11) and these were fitted using CCFit (Reta and Chilton, 2019) highlighting that a second process is thermally activated while the frequency-independent QTM process becomes less dominant. This is more pronounced in the temperature-dependent out-of-phase susceptibility (Figure S12), where at small frequencies and temperatures, a crossover point at 2.5 K can be observed. While the out-of-phase susceptibility curves at low frequencies display a rather sharp profile, without visible maxima, the curves become more broad at frequencies beyond 40 Hz, and no clear maxima are found due to the broadened curves, which indicates secondary magnetic relaxation processes over the measured temperature range. On the other hand, the shift of the frequency- and temperature-dependent signals at temperatures higher than 2.5 K in the out-of-phase susceptibility is easier to detect in Figure 5 due to the logarithmic x-axis. Cole-Cole plots (Figure S11) were used in the measured temperature range between 3.1 and 6.0 K, to calculate the τ and α values (Table S6). The α values decrease from 0.6 at 3.4 K to 0.2 at 5.5 K, highlighting that even at 3.4 K, the relaxation pathway is most likely a combination of several magnetic relaxation processes.
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FIGURE 5. Frequency-dependent in-phase (left) and out-of-phase susceptibility (right) under an applied field of 2,000 Oe of 2 in a temperature range between 1.9 and 6.0 K.


Cluster 3, containing the bromobenzoate ligand, which led to the structural change in coordination mode, shows frequency-dependent in-phase and out-of-phase signals in the ac measurements under an applied field of 1,000 Oe (Figure 6), as well as without an externally applied magnetic field (Figure S13) with temperature-dependent maxima in the out-of-phase component over the measured temperature range up to 5.0 K. The in-phase and out-of-phase susceptibilities were also measured in terms of their temperature-dependency under a variety of frequencies (Figures S14, S15), in order to check for secondary relaxation processes at higher temperatures and these were found to be absent. The Cole-Cole plots (Figure S1) of the ac susceptibility data at 1,000 Oe were used to extract the τ and α values (Table S7). The obtained α-values decrease on increasing the temperature from 0.5 at 1.8 K to 0.3 at 5.0 K, indicating a narrower distribution of relaxation processes and possibly corresponding to only one pathway.
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FIGURE 6. Frequency-dependent in-phase (left) and out-of-phase susceptibility (right) under an applied field of 1,000 Oe for 3 in a temperature range between 1.8 and 5.0 K [the lines show the best fit using CCFit (Reta and Chilton, 2019)].


The energy barrier for spin reversal for 1-3 was fitted using the extracted τ values from the Cole-Cole plots which are then plotted against the reciprocal temperature, 1 /T. In contrast to 1 and 2, cluster 3 could be fitted using the Arrhenius law for all τ values (Figure 7), since a distinct linear trend can be observed by plotting τ against 1/T, which leads to Ueff = 4.9 K and τ0 = 5.2.10−5 s. Considering not just thermally induced relaxation processes, but also other relaxation mechanisms such as Raman and QTM (which seems to be fully suppressed) processes, and fitting combinations or all of them simultaneously, using Equation (1), does not lead to any improvement (Figure S17).
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1 and 2 show a noticeably different behavior in their magnetic relaxation mechanism compared to 3 (Figure 8). It is not possible to fit all data points of the τ values with one single slope over the measured temperature range. It has been shown in the literature, that by ignoring the overall slope of the extracted τ values and constraining a linear regime at higher temperatures, in which the data could be fitted to the Arrhenius law, can lead to an erroneously large Ueff value (Lampropoulos et al., 2009). Therefore, the spin relaxation was simultaneously fitted using Equation (1) (Reta and Chilton, 2019), considering all three possible relaxation processes, including a tunneling process, QTM, at low temperatures, followed by a Raman and an Orbach processes. This approach was only applied to 2 (Figure S18), since more data in form of τ values are available for 2 than for 1 and it is thus not possible to get a reasonable fit for the τ values of 1 as a result of the poor data:parameter ratio.


[image: Figure 7]
FIGURE 7. Extracted τ values plotted against 1/T for 3, fitted to an Arrhenius law over the whole measured temperature range, leading to Ueff = 4.9 K and τ0 = 5.2.10−5 s.



[image: Figure 8]
FIGURE 8. Extracted τ values plotted against 1/T for 1 (4-fluorobenzoate; pink) 2 (4-chlorobenzoate; purple) and the unsubstituted Fe6Dy3 cluster (turquoise), with the respective simultaneous Orbach-QTM fit (solid line) (Orbach process—dotted lines; QTM factor—dashed black lines).


The best simultaneous fit of Equation (1), for 2, shows that the magnetic relaxation is dominated by quantum tunneling at low temperatures, followed by an Orbach process at higher temperatures as indicated by the almost linear dependence. Thus the relaxation process of 1 was fitted according to this outcome from the isostructural cluster 2 (i.e. without a Raman process), in order to avoid overparameterization. In case of 1, the quantum tunneling parameter was determined as τQTM = 2.3.10−3 s, which includes only the points at very low temperatures up to 2.0 K, whilst for 2 the QTM process is the dominant process up to 3.4 K with a faster τQTM factor of 5.4.10−3 s. The exponential fit of the Orbach processes leads to energy barriers of Ueff = 21.3 K for 1 and Ueff = 36.1 K for 2, with τ0 = 4.1.10−7 s for 1 and τ0 = 3.4.10−7 s for 2, respectively, indicating similar relaxation processes and energy barriers for both.

In order to compare this result with the unsubstituted cluster, we used the published ac data (Kühne et al., 2016) and ran new simulations to fit the in-phase and out-of-phase susceptibilities of the Cole-Cole plot (Figure S19 and Table S8) using CCFit (Reta and Chilton, 2019). The energy barrier was then fitted using the extracted τ values and Equation (1) (Figure S20) in a similar way as for 1 and 2, leading to an Orbach process with an energy barrier of Ueff = 21.5 K and τ0 = 4.5.10−6 s and a QTM process below 2.2 K. This illustrates that the fluorosubstituted cluster 1 shows a similar behavior to that of the unsubstituted Fe6Dy3 cluster (Figure 8), where the complete fit of both clusters exhibits a nearly parallel performance, leading to almost identical energy barriers in the Orbach component of Ueff = 21.5 K for the unsubstituted cluster and Ueff = 21.3 K for 1. This is reasonable due to the similarity of the 4-fluorobenzoic acid and the benzoic acid in terms of their acidity.

In 2011, Mereacre et al. established a correlation between the energy barrier Ueff and the Hammett parameters of the coordinated substituted benzoic acids in a butterfly Fe2Dy2 compound (Mereacre et al., 2011). In these compounds, each Dy(III) is coordinated by four carboxylate oxygens that are all well-aligned around the Dy(III) centers on the direction of the local Dy anisotropy axis. In the system shown here, each Dy(III) ion is only ligated by two carboxylate oxygens that bridge to an Fe(III) center on either side, which therefore can be seen as cis to each other. The pka value of benzoic acid (4.19) is similar to that of 4-fluorobenzoic acid (4.15) and therefore the Hammett parameters for both are similar too, with 4-fluorobenzoate = −0.03 (Hansch et al., 1991). By increasing the strength of the acid toward 4-chlorobenzoate (pka = 3.98; = +0.19) (Hansch et al., 1991) an increase in the energy barrier, Ueff = 36.1 K for 2 was observed. Since the Hammett parameter of 4-bromobenzoate (= +0.25) (Hansch et al., 1991) is bigger than that of 4-chlorobenzoate, while the pka of both acids are in a similar range (3.98 for Cl vs. 3.97 for Br), a comparison between 3 and the other compounds should show whether the trend of the increase of Ueff tracks the Hammett parameters or the pka values of the ligand. Unfortunately, as cluster 3 features a different structure, a direct comparison cannot be made.





CONCLUSIONS

We report the structural and magnetic properties of three nonanuclear Fe6Dy3 cyclic coordination clusters with para-halosubstituted benzoate ligands. 1 and 2, the fluoro- and chlorobenzoate clusters, are isostructural and can be regarded as the cyclisation of three {Fe2Ln} units. In the case of the bromo substituent within 3, we can no longer use this model, since one of its benzoates is monodentate: it does not bridge between one Fe(III) and one Dy(III) ion anymore, but coordinates only to a single Dy(III) ion. The change in pKa/Hammett constants for these benzoic acids on moving from para-Cl to para-Br results in this “carboxylate shift” from the bridging to monodentate coordination. A second influence is the size of the halo-substituent forcing the benzoate ligands of the cyclic coordination clusters out of the metal plane in order to keep the packing arrangement similar. This results in one oxygen of a 4-bromobenzoate carboxylate group maintaining its coordination to the Dy(III) ion, but with the other oxygen now losing its grip on the neighboring Fe(III) ion and becoming just a hydrogen-bond acceptor; this switch to monodentate coordination by the carboxylate requires the ligation of a methanol molecule to the Fe(III) to maintain its 6 coordination. This coordinative flexibility opens possibilities for future applications such as MRI contrast agents or catalytic activities.

These considerations are also relevant to the dynamic magnetic properties within these antiferromagnetically coupled coordination clusters. Whereas, 1 and 2 show similar behavior in their magnetic relaxation processes, with a combination of QTM and Orbach mechanisms, the QTM part can be completely suppressed within 3 by application of a small dc field. Furthermore, 1, which has the para-fluorobenzoate as a ligand, shows behavior similar to that of the unsubstituted Fe6Dy3 cluster, as shown by the complete fit of the data for both clusters being almost parallel. The energy barrier, Ueff, increases significantly on going to the para-chlorobenzoate within 2 from Ueff = 21.3 K for 1 to Ueff = 36.1 K for 2. This reflects the changes in pKa and Hammett constants, but a clear trend cannot be identified due to the structural break observed on going to the 4-bromobenzoate within 3.



MATERIALS AND METHODS


Materials and Instrumentation

All chemicals and solvents unless otherwise stated were of reagent grade and used as received from commercial suppliers. They were used without further purification or drying. Dy(NO3)[image: image]6H2O was synthesized from Dy2O3 by treatment with nitric acid, HNO3. o-Vanillinoxime (H2vanox) was prepared according to the literature (Hewitt et al., 2009). Elemental analysis (C, H, N) was recorded on dried polycrystalline samples using an Exeter Analytical CE-440 CHN analyzer. Infrared spectra were recorded using a Bruker Alpha Platinum ATR (attenuated total reflection) spectrometer. PXRD pattern were recorded on dried samples using a Stoe STADI-4 XRD diffractometer equipped with a Cu-Kα source.



Synthesis of Compounds 1-3

The synthesis of 1-3 is straightforward, and the compounds were recovered in varying yields. All reactions are modified versions of the published work on the unsubstituted benzoate Fe6Ln3 compounds (Kühne et al., 2016). The elemental analysis was performed on dried polycrystalline samples. Due to the volatility of the methanol molecules within the crystal lattice, the elemental analysis was fitted using water molecules in the crystal lattice replacing the methanol molecules. The IR spectra of 2 and 3 are shown in Figure S21, and highlight the structural similarities of the clusters, including the carboxylate C-O stretching bands [~1,540 cm−1 (antisymmetric) and ~1,410 cm−1 (symmetric)] and the oxime bands (C=N ~1,590 cm−1). No differences resulting from a monodentate 4-bromobenzoate in 3 are found in the IR spectra. PXRD patterns of 2 and 3 were recorded on dried samples (Figure S23), highlighting the presence of the main peaks in the correct positions. The relative intensities of the peaks show some differences with the predicted pattern likely caused by the loss of solvent. However, despite this the extracted unit cell parameters are in good agreement with the single crystal data.

Compound 1: [Fe6Dy3(μ-OMe)9(vanox)6(F-benz)6].12MeOH.H2O: H2vanox (0.4 mmol; 0.066 g) and NaOMe (1.0 mmol; 0.054 g) were dissolved in 10 ml MeOH and were added to a solution of [image: image]4H2O (0.2 mmol; 0.040 g), Dy(NO3)[image: image]6H2O (0.2 mmol; 0.092 g) and 4-fluorobenzoic acid (0.4 mmol; 0.056 g) in 10 ml MeOH. The dark red, almost black, solution was stirred for 10 min at room temperature, and left to stand for crystallization without filtration. After 1 week, 1 crystallized as dark red-black blocks suitable for single crystal X-ray analysis.

Yield of [Fe6Dy3(μ-OMe)9(vanox)6(F-benz)6].12MeOH. H2O: 55 mg (50% related to Fe)

Elemental analysis for [C99H93Fe6Dy3N6O39F6].10.6H2O (%): calculated: C: 38.13, H: 3.69; N: 2.69; found: C: 38.11; H: 3.67; N: 2.71.

IR (KBr):/cm−1 = 3,441 (m), 2,822 (w), 1,606 (s), 1,591 (s), 1,543 (s), 1,508 (w), 1,459 (s), 1,439 (m), 1,410 (s), 1,354 (w), 1,269 (m), 1,239 (w), 1,221 (m), 1,153 (m), 1,094 (w), 1,056 (s), 965 (m), 856 (m), 783 (m), 764 (m), 737 (w), 691 (w), 657 (m), 618 (m), 555 (w), 500 (w), 461 (m).

Compound 2: [Fe6Dy3(μ-OMe)9(vanox)6(Cl-benz)6]. 13MeOH: H2vanox (0.4 mmol; 0.066 g) and NaOMe (1.5 mmol; 0.081 g) were dissolved in 10 ml MeOH and were added to a solution of [image: image]4H2O (0.2 mmol; 0.040 g), Dy(NO3)[image: image]6H2O (0.2 mmol; 0.092 g) and 4-chlorobenzoic acid (0.4 mmol; 0.063 g) in 10 ml MeOH. The dark red, almost black, solution was stirred for 10 min at room temperature, and left to stand for crystallization without filtration. After 1 week, 2 crystallized as dark red-black blocks suitable for single crystal X-ray analysis.

Yield of [Fe6Dy3(μ-OMe)9(vanox)6(Cl-benz)6].13MeOH: 51 mg (44% related to Fe)

Elemental analysis for [C99H93Fe6Dy3N6O39Cl6].4.6MeOH. 5.9H2O (%): calculated: C: 37.94, H: 3.78; N: 2.56; found: C: 37.73; H: 3.57; N: 2.35.

IR (KBr):/cm−1 = 3,439 (m), 2,991 (w), 2,927 (m), 2,821 (m), 1,592 (s), 1,537 (s), 1,459 (s), 1,407 (s), 1,268 (s), 1,221 (s), 1,171 (m), 1,093 (s), 1,056 (s), 964 (s), 853 (m), 776 (m), 737 (m), 656 (s), 584 (w), 540 (m), 458 (m).

Compound 3: [Fe6Dy3(μ-OMe)9(vanox)6(Br-benz)6 (MeOH)].9MeOH: H2vanox (0.4 mmol; 0.066 g) and NaOMe (1.5 mmol; 0.081 g) were dissolved in 10 ml MeOH and were added to a solution of [image: image]4H2O (0.2 mmol; 0.040 g), Dy(NO3)[image: image]6H2O (0.2 mmol; 0.092 g), and 4-bromobenzoic acid (0.4 mmol; 0.080 g) in 10 ml MeOH and 5 ml CH2Cl2. The dark red, almost black, solution was stirred for 10 min at room temperature, then filtered and left to stand for crystallization. After 2 weeks, 3 crystallized as dark red-black blocks suitable for single crystal X-ray analysis.

Yield of [Fe6Dy3(μ-OMe)9(vanox)6(Br-benz)6(MeOH)]. 9MeOH: 43 mg (36% related to Fe)

Elemental analysis for [C100H97Fe6Dy3N6O40Br6].0.9 MeOH.13.2H2O (%): calculated: C: 33.74, H: 3.56; N: 2.34; found: C: 33.52; H: 3.79; N: 2.57.

IR (KBr):/cm−1 = 3,437 (m), 2,943 (w), 2,822 (w), 1,588 (s), 1,537 (s), 1,459 (s), 1,438 (w), 1,406 (s), 1,356 (w), 1,270 (m), 1,222 (m), 1,171 (m), 1,057 (s), 1,013 (m), 966 (m), 854 (m), 771 (s), 736 (m), 657 (m), 572 (w), 504 (m), 460 (m).



Single Crystal X-Ray Structure Determination

X-ray crystallography was carried out on suitable single crystals using an Oxford Supernova diffractometer (Oxford Instruments, Oxford, United Kingdom). Datasets were measured using monochromatic Cu-Kα (2) or Mo-Kα (1 and 3) radiation and corrected for absorption. The temperature was controlled with an Oxford Cryosystem instrument. All structures were solved by dual-space direct methods (SHELXT) and refined by full matrix least-squares on F2 for all data using SHELXL-2016 (Sheldrick, 2015). All hydrogen atoms were added at calculated positions and refined using a riding model. Their isotropic displacement parameters were fixed to 1.2 times the equivalent one of the parent atom. Anisotropic displacement parameters were used for all ordered non-hydrogen atoms. Crystallographic details for 1-3 are summarized in Table A1 and crystallographic data for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Center as supplementary publication numbers CCDC2001519-2001521.



Magnetic Measurements

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer MPMS-XL (Quantum Design, San Diego, USA) operating between 1.8 and 300 K. DC (direct current) measurements were performed on freshly filtered polycrystalline samples to avoid loss of lattice solvent. Each sample was wrapped in a polyethylene membrane, and susceptibility data were collected at 0.1 T between 1.8 and 300 K in cooling mode. The magnetization data was collected at 2, 3, and 5 K. Diamagnetic corrections were applied to correct for contribution from the sample holder, and the inherent diamagnetism of the sample was estimated with the use of Pascal's constants. AC (alternating current) measurements were carried out in with frequencies between 1 and 1,500 Hz.
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Understanding the materials design features that lead to high power electrochemical energy storage is important for applications from electric vehicles to smart grids. Electrochemical capacitors offer a highly attractive solution for these applications, with energy and power densities between those of batteries and dielectric capacitors. To date, the most common approach to increase the capacitance of electrochemical capacitor materials is to increase their surface area by nanostructuring. However, nanostructured materials have several drawbacks including lower volumetric capacitance. In this work, we present a scalable “top-down” strategy for the synthesis of EC electrode materials by electrochemically expanding micron-scale high temperature-derived layered sodium manganese-rich oxides. We hypothesize that the electrochemical expansion induces two changes to the oxide that result in a promising electrochemical capacitor material: (1) interlayer hydration, which improves the interlayer diffusion kinetics and buffers intercalation-induced structural changes, and (2) particle expansion, which significantly improves electrode integrity and volumetric capacitance. When compared with a commercially available activated carbon for electrochemical capacitors, the expanded materials have higher volumetric capacitance at charge/discharge timescales of up to 40 s. This shows that expanded and hydrated manganese-rich oxide powders are viable candidates for electrochemical capacitor electrodes.

Keywords: aqueous electrolyte, manganese oxide, interlayer, confined water, electrochemical capacitor


INTRODUCTION

Electrochemical energy storage plays ever-increasing roles in our daily lives by powering everything from portable electronics to electric vehicles. Electrochemical capacitors (ECs) are a class of energy storage devices with intermediate energy and power between those of batteries and dielectric capacitors. Commercialized ECs are highly attractive for diverse applications requiring reliability, large currents, and high energy efficiency. They exhibit specific energy of up to 10 Wh/kg, specific power of up to 30 kW/kg, typical charge/discharge timescales on the order of seconds, and lifetimes of up to ~1,000,000 cycles (Conway, 1999; Nybeck et al., 2019). Most commercialized ECs store energy by the rapid (within seconds) formation of the electric double layer at the electrode/electrolyte interface. This mechanism can give rise to specific capacitance values of up to 150 F/g when the electrolyte ion size matches the average pore size of the electrode material (Largeot et al., 2008). Another capacitive energy storage mechanism, termed pseudocapacitance, uses fast and reversible redox reactions in materials such as transition metal oxides and can lead to capacitances >150 F/g (Fleischmann et al., 2020).

There is a need to increase the energy density and reduce the cost of ECs to enable their use for broader applications. However, this requires the development of new electrode materials that exhibit high energy storage performance and are made from abundant elements via scalable synthesis processes. Thus far, the search for new EC materials has primarily focused on the synthesis of nanostructured materials. This improves the power density by increasing the interfacial area between the electrode and electrolyte, and reducing the solid-state diffusion distance within the particles (Okubo et al., 2007; Rauda et al., 2014; DeBlock et al., 2019; Li et al., 2020). However, the high surface area of nanostructured particles can lead to undesirably low volumetric capacitance electrodes and increased parasitic side reactions with the electrolyte (Palacín et al., 2016; Augustyn and Gogotsi, 2017). Additionally, the decrease of tap density with particle size lowers the volumetric capacity of electrodes made with small particles (Jouanneau et al., 2003; Li et al., 2019). Therefore, there is a need for high-power energy storage materials that match the rate performance of high surface area materials but exhibit higher volumetric capacitance, as well as scalable strategies to synthesize such materials.

Commonly studied materials for ECs include transition metal oxides with hydrated interlayers. Oxides such as V2O5·xH2O, WO3·2H2O, and birnessite (typical formula KxMnO2·nH2O) show pseudocapacitive behavior in aqueous electrolytes due to reversible cation intercalation (Nam et al., 2015; Sai Gautam et al., 2016; Mitchell et al., 2017; Xiong et al., 2017; Wang et al., 2018; Wu et al., 2019). The interlayer water in these materials is hypothesized to enable fast energy storage by buffering structural changes during cycling, reducing transition metal dissolution into the electrolyte, and/or improving the interlayer diffusion kinetics of intercalating cations (Zhu et al., 2017; Wang et al., 2018; Liu Z. et al., 2019). In particular, birnessite manganese oxides are promising EC materials due to the abundance and safety of manganese. However, their low crystallinity and frequently nanoscale morphology result in low material utilization and packing density, and therefore low volumetric capacitance in thick electrodes (Wu et al., 2015; Wang et al., 2017; Liu et al., 2018). An attractive alternative is developing material synthesis techniques to produce micron-scale transition metal oxide particles with hydrated interlayers, which could lead to high volumetric capacitance EC electrodes made via traditional slurry electrode manufacturing techniques.

To address this, we propose the use of electrochemically expanded and hydrated manganese oxides based on P2 oxides of the formula Na0.67MO2. Here, M is a combination of manganese and other transition metals and P2 indicates the prismatic (P) coordination of Na+ and …ABBA… stacking of the oxygen layers. The high temperature (~900°C) synthesis of the P2 oxides leads to micron-scale primary particles with surface areas of ~1 m2/g (Yabuuchi et al., 2014). P2 Na0.67MO2 are widely studied for non-aqueous sodium ion battery cathodes, but often exhibit poor cyclability due to the Jahn-Teller distortion and dissolution of the Mn atoms during electrochemical cycling, and poor electronic and ionic conductivity (Clément et al., 2015; Clement et al., 2016; Nam et al., 2015; Liu C. et al., 2019). However, these materials could be promising as EC electrode materials due to their tendency to form hydrated phases under ambient conditions and upon electrochemical cycling in aqueous electrolytes (Lu and Dahn, 2001; Buchholz et al., 2014; Boyd et al., 2018). In our previous work, we established that this water intercalation causes a 25% c-axis expansion and a phase transformation to a birnessite-like structure, which subsequently exhibits capacitive electrochemical behavior (Boyd et al., 2018). While these electrodes experience a severe capacity decline from active material detachment due to the large structural change, the capacitive response of the remaining expanded, hydrated oxide led us to consider whether it was possible to perform the expansion prior to electrode assembly. The resulting expanded micron-sized particles of manganese-rich oxide with hydrated interlayers could then be used for high rate capability and high volumetric energy density EC electrodes with improved stability upon extended cycling.

In this work, we present a scalable “top-down” strategy for the synthesis of EC electrode materials by electrochemically expanding micron-scale high temperature-derived layered manganese-rich oxides. Inspired by the electrochemical exfoliation methods developed for large sheet graphite and MoS2, this batch process is significantly quicker than traditional chemical exfoliations and produces expanded bulk particles (Ma et al., 2008; Liu et al., 2014; Achee et al., 2018; Ambrosi and Pumera, 2018). We then show that assembly of the micron-sized expanded materials into electrodes leads to high power capacitive energy storage. Comparison with commercial activated carbon shows that the oxides exhibit similar rate capability but higher volumetric capacitance. We hypothesize that the electrochemical expansion enables high power and high volumetric capacitance via two important changes in the oxide: (1) interlayer hydration, which improves interlayer diffusion kinetics while also buffering intercalation-induced structural changes, and (2) particle expansion, which significantly improves electrode integrity and volumetric capacitance.



MATERIALS AND METHODS


Materials Synthesis: Bulk Powders

A coprecipitation and calcination method was used to prepare the micron-scale layered oxide powders with a P2 structure (Boyd et al., 2018). Briefly, a 2:1 ratio of Mn(CH2CHOO)2·4H2O and Cu(CH2CHOO)2 (Alfa Aesar) were dissolved in deionized water, and added at ~1 drop/s into a stirred aqueous NaOH (Fisher Scientific) solution of pH ~12. After aging for ~1 h, the Mn0.62Cu0.31(OH)2 precipitate was washed until pH neutral, filtered, and dried overnight at 120°C. The hydroxide precursor was ball milled in ethanol for 24 h. After drying the material again, Na+ was added in a 0.74:1 molar ratio of Na+:MCu(OH)2 by mixing the precursor and NaOH in DI water for 1 h at room temperature and then heating it at 100°C on a stir plate until dry. The dried powder was ground with a mortar and pestle to break up any large chunks, and annealed at 500°C for 5 h. After cooling to room temperature, the powder was ground for 15 min before calcination at 850°C for 6 h and subsequent transfer to an inert-atmosphere glovebox (<1 ppm H2O and O2) while at ~70°C. The calcined powder was ground with a mortar and pestle for 30 min in the glovebox. The composition of the as-synthesized material was Na0.64Mn0.62Cu0.31O2, abbreviated NaMCu. A Ni-containing material, Na0.64Ni0.22Mn0.66Cu0.12O2 (NaNMCu), was synthesized in the same manner.



Materials Synthesis: Electrochemical Expansion

To electrochemically expand and hydrate the P2 powders, ~0.5 g of the material was placed into an electrolyte-permeable and electronically-connected pouch acting as the positive electrode in a two electrode cell, vs. a Ni foam negative electrode. The pouch was made by folding double-layer dialysis tubing (Thermo Scientific SnakeSkin®, 10,000 MWCO, 22 mm diameter) around a coiled Pt wire electrode (Pine Instruments, 99.99% pure) and sealing it with parafilm (Figure S1). The dialysis tubing held the NaMCu powder near (and optimally in contact with) the Pt wire. After ensuring that the 0.5 M K2SO4 (Fisher Scientific) electrolyte fully wet the dialysis tubing, +4 V was applied to the cell for 24 h. After expansion, the pouch was rinsed and cut open. The expanded material was washed out of the pouch using DI water, and centrifuged at 4,500 RPM for 3–5 min to remove excess water. The powders were rinsed at least twice more to remove all electrolyte salt, and centrifuged after each rinse. Finally, the expanded powder was air dried at room temperature.



Methods: Synchrotron X-Ray Diffraction

Synchrotron X-ray diffraction (XRD) was performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 7–2 with a 14.013 keV beam. The operando diffraction patterns were collected with a Pilatus 300 K area detector (DECTRIS Ltd.) in portrait mode, in a Bragg-Brentano (θ-2θ) reflection geometry at a sample-to-detector distance of 750 mm. XRD patterns were taken with the middle of the detector at 11.4 and 23.0°2θ with a 3 s exposure every 20 s while cycling the electrode at 0.5 mV/s. After calibrating the detector geometry (tilts and distance) with LaB6, the area diffraction patterns were reduced to one dimensional intensity vs. 2θ patterns with the pyFAI library (Ashiotis et al., 2015). The electrochemical cell consisted of a 1 M Na2SO4 (Fisher Scientific) electrolyte, a Pt counter electrode, and a miniature leakless Ag/AgCl reference electrode (eDAQ ET072-1) using a cell developed for in situ electrochemical X-ray scattering (Cao et al., 2016; Mitchell et al., 2019). The preparation of the working electrode is discussed in more detail in section Methods: Electrochemical Characterization. Briefly, an 8:1:1 slurry of the P2 oxide, acetylene black, and polyvinylidene fluoride was prepared in n-methyl pyrrolidone, cast onto a plasma-cleaned platinized silicon substrate (MTI Corp.), and dried at 120°C overnight.



Methods: Physical Characterization

XRD was used to determine the structure of the as-synthesized P2 and expanded powders, and the electrodes before and after electrochemical cycling. XRD was performed with standard Bragg-Brentano geometry and Cu-Ka radiation (PANalytical Empyrean). The powder samples were rotated at 7.5 RPM, while the electrodes remained stationary. Scanning electron microscopy (SEM, FEI Verios 460L) was used to determine the morphology of the P2 powders before and after expansion, as well as after electrochemical cycling. The water content of the expanded samples was measured with thermogravimetric analysis (TGA; SII EXSTAR6000 TG/DTA6200), using aluminum pans to hold ~12 mg of powder during heating in air at 5°C /min from 25 to 300°C.



Methods: Electrochemical Characterization
 
Electrode Preparation

The electrochemical behavior of the expanded particles was characterized using slurry electrodes cast onto either Ti mesh or foil (Alfa Aesar). The metal substrates were cleaned by sonication in ethanol, after which the mesh electrodes were dried and coated with slurry. The working face of the Ti foil was etched with sandpaper to improve slurry adhesion while the back of the foil electrode was covered with Kapton tape to minimize its current contribution during electrochemical cycling. The electrode was then plasma cleaned (Harrick Plasma PDC-32G) for 3 min also to improve slurry adhesion.

The slurry composition varied depending on the type of current collector (mesh or foil). We found that for the expanded oxide on Ti mesh, a slurry composition of 80 wt% active material, 17.5 wt% acetylene black (Alfa Aesar), and 2.5 wt% polyvinylidene fluoride (PVDF, Arkema Kynar KV 900) gave good adhesion to the mesh and the best rate capability. The acetylene black slurries, used to understand the current contribution from the conductive carbon additive, consisted of 67 wt% acetylene black and 33 wt% PVDF. To compare the electrochemically expanded NaMCu to commercial activated carbon on a volumetric basis, we used foil current collectors. For the activated carbon slurry on Ti foil, 90 wt% YP50 activated carbon (Kuraray Co., Ltd.) was combined with 10 wt% PVDF. The expanded oxide slurry on Ti foil consisted of 80 wt% active material, 15 wt% acetylene black, and 5 wt% PVDF. The dry components of each slurry were ground for 5 min before adding n-methyl pyrrolidone (NMP; Sigma Aldrich) and stirring overnight on a magnetic stir plate at 990 RPM. After painting the slurry onto the current collector, the electrodes dried for several hours at room temperature in the fume hood. At this point, the foil electrodes were placed between a folded weigh paper and calendared to the approximate thickness of the electrode-weigh paper assembly with a rolling mill (Durston) before transfer to an oven at 120°C. We transferred the mesh electrodes directly from the fume hood to the oven at 120°C, where they dried for several hours before calendaring to 125 μm between the sheets of a folded weigh paper. The final thickness of the mesh electrodes was ~90 μm.



Electrochemistry

All electrodes were tested with a three-electrode set up in glass 50 mL round bottom flasks with an aqueous 0.5 M K2SO4 (Fisher Scientific) electrolyte, using an Ag/AgCl in 3.5 M KCl reference electrode (Pine Instruments) and a platinum wire counter electrode (99.997%, Alfa Aesar). All tests used Ni-plated stainless steel alligator clips to hold the working and counter electrodes in the electrolyte. The cyclic voltammetry was performed with a Biologic MPG2 potentiostat.





RESULTS AND DISCUSSION


Mechanism of Electrochemical Expansion

To determine the mechanism of electrochemical expansion and interlayer hydration of P2-type layered sodium manganese-rich oxides in aqueous electrolytes, we performed operando XRD during cyclic voltammetry of NaMCu and NaNMCu. The crystal structure of a P2-type layered oxide (Figure S2A) consists of layers of edge-sharing MO6 octahedra, and ~67% of the interlayer prismatic sites are filled with Na+ (Delmas et al., 1980). Figure 1A shows the cyclic voltammogram (CV) of P2 NaMCu at 0.5 mV/s in 1 M Na2SO4. During the first anodic cycle, the CV of NaMCu shows current peaks around 0.2 and 0.9 V vs. Ag/AgCl. On the subsequent cathodic scan, the overall current decreases and is relatively constant as a function of potential. These electrochemical changes suggest a change in the structure and energy storage mechanism in the material, which we attribute to expansion (vide infra) and interlayer water insertion as shown in Figure 1B and described in our previous work (Boyd et al., 2018). Well-defined current peaks correlate to a well-defined Gibbs free energy of reaction, which in an intercalation-type material indicates little dispersion in the intercalation site energy. On the other hand, a constant current as a function of potential, such as observed after the first anodic sweep, is indicative of a capacitive mechanism exhibited by many layered manganese oxides in neutral pH electrolytes (Brousse et al., 2006; Ghodbane et al., 2012; Leong and Yang, 2019). The capacitive charge storage mechanism of manganese oxides under these conditions is a subject of debate, but has been attributed to the correlated intercalation of cations and water molecules (Bélanger et al., 2008; Arias et al., 2014; Costentin et al., 2017).
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FIGURE 1. Mechanism of water intercalation into P2-type NaMCu upon electrochemical cycling in 1 M Na2SO4. (A) Cyclic voltammetry at 0.5 mV/s. A.B. indicates “acetylene black,” the electrochemical response of the conductive carbon in the electrode. (B) Cartoon showing the insertion of water molecules (red) from the electrolyte into the material interlayer to compensate for the electrochemical de-intercalation of Na+ (dark blue). (C) Operando synchrotron XRD during the first two CV cycles at 0.5 mV/s. The right-most panel shows the applied potential (dashed line) and the current response (solid line). During the first anodic cycle, the interlayer peak of the hydrated birnessite-like phase (~7°2θ) emerges around 0.9 V. Both the P2 and the hydrated peak show reversible, continuous changes in the interlayer spacing as a function of potential attributed to Na+ de/intercalation. The peak at 8.1°2θ is due to the electrochemical cell.


The structural changes of NaMCu during the first two CV cycles were measured with operando synchrotron XRD (Figure 1C). Two changes are apparent: the appearance of a new peak during the first anodic cycle (discussed below) and shift of the NaMCu diffraction peak. The interlayer spacing of the P2 phase, indicated by the (002) peak at ~9°2θ, increases from 5.59 Å (9.07°2θ) at 0 V to 5.65 Å (8.97°2θ) at 1.1 V. Upon reduction to 0 V, the spacing returns to nearly its original value, 5.61 Å (9.04°2θ). This shows that the interlayer spacing reversibly increases during oxidation and decreases during reduction. The continuous change of the NaMCu interlayer spacing as a function of potential indicates a solid-solution intercalation mechanism, similar to its structural behavior in non-aqueous Na+ electrolytes (Kang et al., 2015; Li et al., 2015; Wang L. et al., 2017). The faint splitting of the P2 (001) peak near the end of the cathodic cycle may indicate that the remaining P2 material forms two phases with slightly different Na+ content.

In addition to this expected behavior, the appearance of a new peak at 7.19°2θ at ~0.9 V during the first anodic cycle indicates the formation of a new phase. According to prior results, this peak corresponds to the (001) plane of a birnessite-like hydrated phase with an interlayer spacing of 7.05 Å (Lu and Dahn, 2001; Abou-El-Sherbini et al., 2002; Buchholz et al., 2014; Boyd et al., 2018; Yao et al., 2019). The full XRD patterns of the material before and after the phase transformation are shown in Figure S2B. The large interlayer spacing of the new phase indicates the insertion of a single layer of water molecules from the aqueous electrolyte into the interlayer of NaMCu (Nam et al., 2015; Li et al., 2016). Moreover, reversible peak shifts indicate that this new hydrated phase is electrochemically active: upon reduction from 1.1 to 0 V, the interlayer spacing decreases to 6.97 Å (7.27°2θ). During the second cycle it increases to 7.07 Å (7.17°2θ) at 1.1V and shifts back to 6.97 Å (7.27°2θ) at 0 V. This change of ~ 0.1 Å is about half of that typically observed in birnessite in aqueous electrolytes (Ghodbane et al., 2012; Xiong et al., 2017). The reversible peak shifts of the hydrated phase indicate that cation (de)intercalation into the hydrated interlayer at least partially contributes to the capacitive energy storage mechanism. These changes would not appear if the capacitive behavior was simply due to the formation of the double layer at the outer surface of the particles. The intensity increase of the hydrated phase peak and corresponding decrease in the P2 (002) peak during the first anodic sweep show the partial phase transformation of the electrode material. However, all peak intensities decrease after ~0.5 V during the second cathodic sweep, as the change in particle volume during electrochemical expansion causes the electrode to delaminate from the current collector.

Figure S3 shows similar behavior in a P2 oxide with a different composition, NaNMCu, where the inclusion of nickel led to Na+ deintercalation and the subsequent formation of the birnessite-like phase at a lower potential (Kang et al., 2015; Wang L. et al., 2017; Chen et al., 2018). Overall, the operando results show that when these P2 oxides are cycled in an aqueous electrolyte, water incorporation occurs during Na+ deintercalation, likely to offset the increasing electrostatic repulsion between the transition metal and oxygen layers. Within an individual particle, the formation of this birnessite-like phase may lead to the capacitive CV observed after the first cycle. However, the large expansion of the P2 particles (25% c-axis increase) in the slurry electrode leads to loss of electronic connection to the current collector, or even delamination, when cast onto the electrode before expansion. If the electrochemical expansion is better controlled, the formation of micron-scale particles with hydrated interlayers with a capacitive electrochemical response indicates that these particles could be viable for high volumetric capacitance EC materials.



Batch Expansion Process

To circumvent the electrical contact and slurry delamination problems resulting from in situ P2 particle expansion on electrodes, we developed a batch expansion process for the P2 oxide powder, as described in the Experimental section. Figure 2 shows the expansion cell, along with scanning electron microscopy (SEM) images of a P2 particle (Figure 2A) and an expanded particle (Figure 2C). The resulting expanded and hydrated particles can be assembled into electrodes, thus bypassing the issue of electrode delamination after direct electrochemical expansion of the P2 particles. The batch process uses a neutral pH electrolyte, a voltage source, permeable membrane, and a Ni foam counter electrode, rendering it environmentally friendly and scalable. Figure S4 shows representative chronoamperometry for the process. We observed that a smoother current response is a good indicator of expansion quality—noisier curves resulted in less expansion of the P2 oxide, as indicated by XRD (Figure 3A). This is likely due to the variability of the electrical contact between the powders and the Pt coil in the pouch cell, which could be improved with more advanced pouch designs. This synthesis method offers a new, scalable method to produce materials for EC electrodes that can provide high volumetric capacitance.
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FIGURE 2. Effect of batch expansion on particle morphology: (A) a pristine P2 NaMCu particle has a compact structure, which expands after electrochemical water insertion. (B) A schematic of the electrochemical expansion setup, where the P2 material is contained in a dialysis tubing pouch around a coil of Pt wire, and the counter electrode is Ni foam. (C) A typical fully expanded NaMCu particle, which retains its ab-plane morphology but expands vertically due to water insertion. Scale bar 2 μm.
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FIGURE 3. Structural characterization of expanded NaMCu materials. (A) Powder XRD shows the complete transformation of the F.E. material into the hydrated phase, while the P.E. material contains both the hydrated phase and residual P2 phase. (B) TGA shows that both F.E. and P.E. NaMCu materials lose a significant amount of water with increasing temperature. SEM of the (C) pristine NaMCu powder and (D) F.E. NaMCu powder shows that the expanded particles retain their initial hexagonal morphology and particle size but are now expanded along the layers. Scale bar 3 μm.




Structural Characterization of the Expanded Materials

To determine the extent to which the batch expansion process affects material structure and electrochemical performance, we compared three structures: as-synthesized NaMCu, fully expanded (F.E.) NaMCu, and partially expanded (P.E.) NaMCu. Figure 3 shows the XRD, TGA, and SEM of these materials. The pristine NaMCu has the same structure as reported previously (Boyd et al., 2018): a primary P2-type phase (*) and a small amount of CuO (+). The first peak at 15.92°2θ (5.57 Å) corresponds to the (002) peak of the P2 phase. The F.E. NaMCu shows a completely expanded and hydrated structure: the P2-phase is no longer present and the interlayer peak at 12.99°2θ (6.99 Å) indicates a 25% expansion, the same as the operando XRD experiments. As discussed above, the large increase in interlayer spacing is due to the transformation to a new hydrated phase. Both the P2 and F.E. NaMCu materials exhibit a peak at 35.8°2θ (2.5 Å). This peak corresponds to the (100) plane of the P2 structure, and its presence in both the pristine and F.E. materials indicates that the lattice spacing along the transition metal oxide sheets is unaffected by electrochemical expansion. The larger c-axis in the expanded materials leads to slightly decreased angles of the (101) and (102) peaks at 36.5 and 38.1°2θ. The two-phase P.E. structure indicates that the expansion proceeds via a direct phase transformation and agrees with the operando XRD, which shows the emergence of the hydrated phase at a distinct potential as opposed to a gradual structural transition over a broad potential range.

TGA of each material indicates decreasing mass loss between room temperature (~25°C) and 300°C in the order F.E. NaMCu > P.E. NaMCu > NaMCu. In this temperature range, mass losses are most likely due to the removal of water molecules from the oxide surface and interlayer. The composition of the F.E. material for TGA was Mn0.62Cu0.31O2·xH2O, assuming the removal of all Na+ during electrochemical expansion. This means that the 6.2 wt% lost from F.E. NaMCu between 50 and 120°C corresponds to 0.33 mol H2O per MCu (x = 0.33). Many birnessites also have a oxide:water content ratio near 1:0.33, supporting the XRD data that electrochemical expansion leads to insertion of a single layer of water molecules into the interlayer of the P2 oxides. The P.E. NaMCu lost 2.4 wt%, which suggests only ~ 38% of the powder expanded based on the mass lost from F.E. NaMCu. Lastly, NaMCu exhibits only a minor 1.2 wt% loss, likely due to the desorption of surface water.

The SEM images in Figures 3C,D show that the crystallographic change affects the morphology as well: the ab plane particle size and shape are retained after expansion, while the c-axis dimensions increase as the layers experience varying degrees of partial exfoliation. Figure 2 shows higher magnification SEM images of pristine and expanded NaMCu particles. Before expansion, the material consists of dense, roughly hexagonal, micron-scale primary particles. Based on the crystal structure, the interlayer spacing is parallel to the surface of hexagon-like primary particles. After electrochemical oxidation, there is clear partial exfoliation of the particles along the c axis that gives rise to large pores hundreds of nanometers in dimension. We hypothesize that the large pores and interlayer hydration formed by the expansion process enable high power energy storage by increasing access of electrolyte ions to the interlayer and buffering the structural changes during ion (de)intercalation.



Electrochemical Behavior of Expanded Materials

Electrochemical characterization shows that the capacitive character of the material increases with amount of interlayer hydration and expansion. We characterized the electrochemical behavior of pristine, P.E., and F.E. NaMCu in a 0.5 M K2SO4 electrolyte. This electrolyte was selected over Na2SO4 because K+ has a smaller hydrated ion radius compared to Na+, which is hypothesized to allow higher rate capability and cyclability in aqueous electrolytes (Shao et al., 2013; Xiong et al., 2017; Dupont et al., 2018; Phadke et al., 2020). Figure 4 shows the CVs of the pristine, P.E., and F.E. NaMCu in 0.5 M K2SO4 at 1, 10, and 100 mV/s. The response of the acetylene black conductive additive is also shown for reference. It contributes only minimal double-layer current. The F.E. NaMCu exhibits a capacitive CV at 1 and 10 mV/s, with a semi-rectangular shape and broad peaks similar to those often observed in birnessite (Xiong et al., 2017; Yao et al., 2019). The P.E. NaMCu also has a semi-rectangular CV, albeit with a lower specific current and lacking the broad peaks present in the F.E. material. In contrast, the pristine P2 NaMCu particles expand upon intercalating water during the first anodic cycle, and the electrode capacity drops significantly as the 25% increase along the c-axis causes particles to delaminate. P2 NaMCu electrodes do not show clear redox peaks in K2SO4 (Figure S5), possibly because the interlayer Na+ partially exchanges with K+ and H2O immediately upon immersion into the electrolyte. The semi-rectangular CV, with the lowest specific current of the three electrodes, is likely from the response of the remaining, partially-hydrated material that is still in electrical contact with the current collector. By 100 mV/s, all three materials exhibit significant polarization arising from increased Ohmic resistance from the large measured currents. Overall, these results show that the degree of expansion directly determines the material's electrochemical behavior, and that electrochemical expansion before electrode assembly leads to stable, capacitive energy storage.
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FIGURE 4. CVs of the pristine P2, P.E., and F.E. NaMCu materials in 0.5 M K2SO4 electrolyte at (A) 1 mV/s, (B) 10 mV/s, and (C) 100 mV/s. The specific current from just the acetylene black (A.B.) conductive additive is shown for reference.


Figure 5 shows the cathodic capacitance and rate capability of the three materials. The highest capacitance of 102 F/g (23 mAh/g) is obtained with the F.E. materials, indicating that the interlayer expansion enabled access of electrolyte ions to the interlayer. This value is comparable to capacitances of activated carbon materials, which is surprising given the much smaller surface area of the oxide materials. When cycled from 0.1 to 50 mV/s, the F.E. NaMCu retains 34% of its initial capacitance. The maximum capacitance of the P.E. NaMCu is lower, 62.4 F/g (14 mAh/g), but its rate capability is slightly better than that of F.E. NaMCu. The pristine P2 NaMCu undergoes electrochemical expansion and hydration directly on the electrode, and its second-cycle capacitance of 57 F/g (13 mAh/g) drops off significantly as the material delaminates from the electrode. Ex situ XRD (Figure 5C) indicates that F.E. and P.E. NaMCu retain their initial structure after electrochemical cycling. There is no ex situ XRD of the P2 electrodes after electrochemistry because the slurries delaminated from the current collectors during cycling. Together, these results show that the F.E. and P.E. NaMCu exhibit relatively high capacitance and rate capability for aqueous energy storage due to the hydrated interlayer and particle expansion. The batch electrochemical expansion of P2 NaMCu and subsequent electrode assembly leads to electrodes with high rate capability and is promising for high-power energy storage.
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FIGURE 5. Electrochemical energy storage rate capability and post-electrochemical cycling material structure. (A) Cathodic capacitance and (B) rate capability (cathodic capacitance normalized to the capacitance at 0.1 mV/s), from 0.1 to 100 mV/s. The low capacity and rate capability of the acetylene black (A.B.) conductive additive shows that the capacitive electrochemical response is due to the oxide active materials. (C) Ex situ XRD of electrodes after electrochemical cycling shows that the F.E. and P.E. retain their initial structures.


Evaluation of the cyclability of the three oxide materials shows that the F.E. NaMCu electrode retained its structure and the most capacity after 600 cycles at 10 mV/s (Figure 6), while the P.E. NaMCu converted to the F.E. structure and the P2 NaMCu delaminated from the electrode. The initial capacitances were 58 F/g (13 mAh/g) for the F.E. electrode, 34 F/g (8 mAh/g) for the P.E. electrode, and 37 F/g (8 mAh/g) for the P2 electrode. After 600 cycles at 10 mV/s, the F.E. electrode retained 86.3% capacity, the P.E. retained 85.7%, and the P2 retained 40.4%. Figure 6 shows that the F.E. electrode experienced an initial capacity drop, but after 60 cycles the capacity increased close to its initial value. The P.E. electrode experienced a steady capacity increase over the first 50 cycles, and then a steady decline during the subsequent 550. The P2 NaMCu lost most of its capacity within the first 50 cycles, as water insertion into the P2 NaMCu partially expanded the oxide particles, causing them to fall off the electrode due to the change in volume. The materials with an expanded and hydrated interlayer exhibit a significant improvement over the as-synthesized P2 materials, likely due to the improved access of the electrolyte to the material. However, further investigation is required to understand the reaction mechanisms and develop their electrode architecture so they can withstand the ~1,000,000 cycles required of ECs (Conway, 1999; Nybeck et al., 2019).
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FIGURE 6. (A) Cycling stability of F.E., P.E., and P2 NaMCu over 600 cycles at 10 mV/s. (B) Ex situ XRD after 600 cycles shows that the F.E. NaMCu retains the hydrated phase, while some of the remaining P2 material in the P.E. NaMCu electrode expanded after prolonged cycling.


XRD of the F.E. and P.E. NaMCu after the cyclability testing (Figure 6B) shows that the F.E. phase is stable under these electrochemical conditions, as the only visible change is a slight broadening of the peaks after cycling. This suggests that the particle expansion and interlayer hydration limit further structural changes in the material, leading to better stability. Ex situ XRD of the P.E. material confirms that an increasing fraction of the F.E. material develops after extended cycling. It appears that the initial fraction of expanded particles was enough to maintain electronic connectivity with the particles expanded in situ. Slurry delamination during cycling prevented ex situ post-cycling XRD of the pristine NaMCu, but our previous work showed that after 50 cycles, NaMCu partially transformed to the hydrated phase (Boyd et al., 2018).

Post-electrochemical SEM (Figure 7) shows that while most particles in the F.E. and P.E. electrodes retained their original morphology, some exhibit a nanostructured surface coating. After 600 cycles, the morphology of the F.E. NaMCu primary particles appears similar as before cycling. However, the surface of these primary particles now has a nano–structured, semi-porous coating. One possible mechanism of this surface coating could be restructuring due to the dissolution of Mn2+ during reduction, and subsequent re-deposition during oxidation (Liang et al., 2019). The variability of this surface coating from particle to particle in F.E. NaMCu may highlight how the electrode architecture affects the relevant electrochemical reaction. A well-connected particle may experience more overall charge transfer, leading to surface restructuring. However, there was little surface coating in the P.E. NaMCu, suggesting that more of the current may have gone into expanding the remaining P2 particles. Figure 7D shows one of the few P.E. NaMCu particles with partial surface coating. Finally, Figures 7E,F show the pristine P2 NaMCu after 600 cycles. While the P2 particles expanded somewhat, their morphology is much smoother than F.E. or P.E. electrode particles. The presence of only F.E. and Ti substrate peaks in the XRD results confirm that this surface film is either the same hydrated birnessite-like phase or it is just a minor weight fraction of the total electrode mass. Overall, the electrochemistry, XRD, and SEM results highlight that electrodes assembled from pre-expanded F.E. or P.E. NaMCu possess high rate capability and structure stability that make them suitable as EC materials.
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FIGURE 7. SEM images of (A,B) F.E., (C,D) P.E., and (E,F) P2 NaMCu electrodes after 600 cycles in 0.5 M K2SO4. While most F.E. particles show expansion or a surface coating, few P.E. particles show surface coating, and few P2 particles even show expansion. Scale bar 500 nm.




Comparison of Expanded NaMCu to Commercial Activated Carbon

To test our hypothesis that the hydrated and expanded NaMCu would allow an increase in the volumetric capacitance of EC electrodes by increasing access of electrolyte ions to the interlayer and buffering structural changes associated with ion (de)intercalation, we compared the P.E. NaMCu with a commercially available activated carbon used for EC electrodes. P.E. NaMCu was selected due to its better rate capability than F.E. NaMCu. To enable comparison of the volumetric capacity/capacitance, the materials were cast onto foil (vs. mesh) current collectors. Figure 8 compares the CVs for both materials at 1, 10, and 100 mV/s in 0.5 M K2SO4 while Figure 9 shows the specific capacity/capacitance and rate capability. Both P.E. NaMCu and activated carbon exhibit nearly rectangular, ideally capacitive CVs. At sweep rates up to 20 mV/s (corresponding to a charge/discharge time of 40 s), P.E. NaMCu shows a higher specific current than activated carbon, indicating that the expanded oxide particles give better volumetric performance than the high surface area activated carbon. At 0.1 mV/s, the volumetric capacitances of P.E. NaMCu and activated carbon are 57.2 F/cm3 (12.7 mAh/cm3) and 20.9 F/cm3 (4.64 mAh/cm3), respectively. However, the response of the two materials becomes similar at faster sweep rates; by 100 mV/s the CVs essentially overlap and their diagonality indicates both are more Ohmically resistive. The similarity of the material response at faster sweep rates may be due to similar issues of maintaining adequate ionic and electronic conductivity in the electrodes. These results show that an oxide material with expanded and hydrated micron-size particles can increase EC energy density over traditionally used high surface area activated carbon at timescales of up to 40 s. While further studies are required to determine the exact mechanism, we propose that the expanded and hydrated interlayer facilitates access of electrolyte ions for charge storage, enabling better material utilization at high rates.


[image: Figure 8]
FIGURE 8. CV comparison of P.E. NaMCu and activated carbon (A.C.) on the basis of their specific current at (A) 1 mV/s, (B) 10 mV/s, and (C) 100 mV/s. At sweep rates up to ~20 mV/s, the P.E. NaMCu out-performs the activated carbon, although both electrodes appear relatively resistive at 100 mV/s.



[image: Figure 9]
FIGURE 9. (A) Volumetric capacity/capacitance and (B) rate capability of P.E. NaMCu and activated carbon (A.C.) electrodes.





CONCLUSIONS

This work describes a promising new material for EC electrodes by detailing how electrochemically expanding micron-sized layered oxides and hydrating the interlayer leads to EC electrodes with high volumetric capacitance and cyclability in aqueous electrolytes. We propose a scalable “top-down” synthesis to electrochemically expand particles, changing their electrochemical characteristics from battery-like for the initial Na+ deintercalation to capacitive upon subsequent cycling. Specifically, after interlayer hydration and subsequent particle expansion, micron-sized P2 oxide particles exhibit capacitive behavior that is at least in part pseudocapacitive, as evidenced by reversible interlayer spacing changes during operando XRD. The obvious reduction in redox peaks in CVs after expansion suggests that the material deformation is further buffered by the interlayer water. In addition, the surface area of the bulk expanded particles is only slightly greater than that of the pristine materials. Therefore, we hypothesize that the interlayer expansion and hydration effectively increase the surface area by extending the electrolyte into the bulk of the particles in two ways. First, hydrating the material interlayer improves cation transfer from the bulk electrolyte to the particles, and second, the large (~100 nm) pores between expanded sections of the material allow easier access of the bulk electrolyte to the particles. The hydrated interlayers may also cushion the structural effects of ion intercalation. All of these increase the rate at which electrolyte cations can approach transition metal oxide storage sites. These results show that hydrating the material interlayer allowed the micron-scale particles to maintain their structure during extended cycling, making them compatible for capacitive energy storage in aqueous electrolytes. By expanding the interlayer of P2 NaMCu oxide, we show that particles with a large solid-state cation diffusion distance can be competitive with the state-of-the-art activated carbon for EC electrodes in aqueous electrolytes. While this synthesis is conducted on P2 oxides, it can be applied to other layered materials that possess an electrochemically labile ion. Overall, this shows that electrochemically-driven expansion of oxide materials can tune both the interlayer chemistry and particle size, leading to a new scalable synthesis strategy for EC materials with high volumetric capacitance.
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In recent years, significant development milestones have been reached in the areas of facilitated transport membranes and ionic liquids for CO2 separations, making the combination of these materials an incredibly promising technology platform for gas treatment processes, such as post-combustion and direct CO2 capture from air in buildings, submarines, and spacecraft. The developments in facilitated transport membranes involve consistently surpassing the Robeson upper bound for dense polymer membranes, demonstrating a high CO2 flux across the membrane while maintaining very high selectivity. This mini review focuses on the recent developments of facilitated transport membranes, in particular discussing the challenges and opportunities associated with the incorporation of ionic liquids as fixed and mobile carriers for separations of CO2 at low partial pressures (<1 atm).
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INTRODUCTION

To reduce CO2 emissions and mitigate the adverse effects of CO2-induced climate change (Ballantyne et al., 2018), removal of CO2, from atmosphere (Siriwardane et al., 2005) and pre-/post-process streams (Chen et al., 2012; Chen and Ho, 2016), has been a focus of research. The most common technologies to separate CO2 include adsorption (e.g., zeolites), absorption (e.g., liquid amines), and membranes in pre- and post-combustion CO2 capture. Pre-combustion capture is the removal of CO2 from pre-process gas mixtures (%CO2 > 20) such as syngas or biogas and typically involves separation pairs such as CO2/H2 and CO2/CH4, respectively. Post-combustion capture is the removal of CO2 from flue gas (5 < %CO2 <15) and typically involves a CO2/N2 separation pair. The energy demand is highest for adsorption and lowest for membrane separations. Zeolites are physisorption-based porous solid materials that are typically used in adsorption such as the removal of CO2 from air in spacecraft (Knox et al., 2017). Zeolites have high CO2 capacity, but suffer from extreme sensitivity to moisture (Chue et al., 1995; Cmarik and Knox, 2018). Membranes are energy-efficient, but struggle with the permeability/selectivity trade-off as described by Robeson (1991).

The inherent limitation of polymeric membranes was defined in 1991, demonstrating the upper bound for the CO2/CH4 separation pair (Robeson, 1991). In 2008, Robeson redefined the upper bound in consideration of improvements in membrane technology. He also included CO2/H2 and CO2/N2 separations (Robeson, 2008). Most polymeric membranes operate on a pressure-driven solution–diffusion model and are limited in performance by the Robeson upper bound. Recently, facilitated transport membranes (FTMs) have been shown to surpass the Robeson upper bound. FTMs achieve high permeabilities without sacrificing selectivity, or vice versa. Figure 1A provides a perspective of FTMs in comparison to common membranes; this Robeson plot demonstrates the relation between CO2/N2 selectivity and CO2 permeability.


[image: Figure 1]
FIGURE 1. (A) FTMs with ILs in comparison to solution–diffusion membranes on Robeson plot for CO2/N2 separation. References for data: (1) (Chen and Ho, 2016), (2) (Chen et al., 2016), (3) (Han et al., 2018), (4) (Zou and Ho, 2006), (5) (El-Azzami and Grulke, 2009), (6) (Han et al., 2018), (7) (Moghadam et al., 2017a), (8) (Moghadam et al., 2017b), (9) (Kamio et al., 2020), (10) (McDanel et al., 2015), (11) (Teodoro et al., 2018), (12) (Tomé et al., 2018), (13) (Tomé et al., 2014), (14) (Scovazzo, 2009), (15) (Jindaratsamee et al., 2012). The selectivity and permeability data of FTMs shown in this figure are available in Table 1. (B) Schematics of CO2 transport in solution–diffusion membranes (feed with >15% CO2) and FTMs (feed with <15% CO2). Specific examples of polyvinylamine studied by Tong and Ho (2017) and amino acid salt by Chen and Ho (2016) illustrate the fixed carrier and mobile carrier FTMs, respectively. As an example to FTM with a polymerized IL, polymerized imidazolium with glycinate counter ion studied by Kamio et al. (2020) is also shown. (C) Reaction schemes for CO2-reactive ILs. Left: n-(3-aminopropyl)-n-methyl-imidazolium triflate. A zwitterion ([image: image]-[image: image]) forms by the formation of the CN bond in the first step, followed by the transfer of proton from the zwitterion complex to another amine, thus forming ammonium and carbamate ions. Middle: tetrabutyl phosphonium prolinate, [P4444][Pro]. Zwitterion formation in the first step is followed by an intramolecular hydrogen transfer that results in carbocylic acid. Right: tetrabutyl phosphonium 2-cyanopyrrolide, [P4444][2-CNpyr]. Nucleophilic addition of CO2 to AHA nitrogen forming carbamate with no hydrogen transfer involved.


FTMs incorporate a reactive component that acts as a CO2 carrier, such as an amine-bearing polymer or a small molecule embedded within the polymer matrix. Earlier examples of FTMs based on polyamines and alkanolamines can be found in the review by Tong and Ho (2016). Very recent applications of FTMs include the CO2 capture from flue gas in pilot scale as demonstrated by Salim et al. (2018), Han et al. (2019), and Chen et al. (2020). The review here focuses on the incorporation of ionic liquids (ILs) to polymeric films. In particular, this review focuses on FTMs with ILs studied in the last 4 years, since the review by Tome and Marrucho (2016) on the IL-based materials for CO2 separations. ILs are versatile solvents with high CO2 solubilities that have been incorporated into a number of host materials. A brief background to FTMs and ILs is provided, followed by a review of the most recent FTMs with ILs either as fixed or mobile carriers, emphasizing the existing challenges and opportunities.



GAS TRANSPORT MECHANISM IN FTMs

FTMs combine the selection capability of reactive processes with the reduced mass, volume, and energy advantages of membranes (Tong and Ho, 2016). The reactive component of the membrane, known as a carrier, reversibly reacts with CO2 to produce a CO2 carrier complex with its own concentration gradient across the membrane. At the permeate side, the CO2 complexation reaction is reversed as a result of low partial pressure of CO2 and the carrier is regenerated by releasing the captured CO2. Figure 1B illustrates the CO2 transport mechanism in FTMs in comparison to other polymeric membranes that achieve separations by solution–diffusion.

In solution–diffusion membranes, gas molecules diffuse through the free volume of the membrane that is created by the chain-to-chain spacing. The steady-state flux of CO2 is related to the segmental chain motion of the polymer and is expressed by Equation (1) (Zolandz and Fleming, 1992):

[image: image]

where JCO2 is the steady-state CO2 flux, DCO2 is the diffusion coefficient of CO2 in the membrane material, CCO2,f and CCO2,p are the feed and permeate CO2 concentrations, respectively, and l is the thickness of the membrane. For an FTM, an additional term is added to account for carrier-mediated transport of CO2 as in Equation (2) (Rea et al., 2019):

[image: image]

where DCO2−C is the “effective diffusivity” modeling the combination of transmembrane CO2 complex diffusion and the CO2 hopping mechanism across the carriers. CCO2−C,f and CCO2−C,p are the CO2 complex concentration at the feed and permeate site, respectively. FTMs have two subgroups: mobile carrier and fixed carrier. For fixed carrier FTMs, the carrier is immobilized and the DCO2−C only represents the hopping mechanism, where CO2 hops from one active site to another down the concentration gradient, as illustrated in Figure 1B (Cussler et al., 1989). For mobile carrier FTMs, the combination of Fickian (solution–diffusion mechanism), hopping, and complex diffusion (vehicular motion) pathways greatly enhances CO2 permeation as opposed to fixed carrier FTMs and conventional solution–diffusion membranes.

Permeability, PCO2, of a membrane is determined by Equation (3) (Zolandz and Fleming, 1992):

[image: image]

where ΔPCO2 is the pressure drop of CO2 across the membrane. SCO2 is the solubility of CO2 in the membrane matrix that, along with diffusivity, governs the permeability of a membrane. With CO2 having the ability to complex with carriers, this additional chemical pathway greatly enhances the diffusivity and especially the solubility in FTMs in comparison with conventional solution–diffusion-based membranes. For thin films, and often for FTMs, the membrane thickness is difficult to define, and therefore, the permeance is often reported instead of permeability. Permeance is the flux of gas (i.e., CO2) per unit permeation driving force with units of GPU (gas permeation unit), equivalent to 1 × 10−6 cm3 (STP)·cm−2·s−1·(cm Hg)−1. Permeability has units of Barrers (1 Barrer = 1 GPU·μm).

Selectivity, α, is estimated by Equation (4) (Zolandz and Fleming, 1992):

[image: image]

where i represents CO2 and j represents the other non-CO2 component of the separation pair.



DEVELOPMENTS TOWARD THE IL-BASED FTMs

ILs are salts that melt below 100°C. It is shown that increased alkyl chain length and fluorination significantly improve CO2 solubility in some ILs. The free volume of the liquid, originating from the weak anion–cation interactions and bulky structure, promotes CO2 solvation (Anthony et al., 2002). ILs are amenable to chemical functionalization to improve CO2 capacity. ILs with an amine-functionalized cation are reported to have CO2 capacities in the range of 0.5 mol CO2 per mol of IL (Bates et al., 2002). Most ILs with amino acid anions (AAs) (Ohno and Fukumoto, 2007; Gurkan B.E. et al., 2010) and aprotic heterocyclic anions (AHAs), (Gurkan B. et al., 2010) achieve equimolar CO2 capacities. More recently, dual functionalized ILs composed of diethylenetriamine cation and AHAs such as imidazolide, pyrazolide, and triazolide exceeded equimolar (~2 mol CO2 per mol IL), (Wu et al., 2019). Figure 1C illustrates the CO2 reactions with functionalized ILs. It should be emphasized that reaction enthalpy and most physical properties, not just the CO2 absorption capacity, can be tuned in ILs. Lastly, ILs have negligible volatility and higher thermal stabilities than molecular solvents. Therefore, ILs are considered promising alternatives to amines in absorptive CO2 separation, due to energy-efficient solvent regeneration, non-corrosivity, and high degradation temperature.

The main challenge using ILs to separate CO2 has been their high viscosity, usually caused by Coulombic interactions and hydrogen bonding. In this regard, the relatively low viscosity AHA ILs are the most promising, as they lack hydrogen bonding. Li et al. (2019) reported protic ILs with low viscosities (2–27 cP at 30°C) that achieve similar CO2 absorption capacities, especially in the presence of water. ILs have also been studied in the context of supported IL membranes (SILM). Cowan et al. (2016) and Bara et al. (2010) provide comprehensive reviews of SILMs for CO2 separations. ILs are especially advantageous for SILMs as they do not evaporate. However, the stability of SILMs under high transmembrane pressures remains to be a challenge as the IL may get pushed out of the micropores over time. A thicker membrane support (50–150 μm) is generally adopted to suppress this potential leakage; however, CO2 flux is significantly reduced due to the increased length of diffusion. One potential solution to this problem is to confine the IL media in nanopores, as the capillary force holding the ILs is high and far exceeding the pressure gradient imposed on the membrane. This resolves the leakage issue, and still renders a high CO2 flux through the membrane. Among various nanomaterials, graphene oxide (GO) nanosheets received great attention due to their high flexibility, good mechanical strength, and easy processability. Lin et al. (2019) confined a deep eutectic solvent that is selective to CO2, similar to ILs, into GO nanoslits as a highly CO2-philic GO-SILM. The group reported a structural change in the liquid that better promotes CO2 transport, even though the liquid is not reactive with CO2. This idea of ultrathin GO-SILMs greatly shortens the diffusion pathway of CO2 within the membrane, providing promise for the use of viscous ILs in membranes. Alternative strategies of utilizing ILs in membrane separations focused on polymer-IL composite, gelled IL, and polymerized IL membranes (Tome and Marrucho, 2016). A detailed review on the IL-based materials for CO2 separations by Tome and Marrucho (2016) discusses the prospects of these materials. The majority of these studies focus on CO2 separations for coal-fired power plants. In applications where CO2 needs to be separated from air, such as cabin air in submarines, spacecraft, or buildings, the partial pressure of CO2 is not sufficient for most of these membranes to efficiently perform. The only type of membrane that may meet the needs for such dilute separations are FTMs. Reactive ILs are promising to incorporate into FTMs because they provide tunable reaction chemistry and CO2 diffusivity with no vapor pressure.


FTMs With Fixed Carriers

Polymers with CO2-reactive groups such as polyallylamine (Cai et al., 2007; Yegani et al., 2007; Zhao and Ho, 2012a; Prasad and Mandal, 2018), polyethyleneimine (Matsuyama et al., 1999; Xin et al., 2014; Yu et al., 2020), and poly(vinyl amine) (Qiao et al., 2015; Chen and Ho, 2016; Chen et al., 2016; Tong and Ho, 2017) have attracted particular attention as materials for FTMs. In fixed carrier FTMs, the reactive functional groups are anchored to the polymer backbone, which provides better structural integrity compared to FTMs with mobile carriers. In an effort to combine the high CO2 solubilities of ILs and improve the mechanical stability over SILMs, polymerized IL (PIL) membranes have been considered. Earlier examples of PILs demonstrated CO2/N2 selectivities comparable to SILMs, but with lower permeabilities. Several strategies improving CO2 transport in PILs include PIL/IL composites, PIL copolymers, and PIL/IL/inorganic particle mixed matrix membranes (MMMs). Out of these, MMMs are considered the most promising as they combine (i) the gas separation capability, (ii) thermal stability, and (iii) durability of inorganic filler materials with (iv) the good mechanical properties combined with (v) the processability of polymeric materials (Seoane et al., 2015; Tome and Marrucho, 2016).

Inorganic fillers such as zeolites (Shindo et al., 2014), hydrotalcite (Liao et al., 2014), mesoporous silica, and silica particles (Xing and Ho, 2011; Xin et al., 2016); organic fillers such as carboxylic acid nanogels (Li et al., 2015), polyaniline rods (Zhao et al., 2012, 2013; Li et al., 2015), carbon nanotubes (CNTs) (Deng and Hagg, 2014; Han et al., 2018), amine functionalized CNTs (Zhao et al., 2014), and graphene (Wang et al., 2016); and hybrid materials such as metal organic frameworks (MOFs) (Shen et al., 2016) and zeolitic imidazolate frameworks (ZIFs) (Zhao et al., 2015) have been used to date in MMMs and facilitated transport MMMs (FTMMMs) mainly for CO2/N2 and CO2/CH4 separations. The poor interfacial adhesion between fillers and polymers remains a challenge in this field, as this poor adhesion often results in gas percolation at defects, leading to a decrease in selectivity (Chung et al., 2007; Rezakazemi et al., 2014). Compared with inorganic fillers, hybrid porous materials such as MOFs and ZIFs that consist of metal ions or clusters and organic linkers show improved interfacial interaction with the polymeric matrix (Zhao et al., 2015).

Ma et al. (2016) reported three-component FTMMMs: (i) a porous MOF filler, NH2-MIL-101(Cr); (ii) a cation-functionalized reactive IL confined within the MOF; and (iii) polydioxane with intrinsic microporosity (PIM-1) as the matrix. With loading of the IL-filled MOFs at 5 wt.%, this novel fabrication led to excellent separation performance with a permeability of 2,979 Barrer and a CO2/N2 selectivity of 37 (Ma et al., 2016). Recently, Wang et al. (2020) fabricated FTMMMs from pyridine-based porous cationic polymers (PIPs) with Ac−, BF4−, and Cl− anions as fillers in PIM-1. Owing to the π − π interactions between PIP and PIM-1, membranes with minimal defective voids were obtained. CO2 permeabilities in the order of 6,200 Barrer and CO2/N2 selectivities of 40 to 60 were measured. The purposes of ILs in MMMs are as follows: (1) to act as a glue, ensuring good adhesion between the filler and the polymer matrix; (2) to add tunability in CO2 affinity (solubility, diffusivity, and selectivity); and (3) to allow modulation of filler pore structure.

To date, the majority of the studies in CO2 separations with IL-incorporated membranes relied on the physical dissolution of CO2 in non-reactive ILs. Most recent examples include ionic polyimides that incorporate imidazolium-based ILs (Mittenthal et al., 2017). Szala-Bilnik et al. (2019, 2020) studied the impact of the anion in ionic polyimide–IL composite membranes, where the imidazolium functionality is present in both the polymer backbone and the plasticizer. They showed that the ion mobility in pure ILs does not translate to cationic membranes, due to ion coordination with the fixed cation. Nevertheless, the CO2 diffusivity in the membrane can still be tuned by the choice of the anion. Overall, ILs are exciting building blocks for polymeric membranes, with the promise of tunable separation performance for CO2 and even other target gas molecules.

In the context of FTMs, there are no examples for fixed carriers made of an amine-bearing polymerized IL cation. McDanel et al. (2015) reported an IL-based epoxy-amine ion gel FTM. However, the amine moiety was for crosslinking and required moisture to serve as a fixed carrier. Kamio et al. (2020) also reported PIL based FTM, where the counterion of the PIL, glycinate, is CO2 reactive as shown in Figure 1B. This is the first example to date of a fixed carrier made from a CO2-reactive PIL. These gel-type FTMs cannot be fabricated into stand-alone films due to the fragility of the gel, so a porous support or secondary gel network is used for mechanical support. In this study, the group used a new fabrication method that involves creating a gel suspension of the PIL and pressurizing the suspension through a hollow fiber support membrane. The solvent passes through the support layer, leaving behind a thin film of the reactive polymer around the inside of the hollow fiber support. This hollow fiber configuration is highly valuable in industrial applications due to its high membrane area-to-volume ratio. To prevent gel propagation into the pores of the support and clogging, Matsuyama and coworkers used dialysis to remove low-molecular-weight polymer and unreacted monomer from the gel suspension. Design and scalable fabrication of support membranes with pore structure that minimizes clogging remains an interest.



FTMs With Mobile Carriers

Differing from FTMs with fixed carriers, the incorporation of reactive ILs as mobile carriers results in increased CO2 mobility due to both vehicular and hopping transport mechanisms (Doong, 2012). The idea of an IL mobile carrier was pioneered by Matsuyama et al. (1999) amid their developments in liquid absorber-based FTMs in the mid-1990's (Teramoto et al., 1996). They have been active in developing FTMs with liquid absorbers, such as aqueous amines (Teramoto et al., 1996), amino acid salts (Yegani et al., 2007), cation-functionalized ILs (Hanioka et al., 2008), AA ILs (Kasahara et al., 2012), and AHA ILs (Kasahara et al., 2014a; Otani et al., 2016). While the studied FTMs overcome the Robeson upper bound, the measured CO2 flux is limited by slow CO2 diffusion, a result of the high viscosity of the mobile carriers. Therefore, maintaining a reactivity–mobility balance of CO2 is crucial in designing the molecular structure of the mobile carrier.

Kasahara et al. (2014b) reported an IL-impregnated double-network ion gel membrane. One network of the ionomer gel immobilizes the IL mobile carrier, and the other provides mechanical support. These FTMs have stable separation performance with CO2 feed pressures as low as 0.1 kPa. However, the low diffusivity of CO2 necessitates operations under humid conditions and well above room temperature. While the high viscosity of the IL is advantageous against leaching and loss of the liquid, it hinders CO2 diffusivity (Moghadam et al., 2017a,b). Moghadam et al. (2017b) reported the highest CO2 permeability and selectivity to date in an AHA IL-based FTM ([P2221O1][Inda]): 20,000 Barrer and CO2/N2 selectivity of 900 under a feed of 2.5 kPa CO2 and 0% RH at 373K.

Otani et al. (2016) performed molecular dynamics simulations to predict the most effective AHA IL with a phosphonium cation for FTMs based on their viscosity. Preliminary calculations suggested that a pyrrolide or pyrazolide anion would improve transmembrane CO2 transport. However, the authors also emphasized that the anions have large CO2 binding energies, potentially hindering the desorption of CO2, which is a critical design parameter upon designing practical FTMs.



FTMs With Both Mobile and Fixed Carriers

While there are limited examples of FTMs with both the mobile and fixed CO2 carriers, we are not aware of IL-based FTMs under this category. Studies by the Ho group are the only representatives of FTMs with both fixed and mobile carrier to the best of our knowledge. These thin-film composite membranes are made of polyallylamine fixed carrier and solid amine salts as the mobile carrier and studied for CO2 separation from flue gas (Zhao and Ho, 2012b; Chen and Ho, 2016; Chen et al., 2016; Han et al., 2018). High temperatures (>50°C) and humidity are essential factors for these membranes to facilitate transport of CO2, but these factors also promote penetration of the active layer into the support layer. To mitigate this, the Ho group incorporated high-molecular-weight polymers and multiwall carbon nanotubes (MWNTs) in their FTMs (Han et al., 2018). Such amine-bearing FTMs with both fixed and mobile carriers by the Ho group are among the very few FTMs that have been fabricated and tested at pilot scale (Salim et al., 2018; Han et al., 2019).

Table 1 summarizes the CO2 permeabilities and CO2/N2 selectivities of FTMs, specifically those with reactive ILs reported since 2015. It is suggested in both Figure 1A and Table 1 that FTMs with mobile carriers yield the highest permeability and selectivity, in comparison to FTMs with fixed carriers and FTMs with combined fixed and mobile carriers. While these FTMs were specifically designed for CO2 separation from flue gas, they are ideal platforms to work from for CO2 separation from dilute feed streams such as cabin air or atmospheric air. It is very likely that the next-generation FTMs will incorporate reactive ILs into the framework for performances like high permeability and selectivity.


Table 1. FTMs with superior CO2 permeabilities (PCO2) in units of Barrer and CO2/N2 selectivities (α) reported in the literature within 2015–2020, comparing FTMs with IL or PIL carrier components (shaded) to others with no IL.
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CONCLUSIONS

FTMs have shown incredible promise for efficient gas separations at low CO2 partial pressures, with both mobile and fixed carriers achieving permeabilities and selectivities beyond the Robeson upper bound. The future of FTMs for CO2 separations from air is likely to involve incorporation of both fixed and mobile carriers simultaneously. The key takeaways from the reviewed literature on FTMs with ILs are summarized below:

• FTMs with liquid components like IL carriers generally give higher permeability and selectivity in contrast to their solid-based carrier FTM counterparts.

• When designing IL carriers, CO2 binding enthalpy is a critical property to tune, as it impacts the likelihood of CO2 desorption to regenerate the carrier. For mobile carriers, viscosity is also important, as most current FTMs are originally designed to function at high temperature and humidity, making them non-ideal for CO2 separations from air.

• For low CO2 partial pressure environments like cabin air, FTMs provide a promising technology platform, and perhaps the only type of membranes, to replace state-of-the-art zeolites for more efficient and continuous CO2 separations. However, FTMs still have a low CO2 flux at low partial pressures and struggle to process large volumes of gas. It will be important to study the amount of gas processable in practical timeframes, since this metric will highly depend on the CO2 diffusivity and hopping rate.
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Water clusters are ubiquitously formed in aqueous solutions by hydrogen bonding, which is quite sensitive to various environment factors such as temperature, pressure, electrolytes, and pH. Investigation of how the environment has impact on water structure is important for further understanding of the nature of water and the interactions between water and solutes. In this work, pH-dependent water structure changes were studied by monitoring the changes for the size distribution of protonated water clusters by in-situ liquid ToF-SIMS. In combination with a light illumination system, in-situ liquid ToF-SIMS was used to real-time measure the changes of a light-activated organic photoacid under different light illumination conditions. Thus, the proton transfer and pH-mediated water cluster changes were analyzed in real-time. It was found that higher concentration of free protons could lead to a strengthened local hydrogen bonding network as well as relatively larger protonated water clusters in both organic acid and inorganic acid. Besides, the accumulation of protons at the liquid-vacuum interface under light illumination was observed owing to the affinity of organic molecules to the low-pressure gas phase. The application of in-situ liquid ToF-SIMS analysis in combination with in-situ light illumination system opened up an avenue to real-time investigate light-activated reactions. Besides, the results regarding water structure changes in acidic solutions showed important insights in related atmospheric and physiochemical processes.

Keywords: in-situ liquid ToF-SIMS, liquid-vacuum interface, photoacid, water cluster, hydrogen-bonding network


INTRODUCTION

Proton transfer (PT) along hydrogen-bond (HB) network in water plays a key role in multiple physical, chemical, and biological processes, such as acid-base reactions (Mohammed et al., 2005), organic synthesis (Guo et al., 2016), electro-catalysis (Badalyan and Stahl, 2016), and biological redox processes (Di Luca et al., 2017). According to the Grotthuss mechanism, protons transfer in the form of hydronium (H3O+) or hydroxide (OH−) by forming HBs with adjacent water molecules in aqueous solutions, resulting in the formation of protonated or hydroxide water clusters with different size and structure (Agmon, 1995). This mechanism explained the anomalously high mobility of hydronium than other ions (Miyazaki et al., 2004; Headrick et al., 2005; Natarajan et al., 2015; Chen et al., 2018; Daldrop et al., 2018). The ultrafast proton transfer via HB network is the basic of biological processes (Garczarek and Gerwert, 2006; Park et al., 2012). Water cluster is the dominant species in most biological systems and its size, structure, and structural transformation determine the dynamics of biological protons (Mohammed et al., 2007). Additionally, the protonated water cluster as a specific acid with unique proton transfer properties have a significant impact on catalysis. Thus, for better understanding of proton transfer processes in water, it is necessary to investigate the properties of water cluster in different environments (Ellmer et al., 2014; Gould et al., 2020). It was known that the structure of water clusters are sensitive to the environment, such as confined space, interface, temperature, pressure, electrolytes, and pH (Burnham et al., 2006; Li and Lazaridis, 2006; Wang et al., 2008). Thus, identifying the environmental effects on the dynamic and structural properties of water clusters at molecular level is of significant importance for better understanding the nature of water and the interactions between water and solutes.

Much attention has been paid to study how the temperature and electrolytes have effects on the dynamics of HB network and water cluster structure (Stirnemann et al., 2013; Zhao et al., 2015). However, the study of acid effect on HB network and water cluster structures, which is fundamental to some important chemical and physicochemical processes in the atmosphere and biological systems, are rare (Gutberlet et al., 2009). Investigation of PT process in acid solutions seemed more complicated due to the strong ability of acid to transfer protons to water and this process is largely solvation-dependent. So far, most researches regarding acid-water cluster interactions focused on the water cluster-assisted acid dissociation (Lee et al., 1996; Ding et al., 2003; Gutberlet et al., 2009; Li et al., 2019). But how the dissociated protons from acid affect the protonated water cluster structures is hardly known. Besides, most previous studies investigated the interactions between water clusters and inorganic acids, such as HCl, H2SO4, HF, and H2S. Nevertheless, the interaction between water clusters and organic acids, which is of significant importance for some key physiological processes, is little reported owing to the complexity of organic molecular structures.

Photoacids are a class of proton-containing organic compounds that undergo photo-induced proton dissociation and thermal reassociation (Johns et al., 2014). Upon irradiation, the acidity of the solution could become stronger, even to the degree of strong acids (Shi et al., 2011). Once the light is turned off, the conjugate base would be protonated to regenerate photoacids, showing excellent reversibility of the proton transfer process. Thus, photoacids could be used to noninvasively control the acidity of various reaction systems, such as dynamic self-assembly of nanoparticles, and photo polymerization (Fu et al., 2016; Liao, 2017; Yucknovsky et al., 2019). More importantly, the accurate control of solution acidity makes photoacids a good candidate for real-time and in-situ experimental study of proton transfer and the interaction between water and protons.

For decades, extensive experimental and computational studies have been used to investigate the water structure dynamics and the PT mechanism in aqueous solutions, including NMR spectroscopy (Meiboom, 1961), dielectric spectroscopy (Marcus and Hefter, 2006), ultrafast vibrational dynamic spectroscopies (Park and Fayer, 2007; Shalit et al., 2017), Femtosecond elastic second harmonic scattering (fs-ESHS) (Chen et al., 2016), X-ray diffraction (XRD) (Bouazizi et al., 2006), X-ray absorption spectroscopy (XAS) (Waluyo et al., 2014), surface-sensitive Sum Frequency Generation (SFG) (Ye et al., 2001), density functional theory (DFT) (Shi et al., 2017), and molecular dynamics (MD) simulations (Chen et al., 2018). However, the results from different methods sometimes resulted in diverse interpretations. This might be attributed to the local sensitivity of these techniques to specific properties of HB networks, such as the relaxation or reorientation time of water, the intramolecular O-H stretch vibration and HB dynamics, which greatly limited the understanding of proton-water interactions from molecular level. Mass spectrometry is a powerful method for the protonated water cluster studies which can be used to monitor the water cluster size distribution under various conditions. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a highly surface sensitive technique with high spatial and time resolutions. In combination with a microfluidic reactor, in-situ liquid ToF-SIMS analysis could be conducted to overcome the limitation of liquid sample analysis in high vacuum environment of ToF-SIMS and thus provide important spatial and temporal chemical information at the pore-confined liquid-vacuum interface (Yang et al., 2011; Liu et al., 2018, 2019).

In this work, in-situ liquid ToF-SIMS in combination with a light illumination system was employed to real-time monitor the proton transfer between a light-triggered photoacid and water. The dynamics of the photoacid dissociation was measured. Besides, the effect of dissociated protons from photoacid on the dynamic of HB network and water cluster structure was detected in real-time. By comparing the size distribution of organic photoacid and inorganic acid solutions, the accumulation of organic photoacid molecules at the pore-confined liquid-vacuum interface was observed and interpreted.



MATERIALS AND METHODS


Materials

Pure water (18.2 MΩ cm at 25°C) was from a Milli-Q purification system (Billerica, MA). Alcohol (anhydrous, ≥99%), sodium chloride (NaCl, ≥99.9%), hydrochloric acid (HCl, 12.0 M) polydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE) tube, and all the other reagents used to synthesize the photoacid were purchased from Sigma-Aldrich (St. Louis, MO, USA). SiN membrane was from Norcada, Inc. (Edmonton, Canada).



Synthesis of the Photoacid

A photoacid with protonated merocyanine (MEH) structure was synthesized. Scheme of the synthesis process was shown in Supplementary Figure 1. pr-MEH was synthesized following a literature method (Mason et al., 2005). 2,3,3-trimethylindolenine (1.59 g, 10 mmol) was added to propane sultone (1.22 g, 10 mmol). The mixture was stirred at 90°C overnight under nitrogen atmosphere. The crude product was filtered, washed with cold diethyl ether, and dried in vacuo to get pr-MEH (2.50 g, 85%). For the synthesis of MEH, pr-MEH (1 g, 3.6 mmol) and 2-hydroxybenzaldehyde (0.48 g, 3.9 mmol) were added into anhydrous ethanol (15 mL). The mixture was allowed to reflux overnight. The orange solid of MEH was obtained by filtration (1 g, 78%). 1H NMR (400 MHz, DMSO-d6, δ, ppm): δ = 11.05 (s, 1H), 8.59 (d, 1 H), 8.25 (d, 1 H), 8.01 (d, 1 H), 7.86 (m, 2 H), 7.61 (m, 2 H), 7.44 (t, 1H), 7. 03 (d, 1 H), 6.95 (t, 1 H), 4.79 (t, 2 H), 2.64 (t, 2 H), 2.13 (m, 2 H), 1.78 (s, 6 H) (see Supplementary Figure 2). ToF-SIMS analysis of the product was shown in Supplementary Figure 3. The maximum absorption wavelength in UV-vis spectra was ~ 425 nm (Supplementary Figure 4).



Fabrication of the Microfluidic Reactor

Fabrication of the microfluidic reactor was described in our previous paper (Liu et al., 2019). Briefly, a micro-chamber was made by pouring PDMS on a silicon mode fabricated by soft lithography. The as-prepared PDMS block was sealed with a silicon-framed silicon nitride window via air plasma. An inlet and outlet were drilled through the PDMS block. After injection of sample solution, the two ends were sealed by a PEEK union. After that, the microfluidic reactor was introduced into the high vacuum chamber for subsequent in-situ liquid ToF-SIMS measurements.



Hybrid Light/ToF-SIMS Instrumentation

A ToF-SIMS V spectrometer (IONTOF GmbH, Germany) equipped with a 30 keV [image: image] primary ion beam was used for in-situ liquid ToF-SIMS analysis. For in-situ liquid ToF-SIMS analysis, the target current, and lateral resolution were adjusted to 0.35 pA and 200 nm, respectively. As shown in Supplementary Figure 5A, a 100 nm thick SiN membrane supported on a silicon frame (window size 0.5 × 0.5 mm2) was irreversibly bonded with the PDMS block containing a 200 × 300 μm (width × depth) channel to form the detection area. For sampling, a liquid-vacuum interface was formed by drilling a ~2 μm pore through the SiN membrane by primary ion beam before continuous signal recording of the liquid-vacuum interface. The dynamic depth profiling by ToF-SIMS for 0.5 mM MEH solution in the positive mode was used to monitoring the submicropore condition at the SiN membrane surface. As presented in Supplementary Figure 5B, SiN membrane was punched through at around 295 s with the dramatically increased intensity of [MEH+H]+ and decreased signal of Si2N+. The ultrahigh surface tension of liquid water in a sub micrometer pore can confine the liquid water in the microfluidic chip. Thus, a liquid-vacuum interface used for the in-situ liquid detection is formed under high vacuum condition. When the liquid-vacuum interface at the confined pore was sable, the pulse width was adjusted from 160 to 80 ns immediately for better mass resolution. Then the mass spectrum signal of the water clusters from 0.5 mM MEH solution surface was acquired in the microfluidic reactor (see Supplementary Figure 5C). During analysis, a flashlight (Skyfire, white light with an optical filter at 420 nm) with a power of 12 W was used to irradiate the microfluidic chip. By adjusting the flashlight, real-time ToF-SIMS analysis of light-activated reaction was realized. The obtained ToF-SIMS spectra were calibrated using C+, [image: image], C2[image: image], C3[image: image] for positive mass spectra and C−, [image: image], [image: image], [image: image] for negative mass spectra, respectively. The two-dimensional (2D) images of Si+, [MEH+H]+ and (H2O)3H+ can be used to estimate the pore size. Besides, in order to improve the signal to noise (S/N) of mass spectrum, the mass spectra data could be reconstructed at the selected ROI area of the pore center in 2D images (Supplementary Figure 5D).



DFT Simulation

The calculations in this work were performed by the Gaussian 09 suite of programs (Frisch, 2009). The geometries of the protonated water clusters under study were fully optimized by the hybrid M06-2x functional, in which developed by Zhao and Truhlar, has proved to be reliable in the description of various types of non-covalent interactions (Zhao and Truhlar, 2008). The Dunning's basis set aug-cc-pVTZ, was utilized for all the atoms (Kendall et al., 1992). No symmetry or geometry constraint was applied during the optimizations. All the optimized-geometries were corroborated to be factual minima on the potential energy surface by means of frequency calculation at the same theoretical level.

The interaction energy (ΔE) between hydronium ion and waters for per water molecule was evaluated as

[image: image]

Where Esystem is the energy of the optimized whole system; EH3O+ and EnH2O are the total electronic energies of the hydronium ion and waters, respectively, which kept in the same structure as that in the optimized whole system. The n denotes the number of waters.




RESULTS AND DISCUSSION


ToF-SIMS Real-Time Analysis of the Light-Activated Proton Dissociation

A photoacid with protonated merocyanine (MEH) structure was used as a model to in-situ generate free protons in aqueous solutions. Based on previous studies (Shi et al., 2011; Liao, 2017), MEH was the first reported metastable-state photoacid. It was known that upon illumination of blue light, one proton of MEH could be released and the MEH will turn into SP. When the light was turned off, the less stable SP will convert back into MEH (Figure 1A). The mechanism of light-activated proton release is described in Supplementary Figure 6. Upon irradiation with visible light (420 nm), MEH firstly convert into the cis-MEH and then cis-ME after releasing a proton. Once the proton was transferred, cis-ME wound turn into SP via a nucleophilic ring closing reaction. SP tends to return to its original state (MEH) immediately in the dark, which means the whole process is reversible. To directly monitor the light-activated proton dissociation, in-situ liquid ToF-SIMS in combination with a 420 nm light source was used. A ~2 μm pore on the SiN membrane of the microfluidic cell was drilled in-situ by the primary ion beam of ToF-SIMS. Thus, a pore-confined liquid-vacuum interface was formed for light illumination as well as direct ToF-SIMS measurement (Figure 1A). As shown in Figure 1B, the intensity ratio between proton (m/z 1) and MEH (m/z 384, [M-H]−) started to increase linearly upon light illumination. When the light was turned off at ~55 s, the ratio started to decrease. It takes about 35 s for the ratio to reach the baseline, which is quite similar to the light illumination process (from 20 to 55 s). The results indicated that the kinetic constant of proton dissociation and recombination process were similar. In addition, the result demonstrated the capability of in-situ liquid ToF-SIMS for real-time monitoring of proton transfer process mediated by light.


[image: Figure 1]
FIGURE 1. (A) Schematic illustration of the in-situ liquid ToF-SIMS analysis of water clusters adjusted by MEH. (B) Time-dependent intensity ratio of proton (m/z 1, H−) and MEH (m/z 384, [MEH-H]−) mediated by blue light (420 nm).




Dynamic Change of Water Clusters Mediated by Photoacid

The dissociation of protons in aqueous acid solutions changed the micro-environment of the water structure, which could lead to the change of hydrogen bonding networks as well as the size distribution of protonated water clusters. The effect of proton released from organic photoacid on HBs and water structures was real-time measured by in-situ liquid ToF-SIMS. Before analysis of the light-mediated water cluster distribution of MEH, we firstly measured the water cluster size distribution of pure water as a control. As shown in Figures 2A–C, the predominant water clusters in pure water were (H2O)3H+ and (H2O)4H+. In pure water, the peak intensity order was: (H2O)3H+ > (H2O)4H+ > (H2O)5H+ > (H2O)2H+ ≈ (H2O)6H+. The result was in good agreement with a previous computational study by Natarajan et al. (2015). In their study, both neural network (NN) potential and density-functional theory (DFT) calculations revealed that the order of binding energies Ebind per water monomer of the protonated water clusters was: (H2O)3H+ < (H2O)4H+ < (H2O)5H+ < (H2O)2H+ < (H2O)6H +, indicating an energetic stability order of (H2O)3H+ > (H2O)4H+ > (H2O)5H+ > (H2O)2H+ > (H2O)6H+. For better understanding of the structure of protonated water cluster, the potential geometries of (H2O)3H+, (H2O)4H+ and (H2O)5H+ water clusters were optimized and presented in Supplementary Figure 7. Besides, the order of interaction energy (ΔE, kcal/mol) between hydronium ion and waters for per water molecule was: (H2O)3H+ < (H2O)4H+ < (H2O)5H+, which was consistent with the previous simulation results and our experiment result. Additionally, no obvious differences were found in dark or light illumination conditions. The results demonstrated negligible influence of light illumination on the water cluster size distribution of pure water, including (H2O)nH+ and (H2O)nOH− water clusters (see Supplementary Figures 8A–C). However, after addition of 0.5 mM MEH into pure water, the proportion of (H2O)3H+ significantly decreased, while that for (H2O)4H+ and (H2O)5H+ increased (Figure 2D). According to previous report, MEH was a weak acid with a pKa of ~7.8. The pH of 0.5 mM MEH was ~5.5 (under dark environment) (Gutberlet et al., 2009). The increase of free proton concentration could lead to a strengthened hydrogen bonding networks and thus increase the ratio of relatively larger water clusters. Another important reason for this change is the disturbing of organic molecules on the hydrogen bonding networks of water. It was reported that small purely hydrophobic solutes tend to strengthen nearby water hydrogen bonding networks (Grdadolnik et al., 2017). As shown in Figure 1A, the structure of MEH was relatively complicated with various hydrophobic functional groups, which could strengthen the local hydrogen bonding networks. Therefore, the ratio between larger water clusters and smaller clusters tend to increase.


[image: Figure 2]
FIGURE 2. Protonated water cluster size distributions in (A–C) pure water and (D–F) 0.5 mM MEH solutions in dark environment (A,D), under light illumination (B,E), and after light was turned off (C,F), respectively.


As displayed in Figures 2D–F, in dark environment, the dominant protonated water cluster in MEH solution was (H2O)4H+. Upon light illumination, the ratio between (H2O)4H+ and (H2O)5H+ obviously decreased. (H2O)5H+ became the most dominant water cluster. After the light was turned off, the dominant specie changed back to (H2O)4H+. These results indicated the fact that the increased free protons in aqueous solution could lead to the formation of lager protonated water clusters. Moreover, as shown in Supplementary Figures 8D–F, the dominant hydroxide water cluster in MEH solution was (H2O)2OH− and (H2O)3OH− in dark. While under light illumination, the dominant specie switched into (H2O)4OH−. And as expected, when the light was turned off, the dominant species changed back into (H2O)2OH− and (H2O)3OH−. These results further demonstrated that the hydrogen bonding networks were further strengthened upon increasing the concentration of free protons. This result was further evidenced by pH-dependent changes of protonated water clusters in inorganic acid solutions.

Here hydrochloride acid (HCl) was chosen since it was known that Cl− has negligible effects on HB networks and water clusters (Näslund et al., 2005; Liu et al., 2019). In-situ liquid ToF-SIMS measurement of the size distributions of protonated water clusters in HCl solutions under different pH were shown in Figure 3. It was clear that with the decrease of pH, the intensity ratio of (H2O)4H+ gradually decreased while that for (H2O)5H+ increased. When pH was decreased to one, the signal intensity of (H2O)5H+ even exceeded (H2O)3H+, which was the dominant protonated water cluster under neutral pH. That demonstrated the formation of relatively larger protonated water clusters in concentrated acid solution. This is in good agreement with previous observations that an increase of the acid concentration lead to the increase of the average number of donating HBs per water molecule by X-ray Raman scattering (XRS) and XAS (Cavalleri et al., 2006; Chen et al., 2013). However, in those studies, it was not until the concentration of hydrochloric acid increased to several M that the spectra started to change. Our results provided direct molecular evidence that the structure of water was changed even when the concentration of hydrochloric acid was lower than 0.1 M.


[image: Figure 3]
FIGURE 3. Size distribution of protonated water clusters in 0.01 mM NaCl solution with a pH of 7.00 (A) and HCl solution with a pH of 5.00 (B), 3.00 (C), and 1.00 (D).


For real-time monitoring the dynamic process of protonated water cluster size changes with time, the mass spectrum data was reconstructed every 20 s to obtain the mass spectrum peak area of water cluster signals. The normalized intensity changes of each water cluster ((H2O)nH+, n = 1–6) with time was presented in Figure 4. The dominant protonated water cluster in MEH solution under dark environment was (H2O)4H+ (Region I in Figure 4). Once the light was turned on (Region II), the ratio of smaller water clusters of (H2O)nH+ (n = 1–4) decreased immediately with the increased concentration of proton, while the larger ones of (H2O)5H+ and (H2O)6H+ increased, especially for (H2O)5H+, whose ratio is about 1.7 times that in dark environment. Interestingly, when the light was turned off, the concentration of proton decreased, the large water clusters of (H2O)5H+ and (H2O)6H+ firstly changed into (H2O)4H+ (see region III). After that, (H2O)4H+ changed into smaller water clusters of (H2O)nH+(n = 1–3) and then the size distribution of water clusters gradually return to the initial level (Region IV). For better understanding of the above process, the schematic diagram of water cluster structure changes mediated by photoacid under dark and illumination conditions were shown in Supplementary Figure 9.


[image: Figure 4]
FIGURE 4. Time-resolved intensity changes of protonated water clusters. MEH solution was kept in dark (I), under illumination (II), and in dark again after illumination (III and IV), respectively.




Proton Accumulation at the Pore-Confined Liquid-Vacuum Interface

An interesting phenomenon is that the size distribution of protonated water clusters in MEH under light illumination (Figure 2E) was quite similar to that in HCl solution with pH = 1 (Figure 3D). Previous report demonstrated that even under complete proton dissociation, the pH of 0.5 mM MEH solution was 3.2 (Shi et al., 2011). However, the results in light illuminated MEH was closer to the results of HCl with pH = 1. According to the abnormal results, we speculate that in the light-mediated proton dissociation, proton tends to accumulate at the pore-confined liquid-vacuum interface. Thus, the local concentration of protons at the sampling area significantly increased, leading to a further strengthened hydrogen bonding networks as well as larger water clusters at the liquid-vacuum interface. It was well-known that the hydrophobic parts of a complicated molecule tend to approach the gas phase at a liquid-gas interface (Björneholm et al., 2016). Thus, in this case, it is reasonable to hypothesis the accumulation of MEH at the liquid-vacuum interface (Figure 5A). ToF-SIMS 3D mapping of MEH at the center of liquid-vacuum interface at the very beginning of pore formation was conducted to directly visualize the concentration change of MEH at the interface as a function of time (Figure 5B). It was clearly observed that the concentration of MEH continuously increased along with time, which verified the accumulation of MEH at the liquid-vacuum interface. As a result, the concentration of dissociated protons significantly increased at the interface, indicating a lower pH at the interface than in the bulk.


[image: Figure 5]
FIGURE 5. (A) Schematic illustration of the accumulation of MEH and dissociated protons at the pore-confined liquid-vacuum interface. (B) ToF-SIMS continuous mapping of MEH at the pore-confined liquid-vacuum interface, with a region of interest (ROI) for 1 × 1 μm.





CONCLUSION

In this work, the effects of inorganic and organic acids on water structure and hydrogen bonding networks in aqueous solutions were investigated by in-situ liquid ToF-SIMS. The results revealed that higher concentration of dissociated protons lead to an enhanced local hydrogen bonding networks as well as relatively larger protonated water clusters. In combination with a light illumination system, in-situ liquid ToF-SIMS holds the ability to real-time analyze light-activated proton dissociation and the resulting changes of protonated water clusters. In addition, the accumulation of organic photoacid and dissociated protons at the pore-confined liquid-vacuum interface caused by the affinity of organic molecules to the liquid-vacuum interface was observed. These results provided direct molecular evidence of the interaction between protons and water, which was of significance for the fundamental investigations of related atmospheric and physiochemical processes. Besides, the light-illumination system combined with in-situ liquid ToF-SIMS method shows great potential in the study of light-sensitized processes in aqueous solutions.
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Converting industrial/agricultural lignin-rich wastes to efficient, cost-effective materials for electrochemical devices (e.g., fuel cells) can aid in both bio- and energy economy. A major limitation of fuel cells is the weak ion conductivity within the ~2–30-nm thick, ion-conducting polymer (ionomer)-based catalyst-binder layer over electrodes. Here, we strategically sulfonated kraft lignin (a by-product of pulp and paper industries) to design ionomers with varied ion exchange capacities (IECs) (LS x; x = IEC) that can potentially overcome this interfacial ion conduction limitation. We measured the ion conductivity, water uptake, ionic domain characteristics, density, and predicted the water mobility/stiffness of Nafion, LS 1.6, and LS 3.1 in submicron-thick hydrated films. LS 1.6 showed ion conductivity an order of magnitude higher than Nafion and LS 3.1 in films with similar thickness. The ion conductivity of these films was not correlated to their water uptake and IECs. Within the three-dimensional, less dense, branched architecture of LS 1.6 macromolecules, the –SO3H and –OH groups are in close proximity, which likely facilitated the formation of larger ionic domains having highly mobile water molecules. As compared to LS 1.6, LS 3.1 showed a higher glass transition temperature and film stiffness at dry state, which sustained during humidification. On the contrary, Nafion stiffened significantly upon humidification. The smaller ionic cluster within stiff LS 3.1 and Nafion films thus led to ion conductivity lower than LS 1.6. Since LS x ionomers (unlike commercial lignosulfonate) are not water soluble, they are suitable for low-temperature, water-mediated ion conduction in submicron-thick films.

Keywords: ionomer, thin films, Nafion, kraft lignin, proton conduction, energy


INTRODUCTION

For environmental, economic, and societal growth, we need to attain both sustainable energy- and bioeconomy. The Department of Energy's Biotechnologies Office states that to achieve sustainable bioeconomy, we need to strategically design and utilize bio-based products from non-food waste sources (Strategic Plan for a Thriving and Sustainable Bioeconomy, 2016). Lignin is the second most abundant polymer in nature (next to cellulose) and accounts for 15–40 mass% of the plant cell walls (Aro and Fatehi, 2017). Besides, lignocellulosic biorefineries, and pulp and paper industries produce lignin-rich waste (>70 million ton/year) (Aro and Fatehi, 2017), only 1–2% of which is utilized to produce value-added chemicals (Aro and Fatehi, 2017), and the rest is usually combusted to generate heat (Aro and Fatehi, 2017). Some of the lignin valorization efforts have yielded products, like, concrete additives (Danner et al., 2015), plasticizers (Kalliola et al., 2015; Naseem et al., 2016), stabilizing agents (Cerrutti et al., 2012), dispersing agents (Konduri et al., 2015; Kai et al., 2016), corrosion inhibitors (Abu-dalo et al., 2013), thermoplastics (Lange et al., 2013), fuel (Che et al., 2018), aromatic diols (Che et al., 2018) (after delignification), block copolymers (Holmberg et al., 2014a,b) (from monolignols after breaking lignin), and more (Lange et al., 2013; Norgren and Edlund, 2014). To best utilize the abundant natural resources and make bioprocessing industries more economically viable, we critically need more unique lignin valorization efforts to design products with commercial and technological importance for sectors, like energy.

On the other hand, to achieve energy sustainability, we need low-cost, eco-friendly materials that can also overcome the technical barriers of energy conversion and storage devices (fuel cells, electrolyzers, batteries). A major technical challenge of the hydrogen fuel cell, one of the most promising energy conversion devices, is the ion conduction limitations (Astill et al., 2009; Peron et al., 2011; Holdcroft, 2013; Modestino et al., 2013; Kusoglu and Weber, 2017) at the interface of ion-conducting polymer (ionomer) and catalyst particles on electrodes. The current state-of-the-art ionomer Nafion conducts protons very efficiently in bulk membrane separator [~25–50-μm thick (Choi et al., 2005; Xu et al., 2011), used in between two electrodes to conduct protons from anode to cathode]. But when the same ionomer is coated over a substrate as a submicron-thick film (Dishari and Hickner, 2013; Holdcroft, 2013; Modestino et al., 2013; Dishari, 2014; Kusoglu and Weber, 2017; Farzin et al., 2019) or over catalyst particles on cathodes as a ~2–30-nm thick catalyst-binder (Astill et al., 2009; Peron et al., 2011; Holdcroft, 2013), it shows significantly lower proton conductivity. The confinement effect (Richter and Kruteva, 2019) and interfacial interactions (Keddie et al., 1994) between water, polymer, and substrate start to dominate as the film thickness approaches a few multiples of the radius of gyration (Rg) of polymer chains (Innis-samson and Sakurai, 2011), impacting glass transition temperature (Keddie et al., 1994; Forrest and Dalnoki-veress, 2001; Roth and Dutcher, 2005), polymer chain diffusion coefficient/mobility (Frank and Gast, 1996), proton conductivity (Modestino et al., 2013), and many other properties (Campo, 2008; Smith et al., 2009). Moreover, Nafion is very expensive ($500/kg, according to the 2018 cost projection report of the Department of Energy's Fuel Cell Technologies Office) (James, 2018) and not eco-friendly because it is fluorocarbon based.

There have been significant efforts to design low cost, but efficiently proton-conducting, hydrocarbon-based ionomers to substitute fluorocarbon-based ionomers. Many of these ionomers exhibited proton conductivity comparable to or slightly higher than Nafion in bulk membrane format (Kreuer, 2001; Lufrano et al., 2001; Hickner et al., 2004; Miyatake et al., 2012; Chang et al., 2013, 2015; Li and Guiver, 2014; Lee et al., 2015; Li et al., 2015; Miyake et al., 2017) but they could not exceed Nafion considerable in sub-micron thick films. In general, poly(aromatic)-type hydrocarbon-based ionomers designed so far have some key attributes, which are distinctly different from fluorocarbon-based ionomers (Kreuer, 2001; Seung et al., 2004; Peron et al., 2011; Holdcroft, 2013), such as less acidic sulfonic acid groups at the side chain (pKa between −1 and −2) (Kreuer, 2001; Peron et al., 2011) as compared to perfluorosulfonic acid (pKa ~ −6) of Nafion) (Kreuer, 2001; Seung et al., 2004), less flexible backbone, less-pronounced hydrophilic-hydrophobic phase separation (Kreuer, 2001; Seung et al., 2004), low protonic mobility (Kreuer, 2001), and narrow ion-conducting channels (Kreuer, 2001) with dead-ends/pockets and high tortuosity (Kreuer, 2001). None of these features are favorable for proton conduction, especially for submicron-thick ionomer films (Astill et al., 2009; Peron et al., 2011; Holdcroft, 2013; Kusoglu and Weber, 2017; Karan, 2019). Therefore, just like perfluorinated ionomers, the reported polyaromatic ionomers experienced a drastic decrease in proton conductivity (about two orders of magnitude) (Ma et al., 2003; Peron et al., 2011) in catalyst layers from that in corresponding bulk membranes. The limited reports on polyaromatic ionomer-based catalyst layers suggested lower proton conductivity or higher binder-phase diffusion limitations as compared to Nafion (Ma et al., 2003; Sambandam and Ramani, 2010; Peron et al., 2011). Also, proton conductivity (Ma et al., 2003; Peron et al., 2011), and O2 permeability (Sambandam and Ramani, 2010) of a reaction layer (mimicking ionomer-based catalyst layer) made of sulfonated poly(ether sulfone) was significantly lower than a nafion-based one. These transport resistances are detrimental for oxygen reduction reaction kinetics and have hindered the transition from fluorocarbon to hydrocarbon-based catalyst binders. We, therefore, need new formulations of ionomers that are environment-friendly (fluorine-free), cost-effective, and at the same time, can conduct protons efficiently, especially under thin-film confinement.

Lignin has multiple structural features and characteristics, which makes it an ideal precursor of ionomer. Of the plant cell wall polymers, cellulose has been widely explored to make green electron (Zhu et al., 2016) or ion-conducting materials (Seo et al., 2009; Bayer et al., 2016; Zhu et al., 2016; Vilela et al., 2019). However, lignin has been underutilized as an ionomer and majorly used to synthesize porous carbon (graphene, carbon fiber) (Kontturi, 1988; Naseem et al., 2016) or charge storage materials (Kontturi, 1988) [requiring oxidation of phenol groups of lignin to quinone (Furman and Lonsky, 1988; Milczarek and Inganas, 2012; Milczarek and Nowicki, 2013; Thakur et al., 2014; Zhu et al., 2016) or mixing with quinone (Furman and Lonsky, 1988)]. Lignin is a three-dimensional (3D) amorphous, aromatic polymer functionalized with polar ether linkages (-O-) and hydroxyl (–OH) groups. These –OH groups are parts of p-coumaryl, coniferyl, and sinapyl alcohols, the three types of monolignols constituting lignin (Kim et al., 2011). The monolignols are connected with each other via interunit linkages (β-O-4, β-β, β-5, β-1, 5-5, and 4-O-5), giving the ultimate 3D, branched macromolecular structure and mechanical integrity (Kim et al., 2011). If ion-conducting functionalities, such as sulfonic acid (–SO3H) groups are covalently attached to the lignin structure, the neutral lignin polymer can act like an ionomer. The polar –OH groups and ether (-O-) linkages, alongside –SO3H groups, can attract water molecules inside the polymer network, form additional hydrogen-bonded (Grunwald and Puar, 1967; Nagamani et al., 2011, 2012; Ye et al., 2019) proton conduction pathways and facilitate water-mediated proton conduction within lignin sulfonate-based ionomeric materials. To date, a few works have been reported where neutral lignin (Uddin et al., 2017; Ye et al., 2019) or water-soluble, polyelectrolyte-like lignosulfonate (Zhang et al., 2006; Gonggo et al., 2012) were blended with a neutral polymer matrix material (polystyrene or polysulfone) to make composite membranes for methanol fuel cells and redox flow batteries. However, these demonstrations were limited to thick, bulk membranes only (not to submicron-thick films). Also, the lignosulfonates used in these reports (Zhang et al., 2006; Gonggo et al., 2012) and commercial lignosulfonates (Aro and Fatehi, 2017; Inwood et al., 2018) are highly water soluble that may lead to dissolution/degradation of ionomer membranes or thin films. The high water solubility of commercial lignosulfonate may originate from a high degree of sulfonation (Lange et al., 2013) (during the sulfite pulping process) and a low degree of cross-linking. Thus, for practical applicability in hydration-mediated ion conduction, we need to limit the water solubility of lignin sulfonate.

As our first set of efforts along this direction, here we report kraft lignin-based synthesis of ionomers. We explored properties of these ionomers in submicron-thick films to demonstrate the excellent ion conduction properties of lignin-based ionomers under thin-film confinement. Kraft lignin (Figure 1A) is generally precipitated by acidification (using CO2 and/or H2SO4) of black liquor of kraft pulping (Lange et al., 2013; Thakur et al., 2014; Carvajal et al., 2016; Upton and Kasko, 2016; Aro and Fatehi, 2017) and is made commercially available as a water-insoluble (at low to neutral pH) (Thakur et al., 2014), neutral polymer [0.23–3 wt% sulfur, but no sulfonated content (Upton and Kasko, 2016; Aro and Fatehi, 2017)]. We sulfomethylated and subsequently cross-linked this commercial kraft lignin (Aro and Fatehi, 2017) to yield sulfonated lignin ionomers, LS x, where x is the ion exchange capacity of the ionomer (Figures 1B,C). By tuning the ratio of reactants (Aro and Fatehi, 2017), LS x ionomers with controlled ion exchange capacities (IECs) were achieved. Controlled sulfonation and subsequent cross-linking limited the water solubility of the LS x ionomers and fulfilled a critical requirement of practical ionomers for many forms of fuel cells, redox flow batteries, and electrolyzers. In order to understand and explain the route to the higher thin-film proton conductivity of LS x ionomers over Nafion, we measured the water uptake, density, ionic domain characteristics, and water mobility/stiffness (qualitative) of the same films as a function of relative humidity (% RH). While further investigations on mechanical, chemical, and thermal stabilities are needed for this new range of ionomers, this work provides valuable insights into the proton conduction and morphological behavior of LS x ionomers under thin-film confinement. This may guide future designs of lignin-based ionomers.
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FIGURE 1. (A) Chemical structure of kraft lignin (Lange et al., 2013); (B) step-by-step procedure; and (C) reaction mechanism of sulfonation of kraft lignin to yield lignin sulfonate ionomers (LS x, where x = IEC).




EXPERIMENTAL SECTION


Materials

Kraft lignin [isolated from Norway Spruce, Mn ~ 8,564 g/mol, Mw ~ 21,795 g/mol, polydispersity index (PDI) ~ 2.54], 20 wt% Nafion solution (EW ~ 1,100, IEC ~ 0.909 meq/g), and rotor probe [9-(2-carboxy-2-cyanovinyl) julolidine] (CCVJ) were purchased from MilliporeSigma (St. Louis, MO). Sulfonation was done using the same lot of kraft lignin to maintain the original composition of lignin consistent for all LS x ionomers. To compare with the LS x ionomers (water insoluble) prepared in this work, water-soluble sodium lignosulfonate (LScom) was also purchased (Santa Cruz Biotechnology, Dallas, TX) and studied. Silicon wafers coated with native oxide of silicon (n-SiO2 wafers) were purchased from Wafer Pro (San Jose, CA). n-SiO2-supported gold interdigitated electrode (IDE) arrays (Revtek, Inc., Torrance, CA) and n-SiO2 coated 5 MHz Au crystals (Inficon, Syracuse, NY) were purchased for impedance and water uptake measurements of ionomer films, respectively. All the solvents, reagents, and filter papers (Whatman, grade 1) were purchased from Fisher Scientific (Hampton, NH).



Methods
 
Synthesis of Lignin Sulfonate (LS x) and Fractionation

The sulfonation of kraft lignin was carried out as described previously (Aro and Fatehi, 2017). Briefly, 1 g of kraft lignin was dissolved in 3 mL of formaldehyde (HCHO) to which anhydrous sodium sulfite (Na2SO3) was added and stirred for 2 h at 140°C to produce sulfomethylated kraft lignin. The ratio of lignin to Na2SO3 was maintained as 1:0.5, and 1:0.8 to obtain LS 1.6 and LS 3.1 ionomers, respectively. After 2 h, 2 mL of HCHO was added further to initiate the cross-linking reaction. The cross-linking took place for another 5 h at 100°C. In the end, a few drops (~200–300 μL) of 1 M HCl were added to the reaction mixture to convert –CH2SO3Na to –CH2SO3H groups. Once the reaction was complete, the reaction mixture was washed thrice with water (to remove water-soluble fractions of LS x), filtered using filter paper, and finally dried to yield LS x ionomers as brown solids. The yields of dried LS x were calculated to be ~69% for both IECs (1.6, 3.1). The experimentally measured molecular weights and PDIs were: LS 1.6: Mn ~ 11,000, Mw ~ 28,000, PDI ~ 2.54; and LS 3.1: Mn ~ 13,000, Mw ~ 33,427, PDI ~ 2.57. This PDI was significantly lower than that of commercial lignosulfonate from Norway Spruce (PDI ~ 4–9) (Lange et al., 2013).

The water-insoluble, dry powder of LS x was then mixed with an acetone-water (3:1) mixture, vortexed for 5 min, and ultrasonicated for 30 min. Even after ultrasonication, some of the LS x (~ <30%) did not dissolve in the acetone-water solvent system, which could be due to the higher degree of cross-linking. By centrifugation (8,500 rpm), the acetone-water soluble fraction of LS x was thus separated from undissolved fraction. This protocol was consistently followed for any further sample preparation.



IEC Determination

Typically, IECs of ionomers are calculated by soaking the dry ionomer in a 1 M NaCl solution to exchange the protons (H+) with Na+ ions. The H+ ions, transferred into the aqueous solution (Smitha et al., 2003; He and Frank, 2014) was then titrated with 0.01 N NaOH. Phenolphthalein was used during the titration as a pH indicator. Since LS x ionomers were brown powder, it was difficult to monitor the pH change during the titration. Therefore, as an alternate approach, we mixed LS x (the fraction soluble in 3:1 acetone: water) with Nafion (LS x:Nafion = 1:9 w/w) and made composite membranes, soaked in NaCl solution (for ion exchange and transfer of H+ from membrane to aqueous solution), and then titrated as mentioned earlier. Equation (1) was used to calculate the IECs of the composite membranes:
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Equation (2) (Lavorgna, 2009) was then used to calculate the IECs of LS x present in the composite membranes:
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We repeated this process in three replicates for each batch of LS x to confirm the IEC, and the values varied within ±2% of the one reported here. The sulfonation of kraft lignin through sulfomethylation reactions was also confirmed by performing the elemental analysis (described next).



Elemental Analysis

Elemental analysis of kraft lignin and LS x were carried out to determine the elemental composition by sending the samples to Galbraith Laboratories (Knoxville, TN). The samples were dried at 80°C for 6 h before the measurements. The wt% of carbon (C), hydrogen (H), and nitrogen (N) were measured using PerkinElmer 2400 Series II CHNS/O analyzer; while the Thermo Finnigan FlashEATM 1112 elemental analyzer and LECO SC-632 carbon/sulfur determinator were used to determine the wt% of oxygen (O), and sulfur (S), respectively.



Thermogravimetric Analysis (TGA)

TGA was carried out to determine the thermal stability and decomposition temperature of kraft lignin and LS x using TGA 209 F1 Libra (resolution: 0.1 μg) operating under a nitrogen environment. The scans were done from room temperature (25°C) to 600°C with a heating rate of 5°C/min.



Glass Transition Temperature (Tg) Measurement

To determine the Tg of powder LS x ionomers (dried under vacuum at 100°C, overnight), differential scanning calorimetry measurements were carried out using DSC 204F1 Phoenix under nitrogen environment from room temperature 22°C to 250°C, with 5 and 10°C/min as heating and cooling rates, respectively.



Thin-Film Preparation

We started with the 1–10 wt% dry LS x powder and followed the protocol mentioned in the earlier section to prepare LS x ionomer solution dissolved in a 3:1 acetone-water mixture. This solution was then used to make LS x ionomer films with thickness ~20–200 nm. Also, 20 wt% Nafion stock solution was diluted with ethanol to yield 0.5–5 wt% dispersion for making Nafion films with similar thickness. n-SiO2 wafers were used as substrates for making ionomer films unless otherwise stated. The wafers were cut into small pieces (2 × 2.5 cm) and cleaned using the following steps: (1) dust particles were removed from substrate surface using compressed air, (2) the substrate was then rinsed with acetone and ethanol, dried with compressed air, and finally (3) treated using a UV-ozone cleaner for 20 min. The ionomer films were then spin-coated using EC 101 spin coater (Headway Research, Inc., Garland, TX) for 1.5 min. The spinning speed was varied in the range of 1,000–7,000 rpm to obtain films with different thicknesses. The spun films were placed inside a vacuum oven [VWR (Model # 1415 M), Radnor, PA], dried at 42°C for 3 h, annealed at 100°C for 7 h, and cooled down to room temperature for 12 h under vacuum. The films were then placed inside an appropriate humidity chamber and exposed to air with varied RHs for different measurements.



Thickness Measurement

The thickness of annealed films was measured at ambient condition (~20–30% RH) using variable angle (65–75°) spectroscopic ellipsometry (α-SETM, J.A. Woollam Co., Inc., Lincoln, NE) with a spectral wavelength range of 381–893 nm. The thickness of the n-SiO2 on a bare silicon wafer (~1.77 nm) was used as a reference for ellipsometric modeling. The Cauchy model was used to obtain the thickness of all the ionomer films.



Ion Conductivity Measurement

The impedance of ionomer films was measured using a Solartron 1260a Impedance/Gain-Phase analyzer (Solartron Analytical, Leicester, England), which was connected to a probe station with four gold probes, a Peltier temperature stage, a temperature controller, and an environmental chamber (Nextron, Busan, South Korea). The thin-film impedance and ion conductivity were measured using a 2-microprobe-based technique as used by others (Modestino et al., 2013). Here, gold IDEs, fabricated on a silicon wafer (110) with a thermally grown SiO2 as an electrically insulating layer, were used as substrate. Each IDE had 110 gold teeth. Each tooth was 10-μm wide. The teeth were spaced 100 μm apart, with an overlapping length of 8 mm. Ionomer films (~20–250 nm thick) were spin-coated on these IDEs and annealed following the procedure mentioned in the “Thin-Film Preparation” section.

After annealing, the parts of the films covering the contact pads were removed using a small brush wetted with the same solvent as used to spin-coat the selected ionomers. This process was repeated as needed to ensure the contact pads were as clean as possible. The contact pads were allowed to dry before the impedance measurement. Then the film-coated IDEs were quickly placed on a temperature stage (set at 22°C) inside the environmental chamber, and the gold tip probes were carefully positioned onto the IDE contact pads. The environmental chamber was maintained at 90% RH by bubbling a stream of dry supply air [0.5 SCFH (~235 ccm)] through a bottle containing saturated Na2SO4 solution (placed in a water bath at 23°C) and passing the humid air through the environmental chamber. A humidity sensor was placed at the outlet of the environmental chamber to monitor and ensure that the target RH was attained and maintained inside the chamber.

After the sample was placed inside the chamber, its impedance was measured periodically in the range of 1–10 kHz to monitor the equilibration of the sample. Once equilibrated at 90% RH, the impedance response of the humidified ionomer film was collected in the range of 10 MHz−1 Hz at 100 mV AC potential. The impedance data were then fitted to an appropriate equivalent circuit model (Figure S3) using ZView software (Scribner Associates, Southern Pines, NC), which gave the value of film resistance (Rf). The details of the rationale of choosing the appropriate components for the equivalent circuit model and the corresponding fits are presented in the supporting information (Figure S4 and Table S2). The film resistance (Rf), film thickness (t), and the specifications of the IDEs [spacing between teeth of IDE electrodes (d), length of each teeth (l), number of teeth (N)] were then used in the Equation (3) to calculate the values of ion conductivity (kf):
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Impedance measurements were done using two different IDE designs where IDE teeth spacing (100 and 40 μm) and teeth width (10 and 8 μm) were varied. In both cases, the obtained film resistance values were similar (within 10–20% variation between measurements on two IDEs). Therefore, for all the measurements reported here, IDEs with teeth spacing of 100 μm and width of 10 μm were used.



Water Uptake Measurement

Water uptake of ionomers films was measured using quartz crystal microbalance (QCM) (Stanford Research Systems, Sunnyvale, CA). Nafion, LS 1.6, and LS 3.1 films were spin-coated on n-SiO2/Au coated 5 MHz crystals followed by the annealing procedure stated in the “Thin-Film Preparation” section. Ionomer film was placed on the crystal holder inside a custom-built plastic humidity chamber connected to an ibidi humidifying system (ibidi USA, Inc., Fitchburg, WI). The total mass of water sorbed by ionomer films (Δm) at each RH was calculated from the corresponding frequency change (Δf ) of the films using the Sauerbrey equation (Equation 4):
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where fo is the resonant frequency (Hz) of the fundamental mode of the crystal (5 MHz here), A is active crystal area (1.27 cm2), ρq is the density of quartz crystal (2.648 g/cm3), and μq is the shear modulus of quartz (2.947 × 1011 g/cm.sec2) (Kushner and Hickner, 2017)1. The dry mass of each ionomer film was obtained from Δf of the QCM crystal before and after depositing the film (measured at <10% RH). Furthermore, the mass of water uptake for each ionomer film was corrected by subtracting the water uptake of bare QCM crystals at the same %RH since water accumulates within the porous structure of the SiO2 layer (Kobayashi et al., 2002; Shim et al., 2015; Kushner and Hickner, 2017). Hydration numbers (λw), moles of water per mole of sulfonic acid, at different RH values were calculated using Equation (5):
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where m0 and mRH were the sample masses at the dry state and a certain RH, respectively. MH2O was the molecular mass of water, and IEC was the ion-exchange capacity of polymer.



Density Measurement

The density of the films was measured by dividing the mass/area (from films on n-SiO2-coated QCM crystals) by volume/area (from the thickness measurement of a film with a similar thickness on n-SiO2 wafers using SE). Here, it was assumed that the mass of the ionomer /area of films made on n-SiO2 crystal and n-SiO2 wafer were similar.



In-plane Reflection Small-Angle X-Ray Scattering (RSAXS) Measurement

Ionic domain characteristics within ionomer films were investigated using the RSAXS technique at ~60% RH using a Rigaku Smartlab Diffractometer operating at 40 kV and 44 mA using a sealed Cu anode X-ray tube with an average wavelength (λ*) of X-ray as 1.5418 . RSAXS is a special case of grazing incidence SAXS (GISAXS) technique where the thin film sample is illuminated at grazing incidence angle, but the off-specular reflection signal is captured using a point detector (0D approach). While the 2D detector (used for conventional GISAXS) has the advantage of simultaneously measuring scattering intensities in both in-plane (qp) and out of plane (qz) directions, using the 0D approach, one can resolve one of these (qp or qz) components at a time (Ogi and Inaba, 2011).

In RSAXS measurement, asymmetric ω/2θ geometry (i.e., ω≠θ, where ω and 2θ are incidence and scattering angles, respectively) was used to collect the data. The scan was performed by intentionally offsetting ω by an appropriate angle, in this case, to avoid the specular reflection (in specular reflection, θi = θf; where θi and θf are the incidence and exit angles, respectively), and captured the off-specular scattering (where θi ≠ θf) signal (Ito, 2009). The scattered beams were scanned in the angular range (2θ) of 0–6° (step size = 0.02°). From this off-specular scattering, an in-plane scattering component (qp) was obtained, which provided the in-plane structure of the sample (Muller-Buschbaum, 2009). Thin films of Nafion and LS x, with a thickness of ~250 nm, were deposited on n-SiO2 wafers. The films were then placed on a sample holder disc and optically aligned. The distance between the sample and the detector was 30 cm. The in-plane scattering vector, qp is directly related to its scattering angle, 2θ and x-ray wavelength, λ* by Equation (6):
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The spacing between ionic domains (d) within the films was determined based on their primary scattering peak maxima, qp, max in their specified region (~1.0–2.00 nm−1 for LS x; ~1.60–3.50 nm−1 for Nafion films) using Equation (7):
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In the cases where the H+-form of ionomer did not provide enough scattering contrast (e.g., LS x), the ionomers were converted to Cs+-form (Tricoli, 1998; Shi et al., 2016). As mentioned earlier, to prepare an LS x solution, the undissolved fraction had to be removed from the dissolved one (in acetone-water) by centrifugation first. The mass of this undissolved fraction was difficult to quantify but was considerably small and neglected thereby. For ion exchange, the number of moles of H+ ions present in 10 wt% LS x solution was thus calculated first [by multiplying the IEC (mmol of –SO3H/g polymer) by total weight of LS x ionomer used to make the solution] based on a 10 wt% LS x solution (before centrifugation) and an equivalent number of moles of Cs+ ions (in the form of CsCl) was added to the solution subsequently. This yielded a 1 wt% Cs+ ion in the final solution. The solutions were spin-coated on prewashed n-SiO2 wafers to prepare ~200–230 nm-thick films followed by the annealing procedure described in the “Thin-Film Preparation” section.



Atomic Force Microscope (AFM) Imaging

The surface morphology of the annealed Nafion and LS x films on n-SiO2 wafers were investigated using AFM (MFP-3D-BIO AFM; Oxford Instruments Asylum Research, Santa Barbara, CA) at ambient condition. An AC240TS silicon cantilever (Olympus Microcantilevers, Tokyo, Japan) with a nominal spring constant of 10.06 N/m and a nominal tip radius of 7 nm was used for imaging in tapping mode. The measurements were performed in 10 × 10 nm2 and 1 × 1 μm2 scans with a scan rate of 0.2 Hz and 256 scanning lines.



Fluorescence Spectroscopic Measurement Using a Rotor Probe

An appropriate volume from a stock solution of CCVJ (in DMSO) was added to LS x solutions to yield 5–10 wt% LS x solutions containing 0.07 wt% CCVJ. n-SiO2 wafers were washed following the protocol described in the “Thin-Film Preparation” section. The dye-ionomer solutions were then spin-coated on these prewashed n-SiO2 wafers at 3,000 rpm to prepare ~100 and ~250 nm-thick films. The films were annealed following the same procedure mentioned earlier in the “Thin-Film Preparation” section. The films were then placed inside a quartz humidity chamber (2.25″ × 2.25″ × 2.875″) and exposed to air with varied %RH to measure fluorescence spectra using steady-state fluorescence spectroscopy (PTI Quantamaster 400, Horiba, NJ). The excitation wavelength (λexc) of CCVJ was 440 nm, while the emission wavelength (λem) ranged between 470 and 560 nm. Same spectroscopic parameters (excitation/emission slit width = 1 mm; step size = 10 under excitation correction and zero bias) were used to measure fluorescence of all samples.





RESULTS AND DISCUSSIONS


Lignin Sulfonate Ionomer (LS X) Synthesis

We first converted the neutral kraft lignin to lignin sulfonate ionomers with different IECs (LS x) following literature (Aro and Fatehi, 2017; Zhang et al., 2017) (please see the Experimental section for synthetic details). The major steps of LS x ionomer synthesis were: (1) a sulfomethylation reaction starting with neutral lignin, (2) acidification to convert –CH2SO3Na to –CH2SO3H; and (3) cross-linking the polymer to minimize water solubility (Figures 1B,C). Since this was our first effort to design LS x ionomers, we chose the kraft lignin from Norway Spruce (PDI ~ 2.54) for its commercial availability. All LS x ionomers, reported here were synthesized using the same lot of kraft lignin to ensure the consistent composition of the starting material. Sulfomethylation was done by reacting kraft lignin with Na2SO3 and HCHO. The use of Na2SO3 and HCHO together allowed a sulfonation reaction at mild condition, where Na2SO3 and HCHO reacted together to produce sodium hydroxymethane sulfonate (OH-CH2-SO3Na) first. This molecule attacked the C-5 positions of benzene rings of kraft lignin in the next step to yield sulfonated lignin in Na-form (–CH2SO3Na form) (Zhang et al., 2017). Subsequent reaction with HCl converted Na-form to H-form (i.e., –CH2SO3H form). This sulfomethylation route was more convenient as compared to sulfonation done using Na2SO3 alone where high temperature and pressure were needed (to attack C-α position of kraft lignin structural units) (Zhang et al., 2017). The Na2SO3-HCHO based sulfonation strategy was also more advantageous over the one based on butane sultone-NaOH (Tongiani et al., 2005; Rosu et al., 2013; Zhang et al., 2017) as the former one kept the –OH groups intact in the LS x structure (Zhang et al., 2017). These –OH groups can (1) itself take part in ion conduction as hydrogen bond donor and acceptor (Nagamani et al., 2011, 2012), and (2) facilitate hydrophilic ion channel formation alongside the ether linkages and –SO3H groups of LS x ionomer chains. The ratio of lignin-to-Na2SO3 was the key to control the IEC values of LS x ionomers (described in the “Synthesis of Lignin Sulfonate” subsection under the “Methods” section).

The compositions of kraft lignin and LS x ionomers obtained from combustion-based elemental analysis (Table 1) were in close agreement with what was obtained from XPS (Table S1). Both analyses confirmed increased sulfonation of lignin with the increase in IEC. The wt% of S increased from 1.69 wt% (neutral kraft lignin) to 3.48 wt% for LS 1.6 and 7.29 wt% for LS 3.1 as shown in Table 1. Also, XPS spectra provided evidence of the presence of S in the form of –SO3H in LS x samples (Figure S1). It is to be noted that the ~1.69 wt% of S present in neutral kraft lignin (Table 1) was majorly due to S-containing functional groups [such as thioethers (–SCH3)] other than sulfonic acid (–SO3H) and in agreement with prior literature (Upton and Kasko, 2016; Aro and Fatehi, 2017).


Table 1. Elemental analysis of kraft lignin and LS x ionomers.
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Thermal Properties

Due to the complex structure of lignin, its glass transition temperature (Tg) is often more difficult to detect than the synthetic polymers. In such cases, the Tg was either represented as a discrete value (Thielemans et al., 2002; Ayoub and Venditti, 2013) or as a range of temperature (Sameni et al., 2014; Thakur et al., 2014). The reported value of Tg for kraft lignin is ~142°C (Thielemans et al., 2002) (or 124–174°C) (Thakur et al., 2014). We found the Tg of LS 1.6 and LS 3.1 to be ~140 and ~170°C, respectively from DSC (Figure S2a). Tg was seen to increase with the increase in IEC of LS x, which was typical and could be attributed to the hindered internal rotation owing to increased intermolecular interactions by hydrogen bonding of –SO3H groups (Noshay and Robeson, 1976; Zaidi et al., 2000). Any degradation below 120°C was considered as moisture loss which was prominent for LS 3.1, based on TGA (Figure S2b). A clear degradation started from ~130°C for LS 3.1 and ~150°C for LS 1.6. Within the temperature range of ≥100–400°C, degradation of –SO3H groups in many hydrocarbons (Marani et al., 2006; Koziara et al., 2016; Takenaka et al., 2018) and formation of CO, CO2, and SO2 (Lemes et al., 2010) were reported for sodium lignosulfonate. Thus, the decomposition of LS x above 100°C could be a combined effect of the degradation of macromolecular structure (Hulin et al., 2015) as well the –SO3H groups present in LS x ionomers. Since –SO3H groups may degrade just above 100°C, we heat-treated (rather than annealed) our LS x samples at 100°C for all our measurements (unless otherwise stated). This was done to ensure that there was no moisture left in LS x films and the dry films can be subjected to gradually increased %RHs.



Proton Conductivity

Figure 2 represents the ion conductivity of ~20–200 nm thick Nafion, LS 1.6, LS 3.1, and LScom films at 90% RH. The impedance curves were fitted into an equivalent circuit model (Figure S3a), and the fits are shown as solid lines in Figures 2A,B. The details on the choice of fitting parameters in the equivalent circuit model (Figure S3a), and the sample fits are shown in Figures S3b, S4. The diameter of the semicircular region of an impedance curve (Figures 2A,B) roughly indicates the resistance of that ionomer film on the gold IDE electrode. A visual inspection of the impedance curves of ~25-nm thick (Figure 2A) and ~85-nm thick (Figure 2B) Nafion, LS 1.6 and LS 3.1 films thus clearly indicated that Nafion has the lowest and LS 1.6 has the highest ion conductivity of all three ionomers at 90% RH for the whole film thickness range studied. The quantitative values of ion conductivity (obtained by fitting the impedance curves in equivalent circuit model), when plotted as a function of film thickness (Figure 2C), showed the trend: LS 1.6 > LS 3.1 ≥ Nafion; where LS 1.6 exhibited proton conductivity about an order of magnitude higher than Nafion over the whole film thickness range. Nafion had an IEC lower than LS 1.6, but even after IEC normalization (i.e., ion conductivity/IEC), the ion conductivity of LS 1.6 (8.12 mS/cm, ~170 nm-thick film at 90% RH) exceeded that of Nafion (1.20 mS/cm, ~170 nm-thick film at 90% RH).
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FIGURE 2. Comparison of electrochemical impedance response of Nafion, LS 1.6, and LS 3.1 films with the thickness (A) ~25 nm, and (B) ~85 nm. The dotted and straight lines represent the original impedance data and the fits to the data (using an equivalent circuit model), respectively; and (C) conductivity values (with error bars) of Nafion, LS 1.6, LS 3.1, and LScom films are plotted as a function of film thickness. All the films were heat-treated at 100°C, and the conductivity values (with fit errors) were measured at ~90% RH and ~22°C.


A significant decrease in ion conductivity was observed for LS 1.6 and LS 3.1 when the film thickness went below ~80 nm (Figure 2C) suggesting a stronger confinement effect in films thinner than this value. The confinement effect and interfacial attractive interactions of –OH and –SO3H groups of LS x ionomers with the substrate (–SiOH groups of the n-SiO2 substrate) may also have been in effect as expected (Dishari and Hickner, 2013). Even at this highly confined state, LS 1.6 retained consistently high proton conductivity (Figure 2C). At a film thickness (~20 nm thick) comparable to the ionomer layer at catalyst interfaces of hydrogen fuel cell electrodes, the conductivity values were ~3.52, ~0.17, and ~0.13 mS/cm for LS 1.6, LS 3.1, and Nafion, respectively (Figure 2C). The data shown above are for films heat-treated at 100°C. When Nafion and LS 1.6 films (~20-nm thick) were annealed at their corresponding Tgs [100°C (Nafion); 140°C (LS 1.6)], the conductivity values were ~0.13 and ~0.15 mS/cm, respectively (data not shown in Figure 2). All of these suggested that LS x ionomers with controlled IEC can be potential candidates for cost-effective catalyst binders. Commercial lignosulfonate (LScom), on the other hand, showed ion conductivity (~34.72 mS/cm in ~25 nm-thick films, Figure 2C) higher than LS x ionomers at similar film thickness. However, the high conductivity of LScom could be due to its high water solubility and thus limited the practical application of LScom as an ionomer for energy technologies. Despite high IEC, LS 3.1 showed proton conductivity lower than LS 1.6 (Figure 2C). This is not unusual and in some cases it is to excessive water uptake leading to dilution of ions in bulk membranes (Xu et al., 2014; Lin et al., 2017; Li et al., 2018; Long et al., 2019). However, for thin ionomer films, the connection between IEC and ion conductivity may not be that straight forward as many other factors (such as ion mobility, organization of ion-conducting groups/phase segregation, interfacial interactions among water-ionomer and substrate, and more) (Farzin et al., 2019) may come into play in a complex manner to give rise to a certain value of ion conductivity.



Water Uptake

The water uptake of Nafion and LS x films were measured and corresponding hydration numbers (λw) were plotted as a function of film thickness and %RH (Figure 3). While Nafion (Figure 3A) and LS 3.1 (Figure 3C) showed thickness-dependent water uptake behavior, the water uptake by LS 1.6 films (Figure 3B) was relatively less sensitive to film thickness. In the thicker films (e.g., ~250 nm-thick films), water uptake was the highest for LS 1.6 with a trend: LS 1.6 (λw ~ 12.22) > LS 3.1 (λw ~ 6.237) > Nafion (λw ~ 2.76). But in thinner films (~25 nm thick), λw of all three ionomers were almost similar [15.38 (Nafion); 16.04 (LS 1.6); 19.59 (LS 3.1) at 90% RH] and very high. The higher water uptake in thinner films has been reported many times (Dishari and Hickner, 2012, 2013; Modestino et al., 2013; Farzin et al., 2019). The consistently high-water uptake of LS 1.6 at all film thickness could be attributed to its relatively low Tg (140°C) and low dry-state stiffness. On the contrary, the high Tg (170°C) and corresponding higher extent of hydrogen bonding between –SO3H and –OH groups in the dry polymer may have made LS 3.1 films stiff enough at dry state impeding the water uptake. Having said that, the higher water uptake did not necessarily lead to higher proton conductivity. This observation was consistent with multiple reports on Nafion films with a thickness range similar to ours (Dishari and Hickner, 2012, 2013; Farzin et al., 2019). Despite having similar water uptake, different proton conductivity values of ~25 nm-thick LS 1.6 film (3.6 mS/cm) from LS 3.1 (0.18 mS/cm) and Nafion (0.13 mS/cm) films thus suggested the importance of other factors. Some of the already-identified factors influencing confined ionomeric systems are state (Kim et al., 2003; Seung et al., 2004) (frozen vs. loosely bound vs. free water), mobility (Dishari and Hickner, 2012; Dishari et al., 2018), and distribution (interfacial vs. bulk) (Dishari and Hickner, 2012; Decaluwe et al., 2018; Dishari et al., 2018; Shrivastava et al., 2018) of water, film nanostructure, and ionic domain characteristics (Dishari and Hickner, 2013; Farzin et al., 2019) within the films. The role of water-polymer mobility (or stiffness) and ionic domain characteristics on water uptake and proton conductivity are discussed later in detail with experimental evidence.
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FIGURE 3. Corrected hydration numbers (λw) (with error bars) as a function of %RH: (A) Nafion, (B) LS 1.6, and (C) LS 3.1 films deposited on SiO2/Au crystal.


Table 2 represents the density of Nafion, LS 1.6, and LS 3.1 at two different thicknesses (25 and 250 nm). LS x ionomer films were less dense than Nafion films at comparable thickness. Lignin macromolecules are branched by nature. Moreover, the acetone-soluble fractions of LS x (used in this work) can possess a higher degree of branching as compared to water soluble fractions (Crestini et al., 2017). This branched architecture may have worked in favor of creating less dense ionomeric materials, unlike other hydrocarbon-based ionomers. For example, a ~250 nm-thick sulfonated polysulfone (S-Radel) film had a density of ~1.45 g/cm3 (Dishari et al., 2018), which was higher than LS 1.6 film with a similar thickness (~1.29 g/cm3, Table 2). The less compact, branched structure may potentially have facilitated 3D ion channel formation and led to higher ion conductivity of LS 1.6 over Nafion and S-Radel films. On the contrary, LS 3.1 showed lower proton conductivity despite having the lowest film density. While the density was the lowest, the Tg was the highest in LS 3.1 without a significant increase in molecular weight (from LS 1.6), suggesting high intramolecular cross-linking during the chemical reaction. Such chemical cross-linking is likely to involve the –CH2OH groups as a result of which the cross-linked material may not be able to leverage the polar –OH groups to create ion conduction pathways.


Table 2. Density of Nafion and LS x ionomers in thin films.
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It was also noted that the thinner films (~25 nm thick) showed lower density than thicker (~250 nm thick) films (Table 2) and was in agreement with prior literature (Shi et al., 2000; Petrina, 2013; Dishari et al., 2018). As compared to a thicker film, a thinner film is made with more dilute (i.e., lower wt% of polymer) and less viscous solution of a polymer with less chain entanglement (Wu et al., 1994). Moreover, we made ionomer solutions with highly volatile solvents [such as acetone (for LS x) or ethanol (for Nafion)]. During the spin-coating of a thinner film, the solvent from the dilute polymer solution evaporates so fast that the polymer chains get locked (non-equilibrium conformation) without getting any chance to reorganize, leaving voids within the thinner films (Shi et al., 2000; Petrina, 2013; Dishari et al., 2018). Chains in such non-equilibrium conformations get an opportunity to equilibrate if the films are annealed above the glass transition temperature (Wu et al., 1994). However, we could not do so for LS x as around Tg (~140–170°C for LS x), the –SO3H groups were likely to degrade (discussed earlier). This is why thinner films of LS x ionomers retained lower density than thicker films. Nafion, despite annealing above its Tg, showed a decrease in density in thinner films at ambient condition (Table 2). This could be attributed to stronger surface interactions of Nafion with SiO2 (an effect similar to polymer chain locking), which retained after annealing as evident from the film stiffening at ~20% RH and beyond (Figure 4, discussed in the next section) and prior works (Dishari and Hickner, 2012, 2013).
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FIGURE 4. (A) Chemical structure and working principle of fluorescent rotor probe CCVJ; and (B) relative fluorescence intensity (IRH/I0) of CCVJ in ~100 nm and ~250 nm-thick LS 1.6, LS 3.1, and Nafion films as a function of %RH [(λexc)CCVJ = 440 nm, (λem)CCVJ = 470–560 nm].




Mobility Prediction

While ionomers can be stiff at dry state, hydration can induce a different degree of stiffening or antiplasticization of ionomer films and increase/decrease the water-polymer mobility within films. Since (1) ion conductivity is a function of both ion concentration and ion mobility; and (2) ion mobility is impacted by water-polymer mobility, it is important to explore the mobility within the ionomer films. A qualitative, but conventional way (Goodelle et al., 2002; Ellison et al., 2004; Dishari and Hickner, 2012, 2013; Dishari et al., 2018) to predict the mobility inside thin ionomer films is to incorporate fluorescent rotor probes inside films and monitor the RH induced changes in its fluorescence response (Figure 4). Here, we used CCVJ (Figure 4A) as the rotor probe. In general, the fluorescence of this dye increases when it experiences a constricted environment (Goodelle et al., 2002; Ellison et al., 2004; Dishari and Hickner, 2012, 2013; Dishari et al., 2018). On the other hand, the fluorescence of the dye decreases when polymeric matrix around it plasticizes or softens. The fluorescence intensity of CCVJ in ionomer films was recorded at dry reference state (I0) and different elevated RH (IRH). Thus, an increase in the ratio (IRH/I0) will indicate RH-induced film stiffening or reduced mobility of water molecules and ionomer chains within the film.

As the dry (0% RH) films were hydrated to ~20% RH (Figure 4B), the water-polymer mobility in LS 1.6 and LS 3.1 films changed negligibly (i.e., IRH/I0 changed negligibly). On the contrary, the Nafion films showed a drastic decrease in mobility (or high antiplasticization) when RH increased from 0 to 20% RH. Above 20% RH, the Nafion films plasticized, but not to the extent like LS x films. The low mobility of water molecules may have contributed to the lower ion conductivity of Nafion films since water molecules have to continuously rotate, break, and form hydrogen bonds for efficient proton conduction.

Another thing to note here is the dry state mobility/stiffness of the films. By normalizing the dry state fluorescence of CCVJ in ionomers films (I0) with corresponding ionomer film thickness (L), we were able to roughly approximate the relative differences in stiffness of the films of the three ionomers at similar thickness. I0/L values for ~250 nm-thick films were 119, 222, and 504 nm−1 for Nafion, LS 1.6, and LS 3.1, respectively. This indicated that at dry state, LS 3.1 was already stiffer than LS 1.6 (consistent with Tg of LS 3.1 higher than LS 1.6 shown earlier); while the mobility did not decrease much further upon humidification (Figure 4B). This also indicated that the stiffening of Nafion was more humidity dependent than LS x. Based on IRH/I0 (Figure 4B) and I0/L values, it can also be inferred that the stiffening of LS 1.6 films (both dry and hydrated state) happened in moderation, favoring its ion conductivity (Figure 2). The higher RH-induced antiplasticization of Nafion (over LS x) could be attributed to the flexible perfluorosulfonic acid chain, which may reach out to the water and –SiOH groups for hydrogen bonding.



Ionic Domain Characteristics

Figure 5 represents in-plane RSAXS patterns of Nafion, LS 1.6, and LS 3.1 films at 60% RH. A common practice to (1) enhance the electron density contrast between hydrocarbon matrix and the ionic cluster, and (2) see the ionic domain peaks using RSAXS, is to convert hydrocarbon-based ionomers from H+ to Cs+ form (Sivashinsky and Tanny, 1983; Li et al., 2010). We did so for LS x ionomers as we could not see any ionic domain peak in LS x films in H+ form (LS x-H+); while scattering peaks were prominent in Cs+ form (LS x-Cs+) (Figure 5). On the contrary, Nafion did not show any ionic domain peak in Cs+ form in our thin films, while it showed peaks in H+ form. A similar observation for Nafion has been reported by others (Tricoli, 1998; Shi et al., 2016). It was suggested that Cs+ ions may have strongly interacted with –SO3H groups of Nafion causing disruption (Shi et al., 2016) of ionic domains, and the disappearance of ionic domain peak in Nafion-Cs+. While it was difficult to be certain whether the evolution of scattering peak in LS x-Cs+ was due to (1) increase in electron density contrast between ionic and non-ionic regions of the ionomer, or (2) alter morphologies/internal structure within ionic domains (Shi et al., 2016), we did a couple of measurements. First of all, the UV/Vis absorbance of LS 3.1 (Figure S5a) at 210 and 280 nm [characteristic of aromatic groups in lignosulfonate (Zhou et al., 2016)] did not show any difference between H+ and Cs+ forms. Second, no significant change in full width at half maxima (FWHM) or shift of ionic domain peak was observed as the extent of Cs+ ion exchange was increased (Figure S5b), suggesting an insignificant alteration of ionic domain spacing and distribution in LS 3.1 due to ion exchange. Finally, the ion conductivity (kf) values of LS 1.6-H+ and LS 1.6-Cs+ were not drastically different [(kf)LS1.6−H+ ≈ 2 (kf)LS1.6−Cs+]; while Nafion-H+ showed conductivity more than an order of magnitude higher than Nafion-Cs+ (Shi et al., 2016). Thus, it can be inferred that Cs+ ion mainly induced electron density contrast in LS x ionomer films.


[image: Figure 5]
FIGURE 5. In-plane RSAXS profiles of ~200–250 nm thick Nafion (H+ form), LS 1.6 (Cs+ form), and LS 3.1 (Cs+-form) films on n-SiO2 wafers at 60% RH.


Based on FWHM (Table 3), LS 1.6 and LS 3.1 had slightly broader distributions of ionic domain size and spacing as compared to Nafion (~0.74 nm−1) in films (Eastman et al., 2012; Kusoglu et al., 2016; Kusoglu and Weber, 2017). The average values of d-spacing (=2π/qmax) for LS 1.6 (~4.52 nm) and LS 3.1 (~5.61 nm) were larger than Nafion (~2.79 nm) (Table 3). The closed packing of neighboring ionic domains in Nafion films agreed with a large degree of phase mixing as observed in our prior work (Modestino et al., 2013; Farzin et al., 2019). Also, smaller d-spacing was often accompanied by the smaller size of ionic domains for ionomer films (Kreuer, 2001; Hwang et al., 2011; Farzin et al., 2019). The d-spacing we reported here for submicron-thick LS x films were larger than some well-known hydrocarbon-based ionomers even in several tens of micron thick, bulk membrane format (Sivashinsky and Tanny, 1983; Kreuer, 2001; Chang et al., 2013). This possibly suggested that LS x ionomers may have ionic domains bigger than those hydrocarbon and Nafion ionomers. By fitting the ionic domain peak to different models developed for specific self-assembled geometry [e.g., cylindrical, core-shell (spherical), or oblate spheroid (ellipsoid)], ionic domain shape and size are often predicted (Yarusso and Cooper, 1983; Matsuoka et al., 1988; Choi et al., 2010; Kreuer and Portale, 2013; Farzin et al., 2019). We attempted to do so for all three ionomers using Nanosolver (a built-in model of RSAXS system) to obtain the size of ionic domains within films (Table 4).


Table 3. qmax and domain spacing (d-spacing) of Nafion, LS 1.6, and LS 3.1 films on n-SiO2 from in-plane RSAXS data at ~60% RH.
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Table 4. Comparison of the fitting parameters of ~200–250 nm-thick Nafion, LS 1.6, and LS 3.1 films at 60% RH obtained by fitting ionic domain peaks (RSAXS) using Nanosolver*.
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For Nafion, we used a core-shell-based spherical model only as of the existing literature on Nafion bulk membrane (Gebel, 2000; Haubold et al., 2001) and thin films (Farzin et al., 2019) strongly support that. At 90% RH, the volume fraction of water sorbed by Nafion thin film was <0.25, which did not support the formation of cylindrical, connected morphology (Farzin et al., 2019). Even when we tried to fit ionic domain peaks of Nafion films in a spheroid model (Table 4), we found an aspect ratio of 1.0, which strongly supported the formation of spherical ionic domains in Nafion films.

On the other hand, above critical aggregation concentration (CAC), a broad range of geometries of self-assembled structures has been proposed for water-soluble sodium lignosulfonate [CAC ~ 0.38 g/L (Qiu et al., 2010)], such as oblate (in solutions and films) (Pasquini et al., 2002; Vainio et al., 2008; Yan et al., 2010), irregularly shaped flat disc-like (in films) (Goring et al., 1979; Qiu et al., 2010), and spherical (in solution) (Kontturi, 1988; Qiu et al., 2010). Please note that not all of this water-soluble lignosulfonate is commercial (i.e., some of those were made from different natural sources in the lab). Therefore, we avoided using the term “LScom” onward, whenever appropriate. Also, we should keep in mind that all the literature reporting varied morphology do also vary in the sources of lignin (Goring et al., 1979; Pasquini et al., 2002; Vainio et al., 2004), the process of making lignosulfonates (Rezanowich et al., 1964; Goring et al., 1979; Yan et al., 2010), molecular weight and polydispersity of polymers, and solution/film preparation conditions (Kontturi, 1988; Vainio et al., 2008); and no straightforward trend was found in structural geometry as a function of any of the above-mentioned parameters. This suggested that we should evaluate different possible geometries of LS x particles/domains in films rationally. We, therefore, primarily selected three major ionic domain geometries to fit the ionic domain peaks in LS 1.6 and LS 3.1 films for subsequent evaluation: core-shell, spheroid, and cylindrical (disc-like) (as shown in Figure S6a). The corresponding best-fit parameters for all three ionomers are tabulated (Table 4). Representative fits of the ionic domain peaks using Nanosolver are shown in Figures S6b,c.

By fitting the ionic domain peaks into a core-shell model, the average size of ionic domains was found to be the highest for LS 1.6 (~10.5 nm) and the lowest for Nafion (~1.85 nm) (Table 4). The size of the ionic domain as big as ~9–10.5 nm appeared to be too high [the largest reported ionic domain is ~4 nm of ~25–50 μm-thick Nafion membrane at hydrated state (Gebel, 2000)]. However, the diameter of a single lignosulfonate macromolecule was often roughly approximated to be ~8 nm (based on particle size distribution from dynamic light scattering measurements in solution) (Yan et al., 2010). This suggested that if our LS x films truly have core-shell ionic domain structure, the individual domains are likely to be made of single LS x macromolecules where the core is the ion-conducting region.

While the spherical morphology of lignosulfonate particles in solution is reported, the spherical morphology at the interface (Qiu et al., 2010) or in concentrated solution (Kontturi, 1988; Vainio et al., 2008) of these molecules is debatable (based on the interpretation of the exponent value in Mark-Howink equation correlating diffusion coefficient of a macromolecule to its molar mass) (Vainio et al., 2008). Our AFM topographical (Figure S7) and 3D (Figure S8) images of LS x ionomer films clearly indicated large oblate spheroid-like, elongated, aggregated structures standing perpendicular to the substrate. Therefore, we looked for more evidences based on SAXS to comment on the ionic domain size within LS x films. Vainio et al. (2008) fitted SAXS data of lignosulfonate particles, which yielded oblate-shaped particles with an aspect ratio of 3.5. The presence of such oblate spheroid structures has also been evidenced in solid samples of dry kraft lignin (SAXS, USAXS) (Vainio et al., 2004), Langmuir-Blodgett films of saccharified lignin (AFM) (Pasquini et al., 2002), and drop-cast lignosulfonate films on silicon flakes [environmental scanning electron microscopy (SEM)] (Yan et al., 2010). All of these prior evidences convinced us that the oblate spheroid (or ellipsoid) model can be a rational choice to fit our RSAXS data and obtain ionic domain size on LS x thin films.

The ionic domain size trend (LS1.6 > LS 3.1 > Nafion) was still valid when the dimensions of ionic domains of Nafion using the core-shell model and LS x using the ellipsoid model were compared (Table 4). When we employed the ellipsoid (or oblate spheroid) model to fit RSAXS data of our LS x films, the following dimensions of ionic domains were obtained: LS 1.6: diameter (2r) ~ 7.5 nm; length (2ar) ~ 41.25 nm; LS3.1: diameter (2r) ~ 6 nm; length (2ar) ~ 27 nm. The aspect ratios were found to be 5.5 (LS 1.6) and 4.5 (LS 3.1), which were higher than that for lignosulfonate in solution (~3.5) (Vainio et al., 2008). This could be attributed to the conformational difference between solution (Vainio et al., 2008) and solid-state as well as the nature of the solvent used [LS x (acetone-water) and lignosulfonate (water) used (Vainio et al., 2012)]. All of these factors can impact the solution and solid-state self-assembly and so are the aspect ratios of ionic domains.

If the average dimension of single LS x macromolecules in films was closer to what was reported for single lignosulfonate macromolecules in solution (~8 nm) (Yan et al., 2010), the oblate spheroidal domains in LS x films from RSAXS [length ~ 41 nm (LS 1.6); ~27 nm (LS 3.1); Table 4] suggested the likelihood of aggregation or association of multiple LS x macromolecules to form single oblate spheroidal ionic cluster or particle. Such association of up to 2–10 oblate spheroid-shaped lignosulfonate macromolecules has been suggested in solution (SAXS) (Vainio et al., 2008, 2012) and in the solid-state (SEM) (Yan et al., 2010). However, how the LS x molecules are organizing within these oblate clusters requires further investigation to understand. Based on the common understanding of ionomers in solid films, it can be predicted that when the %RH is not extremely high (i.e., when RH ≤ 90%), the sulfonic acid groups of LS x are located at the interior, and aromatic rings are located at the surface of the macromolecules. Thus, the hydrophobic interaction (Deng et al., 2012; Vainio et al., 2012; Ma et al., 2018) may drive the intermolecular association to give large aggregates. The AFM topography (Figure S7) and 3D images of LS x films (Figure S8) suggested a much stronger aggregation and formation of larger elongated clusters (as compared to the cluster size obtained from RSAXS, Table 4) at the air/film interface. However, as the film thickness decreased to ~20–25 nm, these ellipsoidal perpendicular features disappeared from AFM images (Figure S9). Despite that, the high ion conductivity of ~20 nm-thick LS 1.6 films (Figure 2C) suggested a rearrangement/reorientation of ionic domains still favorable for proton conduction.

On another note, the possibility of having disc-like/cylindrical structures [proposed by others (Goring et al., 1979; Vainio et al., 2012) of lignosulfonate at the interface] is less in LS x films. This is based on a simple hypothesis: if multiple cylinders are stacked to form large-scale structures, it is highly unlikely to obtain such elongated oblate shapes (seen in AFM images, Figure S8) out of cylindrical units, unless cylinders with gradually smaller diameter are systematically stacked from the center to edges. Without applying some precise self-assembly-based film preparation techniques, such hierarchical stacking may not be possible. With limited prior information available about lignin sulfonate similar to what we designed, it may not be ideal to try to make comments with more certainty than this.



Why Did LS x Exhibit High Thin-Film Ion Conductivity?

High acidity of ion-conducting groups (Chang et al., 2011), and connected, hydrogen-bonded network of water molecules (Ueki and Watanabe, 2008) with sufficient rotational mobility (Laage, 2006) are considered as prerequisites for efficient proton conduction. As opposed to the long, flexible perfluorosulfonic acid side chains of Nafion (pKa ~ −14), the pKa of LS x should be less negative with short methylsulfonic acid side chains (predicted based on pKa reported for –C6H4SO3H as −2.5) (Chang et al., 2011). Therefore, LS x with low acidity was expected to exhibit lower proton conductivity as compared to highly acidic Nafion (Chang et al., 2011). However, it appeared that the significantly larger ionic domains/clusters (comprised of multiple LS x macromolecules) (Table 4) helped LS x films overcome the side-chain acidity effect. The branched, 3D, less-compact (low density, Table 2) structures likely offered ample free spaces (or free volumes) within the hydrophilic interior of individual LS x macromolecules. Based on experimental evidences, we anticipated that within this hydrophilic interior, the close proximity of –SO3H and polar ether and –OH groups attracted water molecules, allowed them to move, and assisted connectivity between individual macromolecules to create ion-conducting cluster networks. The rotor probe experiments (Figure 4) provided evidence of high-water mobility within these networks; while the high aspect ratio of the LS 1.6 clusters (based on the spheroid model) supported the good connectivity among clusters made of individual LS x macromolecules. Together, it created a bulk-like ion-conducting environment [which so far has been defined as ~4-nm size ionic domains in bulk Nafion membrane (Gebel, 2000)] in submicron-thick LS x films. As the film thickness of LS 1.6 approached ~20 nm, the protruded, ellipsoidal, perpendicular features disappeared (Figure S9), but the ion conductivity was still maintained at high value suggesting reorientation/alignment of ionic domains, which was still favorable for ion conduction. As opposed to some of the traditional hydrocarbon-based ionomers (Kreuer, 2001; Seung et al., 2004; Peron et al., 2011; Chang et al., 2013), the phase segregated, large, and connected ionic domains showed the promise of LS 1.6 as an ionomer for thin ion-conducting materials.

LS 3.1, on the other hand, showed ion conductivity lower than LS 1.6 but higher than Nafion in most of the thickness range we studied (Figure 2C). The low ion conductivity of LS 3.1 was in agreement with its higher dry-state Tg (~170°C) as compared to LS 1.6 (Tg ~ 140°C) and could be attributed to the higher extent of hydrogen-bonding between –SO3H and –OH groups in LS 3.1 As a result, LS 3.1 films were already stiff enough at the dry state (further supported by I0/L of CCVJ) and might have impeded the water uptake (Figure 3C). At hydrated state, LS 3.1 films retained this high stiffness (insignificant change in IRH/I0, Figure 4) and low water mobility, which had a negative impact on proton conductivity. On the other hand, both Nafion and LS 1.6 films were less stiff than LS 3.1 films in the dry state. But upon humidification, Nafion films significantly stiffened up, while LS 1.6 films did not. The comparison of IRH/I0 (Figure 4) values suggested that at 60% RH, Nafion was still approximately six times stiffer than LS 1.6 and LS 3.1. Therefore, the low stiffness, high water mobility, larger ionic domains all together led to such a high ion conductivity of LS 1.6 as compared to Nafion and LS 3.1 films.




CONCLUSIONS

We have systematically synthesized sulfonated kraft lignin (LS x) (from Norway Spruce) with controlled IECs and limited water solubility and explored the potential of LS x as an ion conductor in submicron-thick films. While commercial lignosulfonate (LScom) is completely water soluble, we successfully limited the water solubility of LS x (through adjustable polymer cross-linking), while making them suitable for hydration-mediated proton conduction. The ion conductivity followed a trend: LS 1.6 > LS 3.1 ≥ Nafion in 20–200 nm-thick films at 90% RH. Using LS 1.6, ion conductivity about an order of magnitude higher than Nafion was achieved in submicron-thick films, which suggested the great potential of LS x-based ionomers in overcoming ion conduction limitations at the ionomer-catalyst interface. Water uptake, density, dimension and d-spacing of ionic clusters, and qualitative estimation of the extent of water-polymer mobility (or film stiffness) were obtained for all three ionomers in films. The higher value of proton conductivity of LS 1.6 was believed to be an individual or synergistic effect of: (1) the presence of –OH groups in close proximity of –SO3H groups in highly branched, 3D structure; (2) low film density, (3) higher water uptake (in thicker films only), (4) lower stiffness (higher water mobility), and (5) significantly larger ionic domains with domain connectivity. On the other hand, denser Nafion films with lower water uptake (thicker films only), smaller ionic domains, and significant hydration-induced antiplasticization led to lower ion conductivity of Nafion films over LS 1.6 films (and LS 3.1 over some thickness range). For LS 3.1 films, higher dry-state Tg and stiffness were observed. This suggested that higher IEC of an ionomer may not be beneficial to ion conductivity if the ionomer chains and water experience stronger confinement. As LS 1.6 ionomer, made from cheap and abundant kraft lignin, exhibited much higher ion conductivity over Nafion in films with a thickness comparable to catalyst binder layer (~2–30 nm), it may have a great potential to address ion conduction limitations. Such understanding of ion conduction behavior of LS x in thin films, along with further consideration of material viability (to be reported in the future) can inform and guide the future design of lignin-based ionomers for energy conversion and storage devices. This also potentially indicates a new way to valorize waste lignin from industrial (biorefinery or pulp/paper industries) and natural resources.
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Graphite is a widely available natural form of carbon with peculiar chemical and surface properties. It is essentially hydrophobic and consists in very stable stacks of graphene layers held together by highly delocalized π-π interactions. Its use in chemistry and in particular for catalytic applications requires modification of its structure to increase its surface area. This is commonly achieved by harsh oxidation methods which also modifies the chemical composition of graphite and enables subsequent deposition of catalytic phases via common impregnation/reduction methods. Here we show that copper phthalocyanine (CuPc) can be incorporated into unmodified bulk graphite by the straight-forward sonication of a dimethylformamide solution containing CuPc and graphite flakes. Immobilization of the CuPc complex in the graphitic matrix is shown to rely on π-π interactions between the Pc ligand and graphenic surfaces. This strong CuPc-graphene interaction facilitates oxidation of the graphitic matrix upon oxidation of the immobilized complex, as shown by thermogravimetric analysis in air. Nevertheless, a soft oxidation treatment can be designed to produce CuO nanoparticles (NPs) without degrading the dispersing graphitic matrix. These well-dispersed CuO NPs are shown (1) to decrease the degree of stacking of graphite in the solid-state by intercalation in-between graphitic stacks, (2) to be more easily reducible than bulk CuO, and (3) to be catalytically active for the oxidation of carbon monoxide. The higher mass-specific CO oxidation rates observed, as compared with CuO/alumina benchmarks, highlight the beneficial role of the carbon support and the relevance of this new strategy toward the design of copper oxide catalysts from copper phthalocyanine metal complexes.
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INTRODUCTION

Graphite is a naturally occurring, stable form of carbon. It is a highly crystalline, bulk, purely carbonaceous material which combines high conductivity, high thermal stability, exceptional mechanical resistance, resistance to corrosion, and lightness. It is thus widely used in its bulk form as electrodes and as component for refractories and for super-light materials. The world resource is estimated to be around 800 million tons (U.S. Geological Survey, Mineral commodity summaries 2020, p. 73), which by far exceeds resources in metals and other elements. On the nanoscale, it consists of stacks of graphene layers which are held together by strong π interactions due to electron delocalization over their extended aromatic networks (Wang et al., 2015). It exhibits virtually no surface area and its use as a catalyst support thus generally requires exfoliation and surface functionalization (Cai et al., 2012). Exfoliation allows to break the stacks down to thinner stacks, ultimately to single layer graphene if needed, hence increasing the available surface which can be used for subsequent deposition of metal nanostructures. Surface functionalization aims at providing reactive sites for decoration with such active phases.

The most widely used exfoliation/functionalization method consists in harsh oxidation of the graphitic structure by strong acids, sodium nitrate, and potassium permanganate following Hummers-type procedures (Hummers and Offeman, 1958). In this approach, deep exfoliation of the structure results from a drastic change in the chemical composition of the planes, namely the introduction of out-of-plane, covalently-bound oxygen atoms (Dreyer et al., 2014). The increased interlayer spacing is retained in the dry state. The resulting graphite oxide is water-soluble and can further react with metal salts in solution. Metal ions can thus easily be anchored onto the structure via surface oxygen groups. Graphene-supported metal nanoparticles are subsequently obtained in a third step by co-reduction of the graphitic oxide matrix and the interacting metal ion (Goncalves et al., 2009).

Organic dyes are also known to exfoliate and functionalize graphite by interacting non-covalently with graphene layers (Schlierf et al., 2013). They stabilize graphene suspensions by intercalation between the sonically-destabilized basal planes, generating 3D systems in solution and hybrid systems in the solid-state. However, it is interesting that, when it comes to metal-containing dyes, such as copper phthalocyanine (CuPc) for example, most work related to the chemical synthesis of functional CuPc/carbon composites involve graphite oxide (Chunder et al., 2010; Mensing et al., 2012; Mukherjee et al., 2017) and high surface area, functionalized carbons (Ding et al., 2012; Goenaga et al., 2014; Reis et al., 2014). There is to our knowledge no example of direct chemical deposition of CuPc on low surface area, bare hydrophobic graphite via non-covalent interactions. Besides, the reported carbon-supported CuPc are either used as such, i.e., with no further transformation of the immobilized CuPc complex (Pakapongpan et al., 2014; Reis et al., 2014; Bian et al., 2020), or after pyrolysis at high temperatures to modify the carbon support (Ding et al., 2012; Goenaga et al., 2014). Their main applications are electrochemistry (Ding et al., 2012; Goenaga et al., 2014; Pakapongpan et al., 2014; Reis et al., 2014; Bian et al., 2020) and photocatalysis (Mukherjee et al., 2017). When associated with other active supports, CuPc are also used for catalytic oxidations (Raja and Ratnasamy, 1996; Sorokin, 2013) and as co-catalyst for photoelectrochemical water splitting (Li et al., 2019). However, there is, to our knowledge, no example of the use of CuPc as a precursor to a catalytically active Cu or CuO phase (Gawande et al., 2016).

Due to their redox chemistry, copper oxides are known to catalyze useful reactions such as the oxidation of CO (Wan et al., 2008; Gawande et al., 2016). This reaction is of both practical importance (Waikar et al., 2019) and academic interest (Caps et al., 2008; Freund et al., 2011). It is indeed used for air depollution, as CO is toxic to human health (Soliman, 2019), and for purification of hydrogen fuel cells gas feed (Ivanova et al., 2010; Laveille et al., 2016). It is also a quite simple redox reaction that is catalyzed by metal oxides following a Mars van Krevelen mechanism (Mars and van Krevelen, 1954). It can thus also be used to probe the reducibility of oxide catalysts (Laveille et al., 2013).

Here we show that an efficient CuO/graphite CO oxidation catalyst can be prepared by soft oxidation of a strongly interacting CuPc/graphite precursor, with no need for extensive exfoliation of graphite. First, we investigate the potentials of metal complexes, namely copper phthalocyanine and copper tetraphenylporphine (CuTPP), as precursors for the direct decoration of unmodified hydrophobic bulk graphite with functional copper phases, by screening various sonication-based, organic exfoliation conditions in the liquid phase. Then, by combining thermogravimetric analysis (TGA) and Fourier-Transform Infra-Red (FTIR) studies, we show that copper phthalocyanine strongly interacts with the graphitic surface and that it can be thermally oxidized to an easily reducible, catalytically active cupric oxide phase, which is active for CO oxidation both in the absence and in the presence of hydrogen.



MATERIALS AND METHODS


Chemicals

Copper (II) phthalocyanine (CuPc, >95%, Alfa Aesar, MW 576.07 g/mol, 11 wt.% Cu), 5,10,15,20-tetraphenyl-21H,23H-porphine copper (II) (CuTPP, Sigma Aldrich, MW 676.27 g/mol, 9.4 wt.% Cu), copper nitrate [CuNit, CuII(NO3)2.xH2O, Puratronic, 99.999% metals basis, Alfa Aesar, MW 187.55 g/mol (anhydrous)], N,N-dimethylformamide (DMF, >99.8%, Alfa Aesar), 1-methyl-2-pyrrolidone (NMP, ≥99.8%, Alfa Aesar), sodium borohydride (NaBH4, ≥98%, Sigma Aldrich), graphite powder (NG, natural, high purity 200 mesh, 99.9999% metal basis, ultra-superior purity, Alfa Aesar) were used without further purification.



Synthesis Using High Power Sonication

High purity graphite (200 ± 2 mg) was dispersed in 200 mL of DMF and sonicated using a Bandelin HD2200 probe sonicator (200 W, 20 kHz), at 50 or 20% of its maximum power, during a time t0 = 5 min. The Cu precursor was then added (181 mg for CuPc, 213 mg for CuTPP and 59 mg for copper nitrate, 20 mg/0.315 mmol/1.6 × 10−3 M Cu, Cu/NG = 0.10 w./w., i.e., Cu/(Cu+NG) = 9.1% w./w.), after which the mixture was further sonicated for a time t1 = 5 or 35 min. The solid was recovered by hot filtration (final synthesis temperature ~46–67°C) and dried in air for 16–24 h at 100°C. For copper nitrate, one synthesis was performed in the presence of sodium borohydride, as previously described (Michel et al., 2019). In this case, a given amount of NaBH4 (119 mg/3.15 mmol/1.6 × 10−2 M, NaBH4/Cu = 10) was added before recovery of the solid and the mixture was further sonicated for a time t2 = 5 min. Final temperature was 82°C. The solid was then recovered by hot filtration and dried in air for 24 h at 100°C. After cooling down to 22°C, the sample was washed with deionised water (2*200 mL) and dried in air for 24 h at 100°C.

One CuPc/graphite composite was subsequently calcined in 10% O2/He under the following conditions: 100 mL/min, 5°C/min, 400°C, 30 min. Final composites are denoted X%Cu precursor/graphite[Y], where X% stands for the copper weight content, Cu precursor stands for the copper precursor used (CuPc, CuTPP, or Cu(NO3)2) and Y stands for the main synthesis parameters, i.e., sonication power, contact time, use of NaBH4, final temperature in Celsius of the heat treatment. Six composites were synthesized: CuPc/graphite[50%/5 min], CuPc/graphite[50%/5 min/400], CuPc/graphite[20%/35 min], CuTPP/graphite[20%/35 min], CuNit/graphite[20%/35 min], CuNit/graphite[50%/5 min/NaBH4].



Synthesis Using Low Power Sonication

This procedure was previously described (Vigneron et al., 2014). High purity graphite (100 ± 1 mg) was dispersed in 55 mL of DMF and sonicated using a Bandelin HD2200 probe sonicator (200 W, 20 kHz), at 20% of its maximum power, during a time t0 = 5 min. The beaker containing the mixture was then transferred to a sonication bath (Elma, ElmasonicOne, 30 W, 35 kHz). The bath contained 200 mL of water. The beaker was placed and maintained in a specific position within this water bath to ensure repeatability of the preparation (Vigneron et al., 2014). The mixture was allowed to cool down to room temperature (about 22°C) before the Cu precursor was added (92 mg for CuPc and 107 mg for CuTPP, 10 mg/0.16 mmol/0.8 × 10−3 M Cu, Cu/NG = 0.10 w./w., i.e., Cu/(Cu+NG) = 9.1% w./w., unless otherwise mentioned). The sonication bath was then turned on and the mixture allowed to sonicate for a time t1 = 60, 120, or 240 min. The solid was recovered by hot filtration (final synthesis temperature ~53–71°C) using nylon membrane filters (0.45 μm pore size) and dried in air for 21 h at 100°C.

Two Cu precursor/graphite composites were subsequently calcined in static air using a muffle furnace under the following conditions: 10°C/min, 450°C, 2 h. Final composites are denoted X%Cu precursor/graphite[Y], where X% stands for the copper weight content, Cu precursor stands for the copper precursor used (CuPc or CuTPP) and Y stands for the main synthesis parameters, i.e., type of sonication (bath), contact time, initial Cu/NG ratio when it is decreased to 1 wt.%, solvent when it is changed to NMP, final temperature in Celsius of the heat treatment. Eleven composites were synthesized, as detailed in Table 1.


Table 1. Main sonication parameters used for the synthesis of graphite-immobilized copper complexes, resulting Cu content and thermal stability of the synthesized composites.

[image: Table 1]



Elemental Analysis (ICP)

Elemental analysis (ICP) of the composites was performed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Varian 720ES) at IPHC/CNRS UMR7178 (France). Deposition yields (deposition efficiencies) are defined as the ratio between the copper content determined by ICP and the initial Cu/(Cu+NG) value introduced in the synthesis mixture.



X-ray Diffraction (XRD)

X-ray Diffraction (XRD) patterns of CuO@NG composites were collected on a Bruker D8 Advance theta-theta diffractometer (Cu Kα radiation, λ = 0.154 nm), equipped with a LynxEye detector and operating at 40 kV and 40 mA. The datasets were acquired in step-scan mode over the 25–58° 2θ range, using a step interval of 0.0132° and a counting time of 1 s per step. Samples were prepared by weighing out 50 mg of catalyst and pressing at about 6,300 kg/cm2 (Eurolabo press, 5 t), to get flat and smooth pellets which were then deposited on round-shaped glass plates. Average size of CuO crystallites (dCuO) was determined by the Scherrer equation, using the full widths at half-maximum (β = π × FWHM/180) of the CuO (002) and (111) reflections at 2θ = 35.5 and 38.7°, respectively:

[image: image]

Slight differences in peak positions were observed [e.g., 26.3 ± 0.4° for C(002)]. They were attributed to slight differences in the z and corrected by adjusting the position of the C(002) peak maximum at 26.5°.



Fourier Transform Infrared (FTIR)

Fourier transform infrared (FTIR) spectra were recorded by Attenuated Total Reflectance with a Thermo Fisher Nicolet iS10 spectrometer in the 525–4,000 cm−1 range. Powders (few mg) are placed directly on the 2 × 2 mm diamond window and cover the whole surface.



Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on a TGA Q5000 from TA Instruments. The powder sample (1.0 ± 0.1 mg) was placed in a Pt pan, which was then heated to 1,000°C at 10°C/min under flowing air (25 mL/min). Evolution of weight loss was monitored by the TA Qseries software.



Temperature Programmed Reduction (TPR)

Temperature programmed reduction (TPR) was carried out on an AutochemII Chemisorption apparatus from Micromeritics equipped with a thermal conductivity detector. The sample (23 mg) was loaded in a quartz tube and heated to 900°C under a flowing mixture of 10% H2/Ar (5 mL/min) using a temperature ramp of 5°C/min.



Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was carried out on a Zeiss Gemini SEM 500 system at 10 kV using a working distance (WD) of 13.3 mm and an aperture (AP) of 30 μm, unless otherwise mentioned. Two detectors were used alternatively: an in lense secondary electron detector (In Lens) for best imaging resolution and a Everhart-Thornley detector (SE) for the detection of secondary electrons providing both topography and chemical contrast, with the lightest elements (C) appearing darker than the heaviest elements (Cu). An EDXS SDD probe (30 nm2) confirmed that C, Cu, and O were the only elements present in the composites and that the white spots were indeed copper oxides. The powder samples were pressed on a sample holder decorated with carbon tape before analysis.



Catalytic Evaluation

Catalytic evaluation was performed in a fully automated (CETRIB SARL, Andlau, France) fixed-bed flow reactor (i.d. 10 mm) loaded with 26 mg of composite (0.26–2.5 mg CuO/3.2–32 μmol Cu). The gas mixtures balanced in He, i.e., 1% CO/1% O2 for CO oxidation and 1% CO/1% O2/24% H2 for the oxidation of CO in the presence of H2 (PROX), were introduced at a total flow rate of 100 mL/min (1 atm, GHSV ~ 15,000 h−1). The composite was heated at 1°C/min from 20 to 300°C and then cooled down at the same rate. The O2 and CO signals were monitored using an on-line Compact Gas Chromatograph (Interscience, Belgium) equipped with a thermal conductivity detector. O2 and CO conversions were determined on the basis of external calibration. Selectivity to CO2 is defined as the ratio between the number of mole of O2 used to convert CO (i.e., half of the number of mole of CO converted) over the total number of mole of O2 converted. It is calculated as follows: SCO2 = conv(CO)/2/conv(O2), where conv(CO) and conv(O2) are the conversions of CO and O2, respectively. It is noted that, in the H2-free CO oxidation reaction, the monitored consumption of oxygen is exactly half of the consumption of CO. Hence the reaction strictly follows the stoichiometry of the CO oxidation reaction (CO + ½ O2 CO2) for both catalysts, which makes the formation of CO via the Boudouart reaction (reduction of the CO2 product by the graphitic matrix) quite unlikely, even at high conversion levels. Besides, the CO conversion profiles in PROX show no evidence for the occurrence of the water gas shift reaction (WGS) or the reverse water gas shift reaction (RWGS) (Ivanova et al., 2010).




RESULTS AND DISCUSSION


Incorporation of Copper

Sonicating a bulk graphite suspension in the presence of an aromatic copper precursor does result in the atomic scale mixing of copper and graphite in the dried composite. Table 1 shows that up to 7.8% of copper can be introduced into bulk graphite (entry 15) under our conditions and that the copper content is dependent on sonication conditions, the copper complex and the post-synthesis work-up.


Effect of Sonication Conditions

For CuPc, higher incorporation benefits from a longer contact time at reduced sonication power, rather than high sonication power for a short time. Table 1 (entries 1–3) indeed shows that the copper content of the dried composite measured by ICP steadily increases when the time of sonication is increased from 5–35 to 60 min (while the sonication power is at the same time decreased from 100–40 to 30 W). This highlights the dual role of the sonication energy on the composite formation. On one hand, sonication is indeed intended to destabilize graphene stacks by weakening π-π interactions between graphene layers, to enhance diffusion of the solvated CuPc in-between graphene layers and thus to maximize the accessible surface for CuPc-graphene stacking. On the other hand, it weakens the CuPc-graphene interaction that can possibly be engineered under these conditions. Hence it is expected to find an optimum in the time/power couple used for sonication to reach full incorporation of the complex. Further extending the sonication time to 120 min at low power (30 W, entry 4) leads to an apparent decrease in the copper content. Nevertheless, the maximum Cu content expected in an as-synthesized CuPc/graphite composite starting from Cu/graphite = 10 wt.% is 5.2 wt.%. Indeed, the whole complex (including the Pc ligand) is present in the dried composite, as will be shown in section Characteristics of the Interaction of Copper With the Graphitic Matrix. Besides, the Cu metal center accounts for only 11 wt.% of the CuPc complex, so that for Cu/graphite = 10 wt.%, Cu/(CuPc+graphite) = 5.2 wt.%. Hence, the ICP-derived Cu contents shown for entries 3 and 4 both suggest full copper deposition, in agreement with the colorless filtrates observed in these syntheses.

For CuTPP, full deposition has only been achieved with high sonication power (entry 7). Mild sonication leads to about 80% CuTPP deposition in 2 h (entry 8), considering the maximum Cu content of 4.9 wt.% expected upon full CuTPP deposition (Cu content in CuTPP is 9.4 wt.%). Further extending the sonication time (entry 9) leads to a further decrease in Cu incorporation efficiency to about 60%. Thus, in the case of CuTPP, potentially increasing diffusion of the solvated complex in-between graphene layers does not result in enhanced Cu incorporation. This is attributed to a poor porphine/graphene interaction, as compared with the CuPc/graphene interaction. Indeed, the four freely rotating phenyl groups of the CuTPP complex are expected to inhibit efficient stacking of the porphine complex to the graphene surface (Scheme 1). Sonication will thus easily break the porphine/graphene stacks, and more and more so with increasing time.


[image: Scheme 1]
SCHEME 1. Schematic representation of the possible interactions of CuPc and CuTPP complexes with a sonically-destabilized graphitic matrix.




Effect of Copper Precursor

Comparing entries 4 and 8, it appears that the incorporation of the CuTPP complex is less efficient than that of CuPc, with only 80% CuTPP deposition observed under sonication conditions that lead to full CuPc deposition. On the other hand, comparing entries 2 and 7, it appears that deposition of the CuTPP complex under high power sonication is more efficient than that of CuPc, with full vs. 90% deposition respectively. This is attributed to differences in the geometry of the complexes. CuPc is indeed much more planar than CuTPP that contains 4 freely rotating phenyl groups regularly distributed around the porphine ring. Hence, it is expected that the 2D CuPc complex will diffuse much more efficiently within the sonically-destabilized lamellar graphitic structure than the 3D CuTPP complex which exhibits a larger cross-section. In addition, the planar CuPc complex is expected to more strongly interact with a graphene surface than CuTPP for which stacking of the porphine ring can be seriously hindered by the out-of-plane phenyl groups (Scheme 1). The introduction of CuPc thus requires milder exfoliation conditions than the introduction of CuTPP.

To preliminary understand the role of the ligands in the incorporation of copper, controlled experiments were conducted by sonicating the bulk graphite suspension in the presence of an uncomplexed copper salt, namely copper nitrate (entries 13 and 14). None of the conditions tested led to any significant incorporation of copper in the dried composite. The direct interaction between Cu2+ and graphene is expected to be pretty weak, as multivalent cation-π interactions are known to be much weaker than extended π-π interactions (Neel et al., 2017). It is thus consistent with the low Cu content observed in entry 13. On the other hand, conditions of entry 14 (addition of sodium borohydride to the nitrate/graphite mixture) previously allowed us to incorporate significant amounts of cobalt in graphitic matrices, using hydrolyzed NaBH4 derivatives as linkers (Michel et al., 2019). The much lower copper content obtained here suggests that the linkage between copper/copper oxides and graphene is not as efficient, as will be discussed in section Characteristics of the Interaction of Copper With the Graphitic Matrix.

Hence, in the case of copper, efficient incorporation in a graphitic matrix relies on the presence of complexing ligands with aromatic properties, which exhibit potential for π stacking with the aromatic graphene surface.



Effect of Solvent and Copper Concentration

N-methyl pyrrolidone (NMP) was previously identified as a more efficient solvent than DMF for the sonication-assisted liquid-phase exfoliation of graphite (Coleman, 2013). By comparing entries 9 and 10, it appears that replacing the DMF solvent by NMP in our synthesis actually results in a net decrease in the deposition of Cu from 60 to about 12%. This suggests that the more exfoliating NMP molecule competes more severely with CuTPP for the interaction with the graphene surface.

Decreasing the Cu/graphite ratio from 10 to 1 wt.% results in a general decrease in deposition efficiency from 100% (entries 3 and 4) down to 73 and 81% for CuPc (entries 5 and 6, respectively), and from 80 and 61% (entries 8 and 9, respectively) down to 18 and 7% for CuTPP (entries 11 and 12, respectively). Two phenomena may explain these results. First, a decrease in the concentration of the copper complex decreases the osmotic pressure within the graphitic structure, hence the diffusion of the complex within the structure and the possibility for the copper complex to compete with interlayer stacking. Second, the lower concentration also increases the competition between the copper complex and the solvent for interacting with the graphene surface, which is not in favor of the complex. Hence the particularly low Cu content of entry 12 is the result of a combination of low concentration of the copper complex, use of the highly exfoliating solvent NMP and the non-planar nature of the CuTPP complex.




Characteristics of the Interaction of Copper With the Graphitic Matrix
 
TGA
 
Impact of complex immobilization

Oxidation of the composite in air is driven by the complex, which shifts the oxidation of graphite at much lower temperature, as shown by the following TGA study (Figure 1). TGA profiles of the composites prepared by high power sonication (entries 2 and 7) are shown in Figure 1A (plain lines). They both exhibit 2 distinct weight losses, which are attributed to oxidative degradation of the complex (lower temperature) and oxidation of the graphitic matrix (higher temperature), by comparison with TGA profiles of free complexes (dotted lines) and bare sonicated graphite (black line). In both composites, the temperature of degradation of the immobilized complex is close to that of the free complex. On the other hand, the degradation of the graphenic component occurs at much lower temperature than the oxidation of bare graphite. Temperature of half oxidation of graphite (785°C in graphite sonicated in the absence of copper compounds) is significantly decreased (Table 1), to 668°C for 5.2%CuTPP/graphite and to 647°C for 4.6%CuPc/graphite. It suggests that the oxidation of the graphitic matrix is induced by oxidative degradation of the complex, which further supports firm immobilization of the complex onto graphene. In particular, for CuPc/graphite, oxidation of graphite directly follows degradation of the complex, which clearly indicates the presence of a strong interaction between the planar Pc complex and the graphenic surface, most likely in the form of highly delocalized π interactions. The small, yet significant, temperature interval between oxidation of TPP and oxidation of graphite in CuTPP/graphite is consistent with the weaker interaction between the 2 components, due to the non-planar nature of the TPP complex. Nevertheless, both complexes induce a drastic decrease in the oxidation temperature of the graphitic matrix (>100°C). By comparison, stability of graphite (750°C) is only marginally affected by the presence of Cu in 0.02%CuNit/graphite (entry 13), likely due (1) to the absence of any strong interaction between Cu and graphite and (2) to the small Cu content.


[image: Figure 1]
FIGURE 1. TGA profiles of high power sonication- (A), CuPc- (B), CuTPP- (C) derived composites, including sonicated graphite (50%/DMF/30 min, black line) and in (A), 0.02%CuNit/graphite[20%/35 min] (plain red line), 4.6%CuPc/graphite[20%/35 min] (plain blue line), copper phthalocyanine (dotted blue line), 5.2%CuTPP/graphite[20%/35 min] (plain green line), copper tetraphenylporphine (dotted green line). In (B): 6.4%CuPc/graphite[bath/60 min] (plain light blue line), 0.69%CuPc/graphite[bath/60 min/1%] (dotted light blue line), 5.5%CuPc/graphite[bath/120 min] (plain dark blue line), 0.76%CuPc/graphite[bath/120 min/1%] (dotted dark blue line). In (C): 3.9%CuTPP/graphite[bath/120 min] (plain light green line), 0.16%CuTPP/graphite[bath/120 min/1%] (dotted light green line), 0.62%CuTPP/graphite [bath/240 min/NMP] (plain dark green line), 0.06%CuTPP/graphite[bath/240 min/1%/NMP] (dotted dark green line), 3.0%CuTPP/graphite[bath/240 min] (orange line). (D) Evolution of graphite half-oxidation temperatures as a function of Cu content for CuPc- (blue diamonds) and CuTPP- (green squares) derived composites prepared with bath sonication, as derived from Figures 1B,C, respectively. Black-lined symbols indicate data from high power sonication (Figure 1A).




Impact of complex loading

The impact of the complex loading on the oxidative thermal stability of the graphenic component has been studied for both CuPc/graphite (Figure 1B) and CuTPP/graphite (Figure 1C) composites obtained by mild sonication. For CuPc/graphite, high loadings (plain lines, entries 3 and 4, 6.4% and 5.5% Cu, respectively) clearly affect the oxidation of the graphenic component much more than low loadings (dotted lines, entries 5 and 6, 0.69% and 0.76% Cu, respectively). The temperature of half-degradation of graphite indeed decreases from 742°C for the low loaded composites to below 658°C for the highly loaded composites (Table 1). On the other hand, the degradation of the Pc complex, which starts at about 400°C in all cases, is unaffected by its immobilization within the composite and its loading in the composite. The decrease in graphite half-oxidation temperature with increasing CuPc loading thus results in the disappearance of the temperature interval (plateau) between the degradation of the complex and the oxidation of graphite. It is noted that the extent of the weight loss between 400 and 500°C related to degradation of the metal complex is much more pronounced for the highly loaded composites, which validates the interpretation.

Similar conclusions can be drawn for the CuTPP/graphite composites: the weight loss attributed to degradation of the CuTPP is larger for the highly loaded composites and more importantly, high CuTPP loadings (entries 8 and 9, 3.9% and 3.0% Cu, respectively) destabilize the graphenic component more than low CuTPP loadings (entries 10–12, 0.62%, 0.16%, and 0.06% Cu, respectively). However, this occurs to a lesser extent as compared with the CuPc/graphite composites: the temperature of half-oxidation of graphite and the temperature interval (plateau) between the degradation of the complex and the oxidation of graphite are both less impacted by the CuTPP content. The temperature interval actually appears quite independent from the CuTPP loading. This is overall attributed to the lower interaction between the 3D CuTPP complex and graphene as compared with the planar CuPc complex. It overall shows that the impact of the complex loading is conditioned by the strength of the complex-graphene interaction: the stronger the interaction, the stronger the impact.

This is confirmed by plotting the temperature of graphite half-oxidation vs. ICP-derived Cu content (Figure 1D). Such temperatures are systematically lower for the CuPc vs. CuTPP-containing composites. The difference is higher at higher Cu contents, due to the parabolic decrease of half oxidation temperatures vs. Cu contents for CuPc/graphite composites instead of the logarithmic decrease observed for CuTPP-containing composites. Such different variations in graphite half-oxidation temperatures as a function of the copper content are consistent with differences in the strength of interaction that the complex develops with the graphene surface. The stronger decrease in graphite half-oxidation temperatures with increasing Cu content observed for CuPc-containing composites is consistent with the stronger interaction that the 2D planar complex is able to engineer with the planar graphene surface, as compared with the 3D CuTPP complex which contains four freely rotating phenyl groups (Scheme 1).

Finally, by adding to the graph data from the composites resulting from high power sonication and derived from Figure 1A, one can see that the graphite half-oxidation temperature of 5.2%CuTPP/graphite (entry 7) is located at a much lower temperature than that expected from the logarithmic trend. It suggests that high power sonication does enhance the interaction between CuTPP and graphene, as discussed in section Effect of Copper Precursor. On the other hand, the point related to 4.6%CuPc/graphite (entry 2) is nicely integrated in the parabolic trend (Figure 1D), highlighting the similar nature of the CuPc composites whatever the sonication protocol used.




FTIR

FTIR spectra of 3.5%CuPc/graphite[50%/5 min] (entry 1) and 0.7%CuNit/graphite[50%/5 min/NaBH4] (entry 14) are shown in Figure 2.
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FIGURE 2. Full range (A) and 500–1,700 cm−1 range (B) FTIR spectra of graphite (black line), copper phthalocyanine (gray line), 3.5%CuPc/graphite[50%/5 min] (blue line), 0.7%CuNit/graphite[50%/5 min/NaBH4] (plain red line), and 7.5%CoNit/graphite[50%/5 min/NaBH4] (Michel et al., 2019) (dotted red line).


CuPc/graphite[50%/5 min] exhibits a well-defined vibrational pattern in the 500–1,700 cm−1 wavenumber region (Figure 2A) which can unambiguously be attributed to aromatic C-C, C-N, and C-H vibrations of the phthalocyanine ligand (Seoudi et al., 2005), as clearly evidenced by comparison with the FTIR spectrum of the free CuPc complex. This evidences the presence of the complex in the composite. Overall intensity of the CuPc pattern is lower in the composite than in the free CuPc. More interestingly, by normalizing the CuPc and CuPc/graphite spectra to in-plane vibrations, and more specifically to the main C-C and C-N vibrations of isoindole at 1,325 and 1,285 cm−1, respectively (Figure 2B), C-H out-of-plane vibrations (728, 752, 870, 896 cm−1) clearly appear less intense in the composite than in the free complex. Besides, ring deformation (637 cm−1) is lost in the FTIR spectrum of the composite. Such inhibition of out-of-plane vibrations is a clear evidence of immobilization of the complex on a surface, and more specifically of orientation of the Pc complex parallel to the graphitic surface (Basova et al., 2009). FTIR thus gives clear indication that the complex is π-stacked with graphene layers. In this configuration, C-H bonds may indeed be involved in an interaction with the graphene surface or lost by deprotonation upon interaction with the carbon surface and Pc breathing is inhibited as a result of these delocalized π interactions.

For comparison, CuNit/graphite[50%/5 min/NaBH4] exhibits a very similar spectrum to that of a cobalt-containing composite prepared under the same conditions. Both spectra are indeed characterized by two broad bands at 1,050 and 1,340 cm−1 (Figure 2A). They are attributed to asymmetric stretching vibrations of B-O bonds found in borate compounds (νB(4)−O and νB(3)−O, respectively) (Jun et al., 1995). It is consistent with the presence of moieties derived from NaBH4 hydrolysis and oxidation in the composite, as previously discussed (Michel et al., 2019). It is likely that these species take part in metal deposition since virtually no deposition of copper (or other metal) ion is observed in the absence of these species (entry 13). Besides, the amount of borate species present in the composites seem to correlate with the metal content, since FTIR spectra normalized to the Cu and Co metal contents exhibit B-O vibrations of similar intensities. The much lower metal deposition observed for Cu (0.7 wt.%, entry 14) vs. Co (7.5 wt.%, Michel et al., 2019) under similar synthesis conditions can thus be attributed to differences in the catalytic properties of the two metals for NaBH4 hydrolysis and to differences in the ability of the two metals to form borate compounds from the metals themselves. In this regard, cobalt is a much more efficient catalyst for NaBH4 hydrolysis, which readily involves the formation of cobalt borides and borates (Demirci and Miele, 2010). On the other hand, the formation of such stable copper compounds is not observed (Glavee et al., 1994).




Soft Oxidation of Copper

ICP, TG and FTIR analyses thus all point to efficient copper incorporation using the CuPc complex and to a strong CuPc/graphite interaction. The following sections will focus on these composites and especially on the most loaded one (entry 1). The thermo-oxidative stability of the graphitic matrix in these composites is however much lower than that of the parent graphite and an appropriate treatment had to be designed to oxidize the immobilized complex without oxidizing the graphitic matrix.


XRD

The highly loaded CuPc composite (entry 1, 3.5% Cu) was calcined at limited temperature and time (400°C/30 min) to limit degradation of the graphitic matrix. The resulting composite (entry 15, 7.8% Cu) was analyzed by X-ray diffraction (Figure 3A). Strong reflections at 35.5 and 38.7° are observed. They correspond to the (002) and (111) reflections, respectively, of the monoclinic phase of CuO, in agreement with ICDD card No. 48-1548 and with the related literature in the field (Fuentes et al., 2010; Zhu and Diao, 2012; Du et al., 2016). The average primary crystalline domain size is calculated to be 27 ± 2 nm using the Debye-Scherrer formula. It is noted that the low loaded composite calcined at 450°C for 2 h (0.8%CuPc/graphite[bath/60 min/1%/450], entry 16) also exhibit distinct CuO-related reflections at 35.5 and 38.7° (Figure 3B). On the other hand, no Cu-related reflections is found for the calcined composite with the lowest Cu content (0.06 wt.%, entry 17) (Figure 3B).
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FIGURE 3. XRD of 7.8%CuPc/graphite[50%/5 min/400] (A) and sonicated graphite (50%/DMF/30 min, black line), 0.8%CuPc/graphite[bath/60 min/1%/450] (blue line), and 0.06%CuTPP/graphite[bath/240 min/1%/NMP/450] (green line) (B) in the 2θ range of 34 to 40°, showing CuO reflections.




TPR

The TPR profile of 7.8%CuPc/graphite[50%/5 min/400] (entry 15) further shows that CuO is the only copper phase present in the composite (Figure 4). The reduction profile indeed exhibits 2 main peaks at 228 and 315°C, which can be attributed to the reduction of CuO into Cu2O and to the reduction of Cu2O into Cu, respectively (Song et al., 2013; Silva et al., 2015; Ma et al., 2018). Both peaks exhibit similar intensities. Given the stoichiometry of the sequential reduction (2CuO + H2 → Cu2O + H2O and Cu2O + H2 → 2Cu + H2O), the same amount of hydrogen is needed to reduce CuO into Cu2O and then the produced Cu2O into Cu. Hence, it can be concluded that fully oxidized CuIIO is the sole phase of Cu that is present in the composite. The thin, well-defined peaks indicate high crystallinity of the copper oxide phase, in agreement with XRD results (section XRD) (Michel et al., 2019). Finally, the position of the low temperature reduction peak occurs at lower temperature than that usually found for bulk CuO (280°C, Silva et al., 2015). It is attributed to the reducing character of the carbonaceous support which could facilitate the reduction of the supported cupric oxide.


[image: Figure 4]
FIGURE 4. H2-TPR spectrum of 7.8%CuPc/graphite[50%/5 min/400].




SEM

This material was further analyzed by Scanning Electron Microscopy (Figure 5). Quite high coverage of the graphitic support by CuO is observed at the micrometric scale (Figures 5A,B). CuO mostly appears in the form of aggregates/chains of 100 nm particles randomly distributed over graphite flakes (Figures 5C–F). In these areas, the Cu content determined by EDX (7.7 wt.%) is strikingly similar to the overall Cu content determined by ICP (7.8 wt.%). Huge CuO particles (500 nm−1 μm) are also present. Graphite edges appear strongly damaged in the composites (Figures 5C,E), as compared with the straight edges present in the parent graphite (Figures 6A,B). This is attributed to local oxidation of graphene layers edges upon oxidation of CuPc as indicated by the high local O content (3.5 wt.%) found by EDX, which largely exceeds that expected from CuO (7.7/63.5*16 = 1.94 wt.%) in those areas. It is consistent with the occurrence of CuPc adsorption close to the edges (without deep diffusion inside the graphitic matrix due to the limited reaction time of 5 min), as shown in Figures 6C,D, which is further supported by the peculiar patterns created by the spatial distribution of CuO over graphite. The in-plane dimensions of graphite flakes are similar to those observed in the copper-free parent graphite submitted to a similar sonication treatment (10–100 nm). On the other hand, thinner stacks can be found in the composites before (Figure 6C) and after oxidation, as compared with the Cu-free sonicated parent. It is attributed to insertion of copper phthalocyanine and copper oxides in-between graphite flakes (Figure 5D), which disturbs ordering of graphene layers in the direction normal to the plane.


[image: Figure 5]
FIGURE 5. SEM images of 7.8%CuPc/graphite[50%/5 min/400] from SE (A–D) and InLens detectors (E,F), showing CuO-decorated graphite flakes (A), large CuO particles deposited on graphene (B), decoration of graphene edges with smaller CuO particles (C), intercalation of CuO NPs (D), damaged graphene edges (E), and CuO aggregates/chains (F).
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FIGURE 6. SEM images taken at 12 kV from InLens detectors of the parent graphite sonicated at 50% power in DMF for 30 min (A,B) (WD = 11.8 mm, AP = 60 μm) and of 3.5%CuPc/graphite[50%/5 min] (C,D) (WD = 11.3 mm, AP = 30 μm), showing thick stacks of graphene layers (A), straight, undamaged edges (B), thinner graphitic stacks (C), and deposited and intercalated CuPc platelets (D).





Copper-Induced Solid-State Exfoliation of Graphite

X-ray diffractograms of the oxidized composites all exhibit a major and dominating reflection at 26.5° which can be attributed to C(002) reflection of graphite and is due to the stacking of graphene layers in the c direction (normal to the plane). By using mass-normalized intensities, one can clearly observe broadening of the peak in the composites, as compared with bare graphite (treated under high power sonication conditions at 50% power in DMF for 30 min in the absence of any copper precursor), while the overall intensity of the peak remains similar. The full width at half-maximum appears indeed systematically larger in Cu-containing composites than in bare sonicated graphite (Figure 7A). According to the Debye-Scherrer law, this indicates that the average thickness of graphene stacks is smaller in the composites. It suggests that CuO particles and agglomerates may act as inorganic exfoliating agents, thereby decreasing the average degree of graphene stacking in the dried composite. Using the Debye-Scherrer law, this decrease can be estimated to be about 36 ± 3%. 30 nm- and 33 nm-thick stacks are indeed calculated for the 0.8%CuPc/graphite (entry 16) and 0.06%CuTPP/graphite (entry 17) oxidized composites, respectively, instead of 49 nm for bare graphite. Hence, although the exfoliation of graphite is somehow limited, as compared with the level of exfoliation achieved in the liquid phase with specifically designed techniques (Coleman, 2013), the thickness of graphite flakes may still be decreased by about one third on average in the solid state. This is in line with the low amount of CuO in these composites and the use of standard drying (instead of freeze-drying) prior to the soft oxidation. Interestingly, the highly loaded 7.8%CuO/graphite composite (entry 15) exhibits a smaller broadening of the intensity-normalized C(002) reflection (Figure 7B). It is attributed to weaker diffusion of the CuPc complex within the graphitic matrix due to limited reaction time (5 min). Hence broadening of the peak and the corresponding general mild exfoliation of graphite obtained in the solid state by mere incorporation of copper oxide nanoparticles are mainly determined by the time of sonication and in turn diffusion of the complex within the graphitic matrix, rather than bare Cu content. Still, thinner graphitic stacks may locally be observed in uncalcined 3.5%CuPc/graphite (Figure 6C) as compared with bare sonicated graphite (Figure 6A), indicating that CuPc platelets may indeed intercalate in-between graphene layers and break the stacking of the flakes.
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FIGURE 7. (A) XRD of sonicated graphite (50%/DMF/30min, black line), 0.8%CuPc/graphite[bath/60 min/1%/450] (blue line) and 0.06%CuTPP/graphite[bath/240 min/1%/NMP/450] (green line) in the 2θ range of 26 to 27°, showing the main C (002) reflection of graphite. (B) XRD of sonicated graphite (black line) and CuPc/graphite[50%/5 min/400] (blue line).




Catalysis

Oxidized CuPc/graphite (entry 15, 7.8% Cu) and CuNit/graphite (entry 14, 0.7% Cu) were tested for the oxidation of CO both in the absence (open symbols) and in the presence (plain symbols) of hydrogen (Figures 8A–F).


[image: Figure 8]
FIGURE 8. Oxidation catalysis. CO conversions (A), CO oxidation rates (B), oxygen conversions (C), oxygen conversion rates (D), selectivity to CO2 vs. temperature (E), and vs. oxygen conversion (F) observed over 7.8%CuPc/graphite[50%/5 min/400] (blue diamonds) and 0.7%CuNit/graphite[50%/5 min/NaBH4] (red squares) in the CO+O2 (open symbols), CO+O2+H2 (full symbols), and H2+O2 (circles) gas-phase reactions. Black lines show the performance of bare graphite. Black line in (C) is for the H2+O2 reaction.



Performance of CuPc/graphite[50%/5 min/400]

Higher CO conversions are achieved at any given temperature, under either of the conditions, by the oxidized CuPc/graphene rather than the nitrate-derived composite (Figure 8A). This is essentially attributed to the much higher copper content of the Pc-derived catalyst, since mass-normalized CO oxidation rates of both composites (Figure 8B) under H2-free conditions (open symbols) are much closer. In the presence of hydrogen, oxidized CuPc/graphite exhibits similar CO conversions up to about 210°C, at which point the CO conversion decreases, due to unfavorable competition with hydrogen (CO/H2 = 1/24) for the limited amount of oxygen present in the feed (1%). This is generally observed in metal- (Laveille et al., 2016) and oxide- (Michel et al., 2019) catalyzed CO PROX. Nevertheless, hydrogen has virtually no impact on low temperature CO oxidation rates over oxidized CuPc/graphite. Oxygen conversions appear similar as well, up to 180°C (Figure 8C), which means that the amount of oxygen converted in the oxidation of CO under hydrogen-free conditions (CO+O2) is similar to the total amount of oxygen used for oxidizing both CO and H2 under PROX conditions (CO+O2+H2). Hence only a minor amount of hydrogen is converted below 180°C, as shown by the high selectivity to CO2 which remains above 80% up to 180°C (Figure 8E) and up to 15% O2 conversion (Figure 8F). Hydrogen starts to be significantly converted above 180°C, as indicated by both the higher oxygen conversions observed from 180°C under PROX conditions (plain diamonds) as compared with the hydrogen-free conditions (open diamonds), and the decreasing selectivity to CO2 with both temperature (Figure 8E) and oxygen conversion levels (Figure 8F). In the absence of CO in the feed (H2+O2 feed, blue circles), oxygen conversions are similar to those obtained in the CO+O2 and the CO+O2+H2 conditions up to 180°C; they remain close to those observed in CO+O2+H2 conditions above 180°C. This suggests that the overall activity of oxidized CuPc/graphite is virtually independent of the reaction conditions. This highly loaded catalyst can independently convert CO (1%) and H2 (24%) at the same rate, but it preferentially oxidizes CO at lower temperatures under competitive conditions (PROX). This is in marked contrast with what is observed on the low loaded CuNit/graphite catalyst.



Performance of CuNit/graphite [50%/5 min/NaBH4]

While both catalysts exhibit similar CO oxidation rates in the absence of hydrogen (Figure 8B), the nitrate-derived catalyst is much less active toward CO oxidation under PROX conditions (Figure 8B, plain squares). Nevertheless, its overall activity is not modified by the presence of hydrogen, as oxygen is converted at the same rate under CO+O2 (Figure 8C, open squares) and CO+O2+H2 (Figure 8C, plain squares) conditions. Besides, O2 conversion rates are only 2 to 3 times lower than those observed over the Pc-derived catalyst (under kinetic regime, 100–180°C temperature range in Figure 8D). The main difference is the drastically lower selectivity to CO2, which does not exceed 10% on the low loaded catalyst regardless of temperature and conversion levels (Figures 8E,F). This can be correlated to the orders of magnitude higher O2 conversion rates observed under CO-free conditions over the low loaded catalyst (Figure 8D, plain red circles), which indicate that the low loaded composite is a very efficient hydrogen oxidation catalyst. Although its overall activity is significantly inhibited by the presence of CO, it retains its strong hydrogen oxidation character and thus preferentially oxidizes H2 under competitive conditions (PROX). Under these conditions, the catalytic properties of the nitrate-derived catalyst actually resemble those of bare graphite, in terms of both CO conversion (Figure 8A) and selectivity (Figure 8D) levels. The oxidizing properties of copper thus appear mute/silent, turned off by the presence of hydrogen. We speculate that this may be due to the particularly low amount of copper present on the catalyst (0.7 wt.%) with regard to the reducing properties of graphite and to the reactivity of the graphene surface toward H2/O2 mixtures.

The catalytic properties of the Pc-derived composite seem on the other hand essentially controlled by the CuO phase. Intrinsic activities for CO oxidation (0.12 mmolCO/gCuO/s at 200°C) are indeed similar to those previously reported over CuO/γ-Al2O3 under optimized pre-treatment conditions (0.091 mmolCO/gCuO/s) (Wan et al., 2008). The intrinsic activity of oxidized CuPc/graphite is however significantly higher than that of air calcined CuO/γ-Al2O3 (0.02 mmolCO/gCuO/s), highlighting the relevance of the sonication-induced decoration of graphite with copper phthalocyanine in the preparation of copper oxide oxidation catalysts.





CONCLUSIONS

The copper phthalocyanine metal complex was successfully deposited on unfunctionalized, hydrophobic, bulk graphite and used as precursor to a catalytically active CuO phase for CO oxidation, with no need for extensive exfoliation of graphite. Introduction of CuPc within the graphitic matrix is achieved by a liquid phase sonication procedure, using the DMF solvent as soft, temporary co-exfoliating agent. Immobilization of the complex onto graphene layers is evidenced in the solid state by loss of IR-active out-of-plane vibration modes of the Pc ligand. The strong hydrophobic π-π-based interaction leads to destabilization of the graphitic matrix under oxidative conditions, as shown by TGA. Destabilization of the graphitic matrix is directly related to both the strength of the interaction, as shown by comparison with the non-planar CuTPP complex, and the CuPc/graphite ratio. Controlled thermal oxidation of dried CuPc@graphite composites results in mild exfoliation of the graphitic structure. A limited, yet significant degree of exfoliation can indeed be obtained in the solid state at low Cu content (<1 wt.%), despite the low sonication power used, with composites resulting from extended sonication times. This brings indirect evidence that exfoliation is initially controlled by the diffusion of the complex within the graphitic matrix. Finally, a relatively highly loaded 9.7 wt.%CuO/graphite catalyst for CO oxidation and PROX may be obtained. It is more active than standard CuO/γ-Al2O3 catalysts, based on CuO mass-normalized reaction rates, highlighting the potential of this new method for the synthesis of oxidation catalysts.
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Recent and potential applications of electrochromic materials include smart windows, optoelectronic devices, and energy conversion. In this study, we have incorporated bis(terpyridine) iron (II) complexes into vertically-oriented silica thin films deposited on indium-tin oxide (ITO) and their electrochromic behavior has been investigated. If 2,2′:6′,2″-terpyridine is commonly used as a ligand for forming metallo-supramolecular assemblies, with the objective to get metal-terpyridine complexes with multiple stable redox states, their simple and reliable arrangement into linear structures enabling effective electronic communication is however more challenging. We propose to overcome this difficulty by generating such complexes within vertical nanochannels on electrode. Terpyridine ligands were firstly immobilized by combining a click chemistry azide/alkyne approach with an electrochemically-assisted self-assembly (EASA) method used to grow an oriented mesoporous silica membrane bearing azide groups which were further derivatized with 4′-ethynyl-terpyridine ligands. The resulting terpyridine-functionalized films were consecutively dipped in an aqueous solution of Fe(BF4)2 and then in a solution of terpyridine in acetonitrile to form the bis(terpyridine) iron (II) complexes in situ. The electrochromic properties of the films functionalized at various levels were examined by monitoring the changes in their UV/Vis spectra upon electrochemical oxidation at controlled potential of +1.2 V vs. Ag/AgCl. Due to facile charge delocalization during the Fe2+ to Fe3+ redox process, the bis(terpyridine) iron (II) functionalized silica films exhibited electrochromic properties by changing from violet to non-colored using TBABF4 in acetonitrile as an electrolyte. The bis(terpyridine) iron(II) film experienced reversible electrochromic switching by applying +0.5 V in a reverse reduction electrochemical process. The Fe(tpy)2-functionalized silica thin films displayed a good contrast ratio (ΔT%) of 47% and relatively high coloration efficiency (CE) of about 245 cm2/C with a response time of coloring and bleaching of a few seconds (< 4 s).

Keywords: electrochromism, mesoporous silica thin films, coordination complexes, electrochemistry, optical properties


INTRODUCTION

Electrochromic materials (ECMs) are known to undergo changes in electronic absorption bands in a reversible way because of interconversion between two or more redox states in response to externally applied potentials (Deb, 1969; Rosseinsky and Mortimer, 2001; Heuer et al., 2002; Dyer et al., 2007; Monk et al., 2007). A lot of interest has been devoted recently to electrochromic devices due to their low energy consumption as well as their memory effect (Platt, 1961; Mortimer, 1997; Grätzel, 2001; Ahn et al., 2003; Cho et al., 2005). Development of novel electrochromic materials exhibiting good durable stability, good optical contrast, coloration efficiency, and fast response time (color switching ability) at different potentials has experienced significant progress since they are useful since they are good candidates for potential applications such as information and optical storage, smart windows, and color displays (DeLongchamp and Hammond, 2001; Cutler et al., 2002; Peters and Branda, 2003; Argun et al., 2004; Wang et al., 2020). The most frequently investigated electrochromic molecules are conducting organic polymers (Groenendaal et al., 2003; Li et al., 2009; Liu et al., 2010; Amb et al., 2011) which can be eventually modified with side chain functions contributing to the enhancement of optical properties (Xiong et al., 2019) and metal oxides (Bach et al., 2002; Lee et al., 2006).

Iron (II) polypyridyl complexes are of great interest to build ECMs due to their chromophoric character due to the well-known dependence of their corresponding visible absorption bands on the oxidation state of the transition metal and exceptional stability (Han et al., 2008; Motiei et al., 2009; Dov et al., 2017; Bera et al., 2018). Previous reports have demonstrated the importance of structure in the electrochromic properties of such materials (Yoo et al., 2007; Chen et al., 2008; Higuchi et al., 2009; Wei et al., 2012; Hossain and Higuchi, 2013). In this sense, Zhong et al. have recently demonstrated that films based on oriented two-dimensional covalent organic frameworks displayed better electrochromic properties than amorphous films (Hao et al., 2019). Thus, getting ideal structures made of individual molecular wires ensuring fast electronic communication remains difficult and becomes extremely important in this context. Polychromism phenomenon induced by redox processes, and the fabrication of these materials in a convenient configuration and on different substrates are related challenges. In addition, molecular assemblies, in particular uniform thin films based on metallic complexes and their incorporation into electrochromic devices have not been extensively investigated (Higuchi, 2009; Zhong, 2013; Schott et al., 2014; Shankar et al., 2015; Banasz and Walesa-Chorab, 2019).

Mesostructured metallic materials have been obtained by chemical reduction of the metal-based precursors and the use of sacrificial templates (Jiang et al., 2018) mainly for catalytic purposes but also to generate thin films displaying interesting optoelectronic properties in which a silica template serves to preserve their optical properties (Malgras et al., 2018) and catalytic activity (Wu et al., 2006; Nandi et al., 2011). Thus, mesoporous silica thin films have potential applications in the fields of sensors, (Lee H. J., et al., 2012) catalysts, (Yu et al., 2002) optical (Frindell et al., 2002) and electrochemical applications. (Brezesinski et al., 2010) Their widely-open and regular porosity enlarges the active surface area and enhances diffusion processes through mesopores, which is interesting in particular in the case of electrochemical devices (Cheng et al., 2001; Etienne et al., 2013). In addition, the incorporation into such porous structures of guest components [e.g., dyes, (Wirnsberger et al., 2001) polymers, (Coakley and McGehee, 2003) inorganic materials, (Lee M. M., et al., 2012)] contributes to obtain new nanocomposites displaying the targeted properties. Mesoporous silica membranes with a high density of hexagonally-packed nanochannels aligned orthogonally to the underlying electrode support can be easily obtained by electrochemically-assisted self-assembly (EASA) (Walcarius et al., 2007; Vilà et al., 2014) and this method is compatible with the formation of organic-inorganic hybrid films bearing organo-functional groups covalently attached onto the internal surfaces of the silica nanochannels (Vilà et al., 2014, 2016a). When these groups are electroactive (such as ferrocene, for instance), they can be readily transformed from one redox state to another one, according to an electron transfer mechanism involving electron hopping between electroactive adjacent sites (Vilà and Walcarius, 2015) and long-range charge propagation can be maintained over the whole film thickness despite the isolating character of the silica matrix (Vilà et al., 2016b).

The fabrication of metallo-organic materials with remarkable electrochromic properties requires the deposition of uniform coatings on transparent electrodes. Among the strategies employed, the layer-by-layer techniques based on electrostatic interactions have been successfully employed by a number of groups (Li et al., 2019). In a first part of the paper we demonstrate that the versatility of the combination of EASA method and click chemistry can be extended to the introduction of polypyridyl metal-based transition complexes (M(tpy)2; M = Fe2+, Co2+) by using the ability of bi- or tridentate organic ligands toward coordinating transition metals. In this sense, the azide-functionalized silica thin films initially obtained by EASA are derivatized with terpyridine ligands by Huisgen cycloaddition reaction between the azide terminal groups inside the mesochannels and the 4′-(4-ethynylphenyl)-2,2′:6′,2′-terpyridine. The resulting terpyridine-functionalized films can be further derivatized taking advantage of the coordinating ability of these NNN-tridentate ligands toward transition metals. In a second part of the paper, exploiting the redox properties of Fe2+ ions coordinated to terpyridine ligands we explore the potential functionality of these metal-transition based complexes as electrochromic materials. Then we demonstrate that the electrochromic properties associated to the Fe(tpy)2 complexes are retained inside the mesochannels and strongly dependent on the functionalization degree of the films.



EXPERIMENTAL SECTION


Chemicals and Reagents

Tetraethoxysilane (TEOS, 98%, Alfa Aesar), (3-chloropropyl)triethoxysilane (95%, Sigma-Aldrich), ethanol (95-96%, Merck), NaNO3 (98%, Prolabo), HCl (37% Riedel de Haen), cetyltrimethylammonium bromide (CTAB, 99%, Acros), sodium azide (NaN3, 98% Sigma-Aldrich), tetrabutylammonium bromide (NBu4Br, 99%, Sigma-Aldrich), acetylpyridine, 4-ethynylbenzaldehyde have been used as received without further purification.



Synthesis of 3-Azidopropyltriethoxysilane, AzPTES

AzPTES was synthesized from reaction of (3-chloropropyl)triethoxysilane (Cl-PTES) and sodium azide (NaN3) (Vilà et al., 2014). Cl-PTES (2.0 g, 8.3 mmol) was added to a solution of NaN3 (1.08 g, 16.6 mmol) and NBu4Br (0.644 g, 2 mmol) in dry acetonitrile. The reaction mixture was stirred under reflux for 36 h. The mixture was cooled to room temperature and the solvent evaporated under reduced pressure. The crude remaining mixture was dissolved in cyclohexane and the suspension was filtered to remove the remaining solid. Solvent was evaporated under reduced pressure at 70°C to give AzPTES as a crude oil. Yield: 1.33 g, 65%. 1H NMR (400 MHz, CDCl3): δ 0.66 (t, 2H, J = 0.85 Hz), 1.21 (t, 9H, J = 6.88 Hz), 1.66–1.73 (m, 2H), 3.25 (t, 2H, J = 7.16 Hz), m.80 (q, 6H, J = 6.88 Hz).



Synthesis of 4′-(4-Ethynylphenyl)-2,2′:6′,2″-Terpyridine

The synthesis of 4′-(4-ethynylphenyl)-2,2′:6′,2″-terpyridine by following a procedure slightly modified from the literature (Winter et al., 2007). 2-acetylpyridine (3.63 g, 30 mmol) and 4-ethynylbenzaldehyde (1.95 g, 15 mmol) and NaOH (1.2 g, 30 mmol) were mixed and stirred for five min. Two hundred milli liter of ethanol and 100 mL of concentrated NH3 were subsequently added and the suspension was stirred at room temperature for three additional days. A yellow powder precipitates after these 3 days, which is filtrated and washed with water and ethanol. 1H NMR (400 MHz, CDCN3): 8.77 (d, J = 4.8 Hz, 2H), 8.72 (s, 2H), 8.69 (d, J = 9.0 Hz), 8.04 (t, 2H), 7.98 (d, J = 9.0 Hz, 2H), 7.70 (d, J = 9.0 Hz, 2H), 7.54 (m, 2H), 4.38 (s, 1H).



Preparation of Azide-Functionalized Vertically-Aligned Mesoporous Silica Thin Films

The vertically-oriented silica thin films containing various amounts of azide groups have been electrochemically generated on indium-tin oxide (ITO) electrodes according to the previously reported EASA procedure using TEOS and AzPTES as silane precursors (Vilà et al., 2014). A hydroalcoholic solution (10 mL H20/10 mL ethanol) containing 200 mM of the silica precursors (TEOS and AzPTES in the following ratios: 99:1, 97.5:2.5, 95:5, 92.5:7.5, 90:10, 87.5:12.5, 85: 15, 80:20, 75:25), 64 mM of CTAB as template and 0.1 M NaNO3 was prepared. The hydrolysis step was performed for 2.5 h upon adjusting the pH to 3 by adding 0.1 M HCl. The silica films were electrochemically generated by applying a cathodic potential of−1.3 V for 20 s [optimized values Goux et al. (2009)] to the ITO working electrode. The electrode surface was thoroughly rinsed with water and ethanol and aged overnight at 130°C. The extraction of the surfactant (CTAB) was performed by immersing the film electrode in an ethanol solution containing 0.1 M HCl for 20 min.



Preparation of the Terpyridine-Functionalized Silica Thin Films

Preparation of terpyridine-functionalized mesoporous silica thin films was achieved via Huisgen cycloaddition between 4′-(4-ethynylphenyl)-2,2′:6′,2″-terpyridine and azide-functionalized silica films. A mixture of copper acetate (3 mg) and ascorbic acid (6 mg) dissolved in an aqueous solution (4 mL) was added to a solution of 4′-(4-ethynylphenyl)-2,2′:6′,2″-terpyridine (6.4 mg) dissolved in dimethylformamide (8 mL). The azide-functionalized silica thin film was immersed in this solution at room temperature for 34 h in the dark. After this period, the electrode was rinsed carefully with water and DMF.



Derivatization of Terpyridine-Functionalized Silica Thin Films by Formation of the Coordination Complexes

Terpyridine-functionalized silica thin films were dipped in an aqueous solution containing [Fe(BF4)2] for 2 h. The Fe-tpy-functionalized films were subsequently dipped in a solution of acetonitrile containing 1 mM of terpyridine. The silica films turned immediately to violet confirming the formation of Fe(tpy)2 complexes inside the nanostructured membrane. The films were thoroughly rinsed with water and ethanol.



Preparation of the Gel Electrolyte and Fabrication of Electrochromic Devices

The gel electrolyte was prepared by mixing LiClO4 (0.225 g) with propylene carbonate (1.5 mL) and acetonitrile (5.3 mL) followed by the addition of poly(methylmethacrylate) (PMMA, 0.5 g) under stirring. The mixture was stirred at room temperature for 3 h. A transparent gel was obtained and was placed on an ITO substrate (which will be used as counter electrode later on) and dried for 24 h. Another Fe(tpy)2-functionalized silica thin film on ITO was used as working electrode. Both ITO substrates were sandwiched to fabricate the device and an alternative voltage from +1.5 to −0.5 V was applied to measure the electrochromic properties.



Apparatus
 
Electrochemical Measurements

Cyclic voltammetry (CV) and amperometry measurements were performed with a μ Autolab potentiostat. A one-compartment electrochemical cell with a classical three-electrode configuration was used for all the electrochemical measurements. An Ag/AgCl electrode was used as reference and the counter electrode was a platinum gauze of large surface area. The working electrode was an indium-tin oxide plate modified with the azide and/or terpyridine functionalized films. Cyclic voltammograms were recorded at 20 mV s−1 (unless specified otherwise, especially in the experiments concerning the effect of the scan rate on the electrochemical behavior) from 0.1 M TBABF4 in acetonitrile.



UV/Vis Spectroscopy

UV/Vis spectra were recorded on a Cary 60 spectrophotometer. The absorbance was measured by using the Cary WinUV-Scan software in a range of wavelengths between 350 and 700 nm. The transmittance measurements were performed using the Cary Win UV-Kinetics application. Blank measurements were used to compensate the background absorption and were recorded using bare ITO substrates.



X-Ray Photoelectron Spectroscopy

XPS measurements were carried out on ITO/glass substrate. The measurements were carried out with a Kratos AXIS ULTRA equipped with a monochromatic Al Kα X-Ray source (hν = 1486.6 eV) in an analytical chamber that was maintained at low pressure (10−9 mbar). All the binding energies were calibrated using the C 1 s binding energy peak centered at 284.5 eV as a reference. Curve-fitting of the XPS data has been done by using Gaussian-Lorentzian functions with CasaXPS sotware.





RESULTS AND DISCUSSION

Terpyridine is an easily functionalizable and attractive tridentate nitrogen-based chelating ligand that has a strong coordination ability with various first-row transition-metal ions under mild conditions and with high yields. It can coordinate with d6 transition metal ions (e.g. Fe2+) giving rise to the formation of octahedral structures. The 4′-(4-ethynylphenyl)-2,2′;6′,2″-terpyridine ligand has been used here to get terpyridine-functionalized mesoporous silica films by cycloaddition Huisgen reaction starting from azide-functionalized silica films containing various amounts of azide groups (as defined from the TEOS/AzPTES molar ratios (varying from 99:1 to 75:25) in the EASA synthesis medium (Figure 1A). The success and completion of the click reaction was monitored by infrared spectroscopy taking advantage of the disappearance of the asymmetric stretching absorption characteristic of the azide moieties located at 2095 cm−1 (Figure 1B). Furthermore, a new strong absorption band related to the aromatic C=C stretching vibrational mode characteristic of the presence of terpyridine ligands in addition to the triazole moieties is clearly visible at 1,648 cm−1 confirming the successful incorporation of the terpyridine moieties (Figure 1B). These terpyridine ligands covalently attached inside the mesochannels are able to form complexes with divalent transition metal ions (Fe2+ for instance) after dipping the terpyridine-functionalized silica films in an aqueous solution of 0.1 M Fe(BF4)2 for 2 h, providing they are close enough to each other. Bis-complexes can be subsequently formed by dipping the intermediate Fe(tpy)-based films in a solution of terpyridine ligands in acetonitrile that will complete the coordination sphere leading to the formation of Fe(tpy)2 complexes in such vertically-aligned mesoporous silica thin films, which can be evidenced by UV-Vis spectroscopy (Figure 1C). The XPS data confirm the presence of Fe(II) and N. The peak positions are observed at 708 and 721 eV for Fe2p and 400.1 eV for N1s orbitals, respectively (Supplementary Figure 1). The iron(II) bisterpyridine complex has a linear octahedral structure with a reversible electrochromic behavior that can be readily monitored by the intensity of the metal-to-ligand charge transfer (MLCT) absorption at 555 nm, which is modulated upon electrochemical oxidation/reduction processes of the Fe3+/Fe2+ redox couple (Figure 1C).


[image: Figure 1]
FIGURE 1. (A) Illustration of the fabrication process of the electrochromic molecular assemblies from azide-functionalized silica thin films. 1st step: preparation of the terpyridine-functionalized silica from azide-functionalized silica films via copper-catalyzed azide-alkyne cycloaddition reaction. 2nd step: Preparation of the Fe(tpy)2-functionalized silica thin films by coordination of the tridentate nitrogen-based ligands with Fe2+ and additional terpyridine ligands. (B) Click reaction monitored by infrared spectroscopy. (C) Fe(tpy)2 complex formation monitored by UV-Vis spectroscopy.



Characterization, Optical, and Electrochemical Properties of Fe(tpy)2 in Solution

Before starting with the spectroscopic and electrochemical characterization of the terpyridine-functionalized mesoporous films, the optical and electrochemical properties of [Fe(tpy)2(BF4)2] in solution have been investigated by UV/Vis spectroscopy and CV (Figure 2). The UV/Vis spectrum showed three absorption bands: a first one located at 320 nm due to π-π* transitions of the aromatic ligand, and two others at 372 and 565 nm which can be ascribed to d-π* and MLCT transitions, respectively (Figure 2A). These characteristic wavelength values are similar to those of other reported polypyridine-Fe2+ complexes (Wirnsberger et al., 2001). The electrochemical properties of the [Fe(tpy)2(BF4)2] in solution were examined in acetonitrile medium (with 0.1 M TBABF4 as electrolyte). Figure 2B shows the typical cyclic voltammogram of a [Fe(tpy)2(BF4)2] complex with a characteristic reversible redox signal centered at +0.95 V vs. Ag/AgCl assignable to the Fe3+/Fe2+ couple.


[image: Figure 2]
FIGURE 2. (A) UV-Vis absorption spectrum of a solution containing 0.5 × 10−5 M [Fe(tpy)2(BF4)2] in acetonitrile. (B) Cyclic voltammogram of 0.5 mM [Fe(tpy)2(BF4)2] in 0.1 M TBABF4 in acetonitrile at 50 mV s−1.




Effect of the Composition of the Starting Azide Functionalized Silica Films on the Optical Properties of the Resulting Fe(tpy)2-Based Mesoporous Silica Thin Films

The optical properties of the Fe(tpy)2-functionalized silica thin films can be mainly focused on the evolution of the intensity of the MLCT absorption band at 565 nm, which is responsible for the characteristic violet color of the membranes. Two important remarks have to be mentioned from preliminary observations made at the time of the preparation of the films:

(1) In the case of the films prepared from TEOS/AzPTES ratio of 90/10 in the starting sol no additional terpyridine ligand is needed in the last coordination step to observe the film turning to the typical violet color characteristic of the presence of Fe(tpy)2. This observation indicates that the distribution of terpyridine ligands inside the mesochannels for this particular composition (in terms of the distance between the adjacent ligands and thanks to the flexibility of the linking arm) is the ideal to favor the formation of Fe(tpy)2 units only by dipping the terpyridine-functionalized films in the FeBF4 solution according to the exchange process illustrated in Figure 3 (reaction A). However, Fe(tpy)2-functionalized films prepared from that composition displayed quite low stability most likely due to the intrinsic lability properties of polypyridyl ligands when coordinates to first row metal transition (Hogg and Wilkins, 1962; Constable et al., 2001; Goral et al., 2001). Stabilization of the films can be achieved by addition of external terpyridine ligands (i.e., all Fe2+ ions coordinated by two tpy ligands, as illustrated by reaction B in Figure 3).

(2) In the case of the films prepared from lowest TEOS/AzPTES ratios in the starting sol (i.e., azide-functionalized films with more than 20% of AzPTES in the starting sol), unexpectedly, we can observe with the naked eye that the Fe(tpy)2-functionalized films obtained are less colored compared to the ones with lower degree of functionalization. This is confirmed by a lower intensity of the MLCT absorption band at 565 nm. This is most likely due to a steric hindrance of the terpyridine ligands inside the mesochannels making more difficult the formation of the Fe(tpy)2 complex due to the limited space available.


[image: Figure 3]
FIGURE 3. (A) Schematic representation of the continuous ligand exchange processes occurring inside the mesochannels in the case of the TEOS/AzPTES 90/10 starting films most likely due to the lability of the polypyridyl ligands coordinated to Fe(II). (B) Stabilization of the optical properties of the silica Fe(tpy)2-functionalized silica films stabilized by the addition of external terpyridine ligands.


Figure 3A shows the evolution of the optical properties of mesoporous silica thin films bearing Fe(tpy)2 groups at various functionalization levels. Plotting of the absorption intensity of the MLCT at λ = 565 nm vs. the composition of the starting azide-functionalized silica films (insert Figure 4) corroborates a linear trend as a function of the TEOS/AzPTES ratio in the starting sol, except for the most charged film (75/25) as discussed above. This trend is consistent with the hypothesis of an effective complex formation over the whole film thickness, with amounts of complexes directly proportional to the terpyridine content in the material.


[image: Figure 4]
FIGURE 4. (A) Evolution of the spectra of the MLCT absorption band at 565 nm as a function of the % AzPTES in the starting film (insert: variation of the intensity of the absorption band at the maximum located at 565 nm). (B) Photographs of the Fe(tpy)2-functionalized silica thin films prepared from distinct TEOS/AzPTES ratios in the starting sol.




Electrochemical Properties of the Fe(tpy)2-Based Mesoporous Silica Thin Films: Effect of the Functionalization Degree and the Scan Rate

The electrochemical behavior of Fe(tpy)2-functionalized silica films deposited on ITO was studied by cyclic voltammetry in acetonitrile (+0.1 M TBABF4 as the electrolyte) in a three-electrode system. Experiments were first carried out at a single and low potential scan rate (10 mV s−1) on film electrodes containing various spatial densities of the Fe(tpy)2 complex inside the mesochannels (composition in terms of TEOS/AzPTES ratio in the starting sol varies from 99/1 to 75/25). As illustrated in Figure 5A, cyclic voltammograms show, in all cases, a reversible signal in the potential window between +0.7 and +1.3 V vs. Ag/AgCl, in good agreement with the electrochemical behavior of Fe(tpy)2 in solution (Figure 2B). The CV curves are clearly related to Fe(III)/Fe(II) redox couple, exhibiting redox processes centered at +0.95 V (with anodic-to-cathodic peak potential separation of 80 mV, yet extending up to 90 mV for the less functionalized films). The smaller separation in peak potentials for the more functionalized films suggests faster charge transfer kinetics [i.e., promoted self-exchange reaction when Fe(tpy)2 centers are closer to each other, as reported for other redox-active mesoporous films Vilà et al. (2015)]. Down to 2.5% AzPTES, the CV curves were still very well-defined, but at the lowest Fe(tpy)2 content (film prepared from 1% AzPTES) no signal can be noticed, which can be explained by a too long distance between the few Fe(tpy)2 moieties in the nanochannels for which no efficient electron hopping can occur (Li et al., 2012). Plotting peak currents vs. % AzPTES indicate a clear evolution related to the degree of functionalization (Figure 5B), resulting in an increase in current intensity for increasing amounts of Fe(tpy)2 units incorporated into the films. A charge of ca. 74 μC can be calculated from the integration of peak currents corresponding to the film prepared using 80/20 TEOS/AzPTES ratio, which corresponds to 6.2 × 10−10 mol Fe(tpy)2. This would correspond to 0.16 mmol g−1 of electroactive complexes in the film (calculation made on the basis of a film diameter of 8 mm, a thickness of 100 nm and the density of mesoporous silica estimated at 0.8 g cm−3 Edler et al., 1997. Such high concentration value suggests that huge amount of Fe(tpy)2 species in the film are electrochemically accessible despite the insulating character of the silica matrix, confirming the possible and effective long-range charge transfer by electron hopping through such grafted nanochannels (Vilà et al., 2016b). Electrochemical stability of the Fe(tpy)2-based silica thin films was investigated by multisweep cyclic voltammetry. Up to three hundred oxidation-reduction successive scans were performed between 0.5 and 1.3 V at 200 mV s−1 showing a loss of only 15% of the oxidation peak current.


[image: Figure 5]
FIGURE 5. (A) Cyclic voltammograms of Fe(tpy)2-based silica films prepared from various TEOS/AzPTES ratios (total concentration of silane (TEOS + AzPTES): 200 mM) at 10 mV s−1 in 0.1M TBABF4 in acetonitrile. (B) Corresponding variation of the anodic peak current as a function of the % AzPTES in the starting sol.


Additional information can be obtained from investigating the effect of potential scan rate on the CV response of the film electrodes containing distinct amounts of Fe(tpy)2 complexes (Figure 6A). In all cases, peak currents were directly proportional to the square root of potential scan rate (Figure 6B), indicating diffusion-controlled processes, at the exception of the lowest scan rates (<20 mV s−1) for which a contribution of thin-layer behavior can be expected (Vilà and Walcarius, 2015). Actually, the redox processes involve the electron transfer reaction itself (Fe(III)/Fe(II)) and charge balance by the electrolyte ions (i.e., ingress of anion, X−, to balance the excess of positive charge generated by the oxidation of Fe(tpy)2 in the film, Equation 1).

[image: image]

(with tpy = terpyridine; X− = anion; sol = solution)
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FIGURE 6. (A) Cyclic voltammograms of Fe(tpy)2-functionalized films prepared from various TEOS/AzPTES ratios (total concentration: 200 mM), as recorded at potential scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s−1, in an electrolyte solution containing 0.1 M TBABF4 in acetonitrile. (B) Dependence of the peak current on the scan rate (10–100 mV.s−1): Linear correlation between the peak current and the square root of scan rate. (C) Corresponding variations of peak potentials as a function of the logarithm of scan rate.


Accordingly, the rate determining step can be either the pseudo-diffusion of the electrons (in the hopping process), the mass transport of counter-anions through the film, or a combination of both. At low functionalization levels (e.g., below 20%), the more limiting factor should be the rate of electron self-exchange between adjacent redox sites because they are more distant from each other, as sustained by larger values of anodic-to-cathodic peak separation (ΔE), especially at high potential scan rates and lowest functionalization level (Figure 6C). At higher functionalization levels (e.g., 20% and above), the electron hopping is even faster but the nanochannels containing more Fe(tpy)2 species leave less available free space for counter-anion diffusion, which tends to become a rate limiting factor. Such effect of counter-anion is also seen through the unusual variation of peak potentials for the reverse reaction [i.e., reduction of [Fe(tpy)2]3+, see sample 80/20 in Figure 6C] for which easier reduction is observed at high scan rate thanks to faster ejection of X− from the film due to electrostatic repulsions (the silica walls are negatively charged at pH close to neutrality as experienced here in unbuffered medium), consistent with previous observations reported for ferrocene-functionalized silica thin films on electrode (Vilà and Walcarius, 2015). This sample thus appears as the most favorable one for use in experiments requiring shorter time scales (i.e., due to lower ΔE-values at higher scan rates), so that it will be used afterwards for electrochromic experiments.



Electrochromic Properties of the Fe(tpy)2-Functionalized Vertically-Aligned Silica Thin Films

As pointed out above, [Fe(tpy)2]2+/3+ is likely to undergo reversible one-electron redox reactions. The metal-to-ligand charge transfer (MLCT) in the fundamental state (Fe2+) of these coordination complex exhibits a high molar absorptivity coefficient (ε > 2.1 × 104 M cm−1). Oxidation of the metal center (Fe2+ → Fe3+), results in a significant decrease of the characteristic MLCT absorption band which becomes forbidden whereas a ligand-to-metal charge transfer (LMCT) grows at lower wavelength values. This is well known for the complex in solution (Hobara et al., 2007; Yoon et al., 2010) and the present work demonstrates it is also true for Fe(tpy)2 immobilized in the mesoporous film, via the decrease of the absorption band at 565 nm ascribed to the MLCT band of FeII(tpy)2 originating from the disappearance of the violet color at +1.2 V (Figure 7A).
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FIGURE 7. Electrochromic properties of Fe(tpy)2-based mesoporous silica thin film in a three-electrode system. (A) Transmittance spectra of the film at +0.5 V and +1.2 V. (B) Transmittance change at different potential pulses width of 20 and 10 s at 565 nm. Photographs of the Fe(tpy)2-functionalized silica films coated on an ITO/glass substrate in the reduced (violet) and the oxidized state (violet-shaded). (C) Current profile change at 565 nm of consecutive switching potential cycles of 10 s between +0.5 and +1.2 V at two different frequencies.


The electrochromic properties of the 20/80 Fe(tpy)2-based vertically-aligned mesoporous silica thin films on ITO electrode were investigated by spectroelectrochemistry in a three-electrode configuration cell by applying a double-potential step chronoamperometry (+0.5 and +1.2 V, see corresponding currents variation in Figure 7C) and in situ monitoring the change of transmittance over the time (Figure 7B). The spectroelectrochemical measurements shows a reversible change in transmittance upon oxidation-reduction of the Fe2+/3+ ions by applying a switching potential between +0.5 V and +1.2 V with time intervals of 20 or 10 s. The contrast ratio value defined as ΔT% of the films remains almost unchanged and close to 47% during the consecutive electrochemical cycles (up to 150 cycles were performed) suggesting robustness and good stability of the Fe(tpy)2-based silica thin films under applied potentials. When the potential applied increases from +0.5 to +1.2 V the color of the Fe(tpy)2-based silica film changed from violet to slightly violet-shaded or less intense violet (see pictures in middle bottom of Figure 6) with a simultaneous disappearance of the peak at 565 nm. The transmittance change (ΔT) at 565 nm in Fe(tpy)2-film was determined from the difference of the transmittances at +0.5 and +1.2 V (interval time: 10 s).



Potential Application in the Fabrication of Electrochromic Devices

Preliminary tests were made to fabricate solid-state electrochromic devices using the as-prepared 80/20 Fe(tpy)2-functionalized vertically-oriented mesoporous silica thin films. This was achieved by using two ITO-coated glass substrates: one ITO covered with a Fe(tpy)2-functionalized silica film and another bare ITO plate, which were subsequently assembled to sandwich a gel electrolyte to form the solid-state electrochromic device in a configuration “glass/ITO/Fe(tpy)2-silica//gel//ITO/glass.” Oxidation and reduction of the coordination iron-based complex in the films are accompanied by remarkable color changes. To analyze the color changes in detail, we have performed spectroelectrochemical studies. To this aim, transmittance changes were monitored while applying consecutively alternative potentials of +1.5 to−0.5 V between the two ITO electrodes. The Fe(tpy)2-based electrochromic device displayed reversible color change with 43% of optical contrast (see changes in transmittance measurements over the time in Figure 8A). The stability of the Fe(tpy)2-based electrochromic device, exhibiting a continuous and reversible violet-to-colorless transition as a function of the applied potential, is evidenced by a constant switching current flow for at least 50 cycles (see Supplementary Figure 2). Such good stability has also to be related to the film chemical stability in the organic medium where the experiments have been performed, contrary to what could happen in aqueous media [possible degradation of the silica structure Sayen and Walcarius (2005), El Mourabit et al. (2012)]. The response times for coloration and lightening were estimated to be 2.5 and 3.5 s respectively (defined as the time taken for the 95% change of the ΔT), these values correspond well to the chronoamperometric curves (Figure 8B). Even if the response times are slightly longer than expected (2.5 and 3.5 s for coloration and bleaching processes respectively, it should be highlighted that the preliminary results obtained on the performance of such electrochromic device are comparable to the ones described in the literature especially in terms of the optical contrast (Hu et al., 2014).
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FIGURE 8. (A) Variation of the % transmittance over the time of the electrochromic device with a pulse width of 10s. (B) Current profile through the device as a function of the time at applied potentials switching from +1.5 to −0.5 V.





CONCLUSION

We have developed a versatile assembly method based on the combination of EASA and the Huisgen cycloaddition reaction with further derivatization exploiting the ability of chelating ligands to coordinate transition metal to fabricate nanostructured thin films exhibiting electrochromic properties that can be readily modulated through the applied potential. Application of these M(tpy)2-functionalized mesoporous silica films can open up new routes toward the generation of uniform layers with optical properties that can be modulated by charge injection and allow to reach thickness values that can vary from 25 to 400 nm which are not readily available by other dip-coating techniques. Moreover, these film electrodes can be simply configured in solid-state sandwich-type electrochromic devices composed of the Fe(tpy)2-based mesoporous silica film as a working electrode, an ITO plate as a counter electrode and a gel as supporting electrolyte. The Fe(tpy)2-based silica film showed a relatively fast, reversible, stable and robust electrochromic response with contrast ratios and coloration efficiencies that are comparable to the ones reported recently by van der Boom and co-workers in the case of the fabrication of Fe(tpy)2-based nanoscale coatings obtained by application of spin-coating layers of metal polypyridyl complexes (Dov et al., 2017; Lahav and van der Boom, 2018).

In this sense, the preliminary results obtained here demonstrate the feasibility of the approach consisting in the elaboration of electrochromic thin films based on isolated M(tpy)2 units that could be used in near future to obtain more complex nanoarchitectures based on bis(terpyridine) complexes, for example by using hexadentate nitrogen-based bridging ligands allowing the connection between metal centers of different nature. This will allow, not only the stabilization of long and continuous molecular wires based on polypyridyl ligands that are not usually stable in solution and that will be stabilized in this case by effect of their confinement in the well-organized silica matrix, but also opening the door to tune the optical properties of these nanostructures with the possibility of electronic coupling between adjacent metal centers mediated by appropriate bridge. This could generate electrochromic devices operating in the near infrared, most likely due to intervalence charge transitions. On the other hand, the use of such vertically-oriented silica films can open the door to the obtention of electrochromic layers of up to 350 nm [thanks to possible multiple EASA deposits (Giordano et al., 2017)] which is still difficult to afford by layer-by-layer techniques usually employed for the preparation of electrochromic devices.
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The rare-earth nanocrystals containing Er3+ emitters offer very promising tools for imaging applications, as they can not only exhibit up-conversion luminescence but also down-conversion luminescence in the second near-infrared window (NIR II). Doping non-lanthanide cations into host matrix was demonstrated to be an effective measure for improving the luminescence efficiency of Er3+ ions, while still awaiting in-depth investigations on the effects of dopants especially those with high valence states on the optical properties of lanthanide nanocrystals. To address this issue, tetravalent Zr4+ doped hexagonal NaGdF4:Yb,Er nanocrystals were prepared, and the enhancement effects of the Zr4+ doping level on both up-conversion luminescence in the visible window and down-conversion luminescence in NIR II window were investigated, with steady-state and transient luminescence spectroscopies. The key role of the local crystal field distortions around Er3+ emitters was elucidated in combination with the results based on both of Zr4+ and its lower valence counterparts, e.g., Sc3+, Mg2+, Mn2+. Univalent ions such as Li+ was utilized to substitute Na+ ion rather than Gd3+, and the synergistic effects of Zr4+ and Li+ ions by co-doping them into NaGdF4:Yb,Er nanocrystals were investigated toward optimal enhancement. Upon optimization, the up-conversion emission of co-doped NaGdF4:Yb,Er nanocrystals was enhanced by more than one order of magnitude compared with undoped nanocrystals. The current studies thus demonstrate that the local crystal field surrounding emitters is an effective parameter for manipulating the luminescence of lanthanide emitters.

Keywords: non-lanthanide doping, up- and down-conversion luminescence, crystal field, valence state effects, rare-earth nanocrystals, lanthanide emitters


INTRODUCTION

Rare-earth (RE) nanocrystals are promising light-emitting materials as they are able to convert near infrared (NIR) photons into ultraviolet, visible, and NIR lights through either an up-conversion path or a down-conversion path (Chen et al., 2013; Dong et al., 2015). Compared with conventional down-conversion luminescent materials such as organic dyes and semiconductor quantum dots (Antaris et al., 2016; Chen B.K. et al., 2017; Stroyuk et al., 2018; Lu et al., 2020), rare-earth nanocrystals offer remarkable optical advantages, such as narrow “atomic-line” emission from the internal f-f transitions of lanthanide ions, large stokes or anti-stokes shifts, long luminescence lifetime, and high photochemical stability, and thus are potentially useful for diverse imaging applications (Zhou et al., 2012; Liu et al., 2014; Fan et al., 2018; Ai et al., 2019). Especially, emitting lanthanide Er3+ ions based rare-earth nanocrystals have aroused intense interests because Er3+ ions present a longer down-conversion emission wavelength at 1,525 nm in the second NIR window (NIR II, 1,000–1,700 nm), which enables a virtual zero auto-fluorescence interference of tissues in bio-imaging, apart from the up-conversion emission at 541 nm and 656 nm in the visible and NIR I region (NIR I, 650–950 nm), respectively (Shen et al., 2013; Xu et al., 2019). However, due to the low absorption cross-section (~10−20 cm2) of lanthanide ions caused by the parity-forbidden transition of 4f electrons (Tu et al., 2015), and non-radiative relaxation between multi-energy levels, their up- and down-conversion luminescence efficiencies are generally low, which obviously hinders their applications. In principle, Yb3+ ions are suitable for sensitizing the up-conversion luminescence of Er3+ ions, benefiting from the large absorption cross-section of Yb3+ ions. Increasing the concentration of sensitizer or emitter have been adopted to improve the luminescence upon 980 nm excitation (Chen Q.S. et al., 2017; Ma et al., 2017), but overincreasing the concentration of Yb3+ is unfavorable owing to the participation of Yb3+ ions on the particle surface in dissipating the absorbed energy (Johnson et al., 2017).

Apart from sensitizing ion doping, significant progresses have also been made for improving the up-conversion luminescence of Er3+ ions in rare-earth nanocrystals through surface passivation by forming core-shell structures (Yi and Chow, 2007; Fan et al., 2019), surface plasmon coupling by conjugating to noble metal particles (Sun et al., 2014; Clarke et al., 2018), and host-lattice manipulation by non-lanthanide (Ln) ions doping (Dong et al., 2013). The epitaxial growth of a shell on preformed emitting core, e.g., growing NaGdF4 shell on NaGdF4:Yb,Er core (Vetrone et al., 2009; Li et al., 2013), can suppress the energy transfer from the emitting core to surrounding environment, thus favorable for boosting the luminescence efficiency, apart from giving rise to stable and controllable core/shell structures (Wang et al., 2010). However, this approach will require at least two successive steps of preparations (He et al., 2017). Modifying rare-earth nanocrystals with plasmonic noble metal can efficiently improve the luminescence by changing the surface electronic field, but also leads to relatively large and less stable structures that may be disassociated under certain conditions. Different from these two approaches, doping non-Ln ions to enhance the luminescence through modulating the local chemical environment of the emitting centers doesn't necessarily increase the particle size apart from forming more stable structures (Huang et al., 2019). Because of the interplay between the 4f electrons of Er3+ and the crystal field of the host doped with non-Ln ions, the probability of radiative transitions within Er3+ can hopefully be enhanced by relaxing the selection rules (Fischer et al., 2019). For example, metal ions such as Li+, Ca2+, Mn2+, and Fe3+, were adopted as non-Ln dopants to enhance the up-conversion luminescence (Cheng et al., 2012; Zeng et al., 2014; Tang et al., 2020b; Verma et al., 2020). Doping of Li+ ions was demonstrated to increase the up-conversion luminescence of Y2O3:Yb,Er nanocrystals by factors of 8-25 (Chen et al., 2008). Doping of alkaline-earth ions such as Ca2+ was also found to improve the uniformity of the resulting NaGdF4:Yb,Er nanocrystals, apart from enhancing the up-conversion luminescence (Lei et al., 2013). Doping Fe3+ into a NaYF4:Yb,Er nanocrystals selectively enhanced the red up-conversion luminescence of Er3+ ions by 7 times (Tang et al., 2015). Nevertheless, doping of 3d transition metal ions such as Mn2+ or Fe3+ into host will introduce new energy levels associated with partially filled 3d orbitals of the dopant, particularly when the doping level is high enough. In consequence, additional electronic transition pathways may be created to alter the up-conversion emission position or decrease the up-conversion luminescence intensity. However, the effect of dopant ions on the down-conversion luminescence of Er3+ remains rarely addressed. Besides, the dopants are mainly chosen from low valence state ions. Therefore, it is fundamentally interesting to study the high valence dopants particularly those free of d-d transitions for improving the up- and down-conversion luminescence of Er3+ based RE luminescent nanocrystals. But there is a clear lack of a systematic study in this respect.

Following our previous investigations on the synthesis and optical properties of RE nanocrystals (Liu et al., 2013; Huang et al., 2015; Li et al., 2019), herein we report hexagonal NaGdF4:Yb,Er nanocrystals doped with tetravalent Zr4+ ions that possess d0 configuration, and studied the Zr4+ doping level-dependent luminescence properties of Er3+ through both steady-state and transient luminescence spectroscopies. The resulting Zr4+-doped NaGdF4:Yb,Er nanocrystals exhibited enhanced emissions for both up-conversion luminescence and down-conversion emission peaking at 1,525 nm. The role of Zr4+ dopants in altering the local crystal field of the emitters was discussed in combination with Judd-Ofelt theory. To disclose the underlying mechanisms, the effects of the valence state of the dopant ions on the luminescence properties were investigated by doping NaGdF4:Yb,Er nanocrystals with Sc3+, Mg2+, Mn2+, respectively, for comparing with the Zr4+-doped counterpart. Different from above dopants, univalent ion such as Li+ was doped into NaGdF4:Yb,Er nanocrystals by substituting Na+ rather than Gd3+, and the synergistic effects of Zr4+ and Li+ ions by co-doping them into NaGdF4:Yb,Er nanocrystals were investigated toward optimal enhancement.



RESULTS AND DISCUSSION


Synthesis of Zr4+-Doped NaGdF4:Yb,Er Nanocrystals

Zr4+-doped NaGdF4:Yb,Er nanocrystals were synthesized via a high temperature approach using oleic acid (OA) as the particle surface capping ligand. As displayed in Figure 1a, the as-prepared NaGdF4:Yb,Er nanocrystals are quasi-spherical. After doped with Zr4+ ions, as shown in Figures 1b–e, the nanocrystals slightly increase in particle size from 9.7 ± 1.1 nm to 13.3 ± 0.7 nm, depending on the initial feeding molar ratio of Zr4+ to the total cations. Meanwhile, the relative standard deviation (RSD) of the particle size was reduced from 11.3 to 5.3%. Further ICP-AES results demonstrated that the Zr4+ ions were successfully doped into the NaGdF4:Yb,Er nanocrystals and the actual doping level of Zr4+ in the final particles goes linearly from 2.4 to 9.9% against the initial feeding molar ratio of Zr4+ from 3.0 to 15.0%, as shown in Figure 1f.
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FIGURE 1. (a–e) Typical TEM images of NaGdF4:Yb,Er nanocrystals doped with different feeding ratios of Zr4+ ions, i.e., (a) 0, (b) 3.0%, (c) 5.0%, (d) 10.0%, and (e) 15.0%, together with their corresponding size distributions, respectively. (f) The actual doping levels of Zr4+ in the final nanocrystals. (g) The XRD patterns of NaGdF4:Yb,Er nanocrystals before and after Zr4+ doping. The vertical line pattern in the bottom frame is the standard XRD data for hexagonal NaGdF4 according to JCPDS card.


It's worth noting that the size of the doped nanocrystals is positively correlated with the doping level of Zr4+ ions. In the current reaction system, OA acts as a coordinating solvent. It forms metal oleate with the metal precursors prior to the formation of the target nanocrystals. In this context, OA is expected to show higher binding affinity to Zr4+ ion than to Gd3+ ion due to the smaller radius and higher valence of Zr4+. The energy barrier for decomposing Zr oleate is expected to be higher than that for Gd oleate, which can find supports from the difference in the bond dissociation energies, i.e., 766.1 kJ/mol for Zr-O and 715 kJ/mol for Gd-O. Consequently, the supersaturation level as well as the number of nuclei is decreased in the reaction system as a function of Zr4+ precursor concentration, which explains the dependency of particle size on the Zr4+ feeding ratio (Buonsanti and Milliron, 2013).

The crystal structure of all aforementioned samples was analyzed by powder XRD. As shown in Figure 1g, both undoped and Zr4+-doped NaGdF4:Yb,Er nanocrystals display a hexagonal phase structure. Although the doped samples exhibit similar diffraction patterns, the diffraction peak of (201) crystal plane gradually shifts to higher angles along with the increase of Zr4+ dopant concentration, indicating an effective incorporation of Zr4+ ions into the host lattice. It can then be deduced that the Zr4+ ions substitute Gd3+ ions rather than staying at the interstitial sites, because substituting the Gd3+ cations with smaller Zr4+ ions will cause the host lattice to shrink according to Bragg's Law (2dsinθ = nλ), while occupying the interstitial sites will cause the host lattice to expand. According to the ICP-AES results given in Table S1 in supplementary material the concentration of Gd3+ in the nanocrystals was decreased with the increase of Zr4+ doping level, which strongly supports the above structural analysis. While the gradually narrowed full width at half maximum (FWHM) of the main diffraction peaks, as shown in Figure S1, suggested that Zr4+ doping didn't decrease the crystalline degree, which is the most important prerequisite for improving the luminescence properties of the doped nanocrystals through the manipulation of the crystal field around the emitting ions.



Up- and Down-Conversion Luminescence of Zr4+-Doped NaGdF4:Yb,Er Nanocrystals

As demonstrated by the results given in Figure 1 that the particle size and size distribution are dependent on the doping level of Zr4+, it is interesting to learn the dependency of optical properties of the resulting nanocrystals on the doping level of Zr4+ as well. In the absence of Zr4+ dopant, the NaGdF4:Yb,Er nanocrystals exhibit multiple emissions upon 980 nm excitation e.g., up-conversion emissions peaking at 541 and 656 nm, down-conversion emission peaking at 1,525 nm, respectively, as shown in Figure 2a. In the presence of Zr4+ dopants, the luminescence intensity of the up-conversion emission at 541 nm is dramatically increased against the Zr4+ content and gets enhanced by a factor of 6.7 when the Zr4+ content reaches 7.1%, and then becomes decreased upon further increase of the Zr4+ content. Meanwhile, the luminescence intensity of the down-conversion emission presents a similar tendency and gets enhanced by a factor of 1.8 when the Zr4+ content is around 7.1%.
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FIGURE 2. (a) Up- and down-conversion luminescence spectra of Zr4+-doped NaGdF4:Yb,Er nanocrystals at varying doping ratios of Zr4+ ions under 980 nm laser excitation and the up- and down-conversion emission intensities as a function of Zr4+ doping level, respectively. (b) Simplified energy level diagrams depicting the energy transfer between Yb3+ and Er3+ ions. (c,d) Transient emissions observed at 541, 656, and 1,525 nm of NaGdF4:Yb,Er nanocrystals at varying doping ratios of Zr4+ ions.


To rule out the possible size effects on the optical properties, the undoped NaGdF4:Yb,Er nanocrystals of 13.2 nm were prepared, as shown in Figure S2a, for comparing with the Zr4+-doped NaGdF4:Yb,Er with Zr4+ level of 9.9%. The enhancement factors for up-conversion emission at 541 nm and down-conversion emission at 1,525 nm were determined to be 1.2 and 1.1, respectively, as shown in Figure S2b, remarkably smaller than that obtained upon Zr4+ doping. Therefore, it is reasonable to deduce that the enhancement effects on both up- and down-conversion luminescence may come from the alternation of crystal field symmetry surrounding Er3+ ions, induced by the Zr4+ dopants. Regarding the difference in the enhancement effects of Zr4+ ions on up- and down-conversion emissions, it can reasonably be attributed to the difference between the transitions involved in these two types emissions, as shown in Figure 2b. The up-conversion luminescence of Er3+ is a multiphoton process and requires the participation of multiple energy levels, while the down-conversion emission of Er3+ involves less energy levels. Therefore, it can be expected that the up-conversion luminescence is more readily disturbed by the crystal field.

To provide more evidence on the variation of the crystal field induced by Zr4+ ions, time-resolved luminescence measurements were carried out to determine the variations in the lifetimes of up- and down-conversion luminescence upon Zr4+ doping. The luminescence decay curves measured at different emission positions, i.e., 541 nm (4S3/2-4I15/2), 656 nm (4F9/2-4I15/2), and 1,525 nm (4I13/2-4I15/2) of the Zr4+-doped NaGdF4:Yb,Er nanocrystals with different Zr4+ doping levels are shown in Figures 2c,d. All decay curves were well-fitted with a two-exponential function and the detailed fitting results are given in Table S2. In brief, Zr4+ doping increased the average lifetime of 541 nm emission from 82.1 μs for the undoped ones to 114.1 μs for doped ones with Zr4+ content of 7.1%, while the average lifetime of 1,525 nm emission was prolonged from 855.0 μs to 1247.2 μs accordingly. The measured lifetime of the excited states of Er3+ is the reciprocal of the total transition rate including radiative and non-radiative transition rates. The non-radiative transition rate of Er3+ can be affected by the phonon energy of NaGdF4 lattice, the energy transfer process from adsorbed photoenergy to surroundings, the cross-relaxation between energy levels, and so forth. While the radiative transition part strongly depends on the crystal structure and the symmetry of local crystal field of the emitters owing to a decrease of the forbidden nature of the transition in asymmetric sites (Boyer et al., 2004; Tu et al., 2013). In general, the lifetime of the intermediate states of activator experiences a prolongation with the distortion of its local asymmetry (Kar and Patra, 2012; Dong et al., 2015). Therefore, the prolongation of the lifetimes of both up- and down-conversion luminescence suggests that long-lived intermediate excited states 4I11/2 and the population of 4S3/2 and 4I13/2 (Er3+) become more favorable upon the introduction of Zr4+ dopants, which as a result increases the f-f transition probability of Er3+ to induce efficient up- and down-conversion luminescence.

Trivalent lanthanide ions generally suffer from low luminescence efficiency as the electric-dipole transition within the 4f electrons is forbidden by Laporte rule. The non-Ln ions doping may disturb the local crystal field of the emitters and thus change the transition probability (Chen et al., 2014; Han et al., 2014). In order to further understand the underlying mechanism of the Zr4+ dopants governing the luminescence, the electric-dipole transition theory was discussed below.

The f-f transition intensity can be estimated from Judd-Ofelt theory as given by Equations (1) and (2) (Werts et al., 2002; Du et al., 2018),
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where A is the spontaneous emission probability of transition from the initial J manifold |[S, L]J〉 to final J′ manifold |[S′, L′]J′〉 and e, h, n, and λ refer to the elementary charge, Plank constant, refraction index, and average wavelength of the transition, respectively. 2J+1 is the degeneracy of the initial state, and Sed and Smd are the electric dipole and magnetic dipole line strengths, respectively. The electric dipole transition strength Sed is very sensitive to the chemical surrounding of the lanthanide emitting ions, whereas the magnetic dipole transition strength Smd is not. In Equation (2), Sed can be calculated by three transition intensity parameters Ωt (t = 2, 4, 6). Ω2 is the spectral intensity parameter of electric-dipole transition for 4fn electron configuration, strongly depending on the crystal field environment and reflecting that the asymmetry of the crystal field surrounding lanthanide emitting ions (Zhang et al., 2018). In principle, the enhanced lattice distortion leads to lower local crystal field symmetry, thereby giving rise to larger value of Ω2 (Walsh et al., 1998; Liu et al., 2008). With relatively smaller cationic radius and higher valence state of Zr4+ compared with those of Gd3+, the bond length of Zr-F (1.90 Å) is shorter than that of Gd-F (1.99 Å), whilst the bond energy of Zr-F (627.2 kJ/mol) is higher than that of Gd-F (590 kJ/mol), indicating that Zr4+ ions have stronger electron cloud distortion ability than Gd3+ ions. This can be further evidenced by a stronger electronic polarizability of Zr4+ (3.56 × 10−24 cm3) than that of Gd3+ (3.39 × 10−24 cm3) (Shannon and Fischer, 2016). Therefore, the distortion of electron clouds of Er3+ ions becomes favorable upon substitution of Gd3+ with Zr4+ dopants, which is intensified against the Zr4+ doping level. The decreased local crystal field symmetry is expected to give rise to a higher Ω2, which consequently encourages the electronic coupling between 4f energy levels and increases the probability of the intra f-f transition, leading to more effective enhancement in up-conversion emission.



NaGdF4:Yb,Er Nanocrytals Doped With Cations of Various Valance States

To further show the effects of the valence state of cationic dopants on the emission of Er3+ ions via the modulation of the local crystal field, non-Ln cations with various valance states, e.g., Sc3+, Mg2+, Mn2+, were also chosen to dope the NaGdF4:Yb,Er nanocrystals by feeding molar ratio of 10%, according to that optimized for Zr4+.

Although Sc3+ ion has the same valence as Gd3+ ion, it was selected to dope NaGdF4:Yb,Er by substituting Gd3+ ion. As it possesses no electron in d orbital, the substitution won't introduce new energetic levels into the nanocrystals. As shown in Figure 3a, the particle size of the resulting Sc3+-doped nanocrystals is 12.6 ± 0.8 nm. The XRD pattern shown in Figure 3b reveals the nanocrystals are in hexagonal phase. According to the luminescence spectra given in Figure 3c, Sc3+ doping only slightly increases the up-conversion luminescence by a factor of 1.8 and shows almost no impact on the down-conversion luminescence. As shown in Figures 3d,e and Table S3, Sc3+ doping gives rise to a slight increase in the average lifetimes of 541 nm and 656 nm emissions, i.e., from 82.1 μs to 85.9 μs and from 98.7 μs to 118.1 μs, respectively. The average lifetime of down-conversion emission at 1,525 nm was increased from 855.0 μs to 1035.9 μs, but still lower than that for Zr4+-doped counterparts. This can be understood by the fact that Sc3+ has very similar properties to Gd3+ as seen by very comparable binding energies between Sc-F (599 kJ/mol) and Gd-F (590 kJ/mol) bonds, thus it won't introduce strong distortion effects on the crystal field surrounding Er3+ as Zr4+ does.
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FIGURE 3. (a) TEM image and (b) corresponding XRD pattern of Sc3+-doped NaGdF4:Yb,Er nanocrystals. (c) The up- and down-conversion luminescence spectra and intensities at 541, 656, and 1,525 nm of Sc3+-doped NaGdF4:Yb,Er nanocrystals under 980 nm laser excitation. (d,e) Transient emissions observed at 541, 656, and 1,525 nm of Sc3+-doped NaGdF4:Yb,Er nanocrystal.


Both Mg2+ and Mn2+ were selected to dope NaGdF4:Yb,Er nanocrystals, because the former is free of d orbital electrons contrasting to the latter that has d5 electron configuration. Therefore, it is expected to show the impacts of electronic configuration of the dopants on the optical properties of the resulting nanocrystals. As shown in Figures 4a,b, the particle sizes of the resulting Mg2+-doped and Mn2+-doped nanocrystals are of 12.4 ± 1.0 nm and 7.2 ± 1.0 nm, respectively. The XRD results shown in Figure 4c reveal that Mg2+-doped nanocrystals display a hexagonal phase structure, while Mn2+-doped nanocrystals exhibit a distinct cubic phase structure. The results in Figure 4d further reveal that Mg2+ doping slightly decreases the emission at 541 nm and the emission at 1,525 nm, while the emission intensity at 656 nm remains nearly unchanged. This can be explained by the fact that Mg2+ ions have much weaker electron cloud distortion ability than Gd3+ due to low electric polarizability (0.6 × 10−24 cm3), and thereby Mg2+-doped nanocrystals display even weakened luminescence in comparison with the undoped NaGdF4:Yb,Er nanocrystals. As shown in Figures 4e,f and Table S3, Mg2+ dopants give rise to a slightly increased average lifetimes for 541 nm and 656 nm emissions, i.e., from 82.1 μs to 87.4 μs and 98.7 μs to 115.4 μs in comparison with the undoped one. The average lifetime of down-conversion emission at 1,525 nm was increased from 855.0 μs to 962.8 μs, even shorter than that of Sc3+-doped nanocrystals let alone the lifetime of Zr4+-doped ones. Therefore, it can be concluded that Mg2+ ions can hardly distort the crystal filed surrounding Er3+ ions. Moreover, the substitution of Ln3+ ions with bivalent Mg2+ ions in the NaGdF4:Yb,Er nanocrystals will generate F− vacancies to balance the charge of the whole nanocrystal, which is even deleterious to the luminescence as the increase of the concentration of defects around the emitters (Tang et al., 2020a).
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FIGURE 4. TEM images of NaGdF4:Yb,Er nanocrystals doped with (a) Mg2+ and (b) Mn2+. (c) Corresponding XRD patterns of NaGdF4:Yb,Er nanocrystals doped with Mg2+ and Mn2+. The vertical line pattern in the bottom frame is the standard XRD data for hexagonal (red line) and cubic (black line) NaGdF4 according to JCPDS card. (d) The up- and down-conversion luminescence spectra and intensities at 541, 656, and 1,525 nm of NaGdF4:Yb,Er nanocrystals doped with Mg2+ and Mn2+ under 980 nm laser excitation. (e,f) Transient emissions observed at 541, 656, and 1,525 nm of Mg2+-doped NaGdF4:Yb,Er nanocrystal.


When it comes to Mn2+ dopants, the intensity of 541 nm emission is dramatically decreased by a factor of 7.5, while the intensity of 656 nm emission is increased by a factor of 2.1, in comparison with those recorded from undoped counterparts. Consequently, the ratio of red emission to green emission is dramatically increased as shown in Figure 4d, arising from the involvement of d electron-associated energy levels of Mn2+ ions. It has been reported that using KMnF3 as matrix, a single-band red emission was obtained upon Mn-doping (Wang et al., 2011). Although the intensity of 1,525 nm emission is nearly unchanged in comparison with that of undoped nanocrystals, the down-conversion emission profile of Er3+ ions is also varied upon Mn2+ doping.



NaGdF4:Yb,Er Nanocrystals Doped With Univalent Ions

Different from the above-mentioned mechanism for enhancing the luminescence of Er3+ emitters through the distortion of local crystal field, univalent ions such as Li+ and K+ were also used to dope NaGdF4:Yb,Er nanocrystals by substituting Na+ rather than Gd3+. The TEM results shown in Figures 5a,b reveal that the average size of Li+-doped nanocrystals is of 14.3 ± 1.2 nm, while that of K+-doped nanocrystals becomes greatly decreased to 6.8 ± 1.0 nm. The XRD results in Figure 5c reveal that Li+-doped nanocrystals are in hexagonal phase, but K+-doped nanocrystals are in cubic phase. As the diffraction peak of (201) crystal plane of Li+-doped NaGdF4:Yb,Er shifts higher angles, it can be deduced that Li+ ions take the positions of Na+ ions rather than occupy the interstitial sites. According to luminescence spectra of the Li+- and K+-doped NaGdF4:Yb,Er nanocrystals shown in Figure 5d, Li+ doping increases the intensities of 541 nm emission and 1,525 nm emission by factors of 6.8 and 2.5, respectively. In huge contrast, the up- and down-conversion luminescence of K+-doped nanocrystals are dramatically decreased, due to the remarkably decreased particle size and higher crystal field symmetry of cubic phase. As shown in Figures 5e,f and Table S4, Li+ doping significantly prolongs the average lifetimes of emissions at 541 and 656 nm, i.e., from 82.1 μs to 107.5 μs, and from 98.7 μs to 151.1 μs, respectively. Meanwhile, Li+ doping also profoundly prolongs the average lifetime of the emission at 1,525 nm, i.e., from 855.0 μs to 1297.5 μs, which is comparable with 1247.2 μs for Zr4+-doped ones. In fact, owing to the much smaller radius of Li+ (0.76 Å) than that of Na+ (1.02 Å), the substitution of Na+ with Li+ in NaGdF4 nanocrystals can thus effectively modulate the crystal field, which is also supported by the higher binding energy of Li-F bond (577 kJ/mol) than that of Na-F bond (477 kJ/mol). Therefore, doping Li+ into NaGdF4:Yb,Er is favorable for enhancing both up- and down-conversion luminescence, similar to Zr4+ dopants.


[image: Figure 5]
FIGURE 5. TEM images of NaGdF4:Yb,Er nanocrystals doped with (a) Li+ and (b) K+. (c) Corresponding XRD patterns of NaGdF4:Yb,Er nanocrystals doped with Li+ and K+. (d) The up- and down-conversion luminescence spectra and intensities at 541, 656, and 1,525 nm of NaGdF4:Yb,Er nanocrystals doped with Li+ and K+ under 980 nm laser excitation, respectively. (e,f) Transient emissions observed at 541, 656, and 1,525 nm of Li+-doped NaGdF4:Yb,Er nanocrystal.




The Synergistic Crystal Field Modulation via Co-doping of Zr4+ and Li+

Considering Zr4+ and Li+ ions occupy the different lattice sites, it's therefore very interesting to synergistically combine the effects of both Zr4+ and Li+ ions for further improving the optical properties of the NaGdF4:Yb,Er nanocrystals. The co-doped nanocrystals were then prepared. The TEM image and selected area electron diffraction pattern of the resulting nanocrystals shown in Figure 6a reveal that the average size is 15.8 ± 1.2 nm and the nanocrystals are in hexagonal phase. As shown in Figure 6b, upon co-doping of Zr4+ and Li+ ions, the luminescence intensity of up-conversion emission at 541 nm is enhanced by factors of 15.0, 2.2, and 2.2, if compared with those recorded from undoped, Li+-doped, and Zr4+-doped nanocrystals, respectively, while the down-conversion emission intensity of co-doped samples is enhanced by factors of 2.7, 1.1, and 1.5, respectively. As shown in Figures 6c,d and Table S5, the transient optical behaviors of the co-doped nanocrystals also confirm the synergistic effects of Zr4+ and Li+, evidenced by the prolonged average decay lifetimes for different emissions. For example, the decay lifetime of 541 nm emission is of 123.3 μs, higher than 82.1 μs for the undoped, 107.5 μs for Li+-doped, and 114.1 μs for Zr4+-doped ones.


[image: Figure 6]
FIGURE 6. (a) TEM image and selected area electron diffraction pattern of NaGdF4:Yb,Er nanocrystals co-doped with Li+ and Zr4+. (b) The emission intensities at 541, 656, and 1,525 nm of NaGdF4:Yb,Er nanocrystals co-doped with Li+ and Zr4+ under 980 nm laser excitation. (c,d) Transient emissions observed at 541, 656, and 1,525 nm of NaGdF4:Yb,Er nanocrystals co-doped with Li+ and Zr4+ under 980 nm laser excitation.





CONCLUSION

In summary, tetravalent Zr4+-doped NaGdF4:Yb,Er nanocrystals were prepared. The steady-state and transient luminescence spectroscopies studies demonstrated that the Zr4+ dopants could simultaneously enhance both up- and down-conversion luminescence of Er3+ ions. Combining the experimental results with Judd-Ofelt theoretical analysis, it was revealed that Zr4+ dopants take effects by varying the crystal field surrounding Er3+ emitters. Compared with host Gd3+ ion, Zr4+ ion exhibits increased electron cloud distortion ability due to its stronger electric polarizability and higher bond energy with F−, which accounts for the increased distortion of crystal field surrounding Er3+, thus efficiently enhancing both up- and down- conversion luminescence. In addition, the effects of non-Ln dopants (Sc3+, Mg2+, Mn2+) on the up- and down-conversion emission were also investigated, and no stronger effects than Zr4+ ion were observed. Apart from the substituting Gd3+ ion, strong luminescence enhancement effects were also found when Li+ ion was used to substitute Na+ via similar mechanism, which offers an opportunity to show the synergistic effects of Zr4+ and Li+ ions by co-doping the NaGdF4:Yb,Er nanocrystals with them. Upon optimization, the up-conversion emissions were enhanced by more than one order of magnitude compared with undoped nanocrystals. The current studies thus demonstrate that the local crystal field surrounding emitters is an effective parameter for manipulating the up- and down-conversion luminescence of lanthanide emitters.



MATERIALS AND METHODS


Materials

GdCl3·6H2O (450855), YbCl3·6H2O (337927), ErCl3·6H2O (259256), ScCl3·6H2O (451274), oleic acid (OA, 364525), 1-octadecene (ODE, O806), oleylamine (OM, O7805), ammonium fluoride (NH4F, 216011) and potassium fluoride (KF, 402931) were all purchased from Sigma-Aldrich. LiOH·H2O (80074718), MgCl2·6H2O (10012817) and Mn(ac)2·4H2O (A22100702) were purchased from Sinopharm Chemical Reagent Beijing, Co., Ltd. Zr(acac)4 (Z107220) was purchased from Aladdin Chemistry Co., Ltd. Other analytical grade chemicals, such as cyclohexane, ethanol and sodium hydroxide, were purchased from Sinopharm Chemical Reagent Beijing, Co., Ltd.



Synthesis of NaGdF4:Yb,Er Nanocrystals

The NaGdF4:Yb,Er nanocrystals were synthesized through the coprecipitation reaction at high temperature according to our previous works with slight modification (Liu et al., 2016). Typically, GdCl3·6H2O (0.48 mmol), YbCl3·6H2O (0.108 mmol), and ErCl3·6H2O (0.012 mmol) were mixed with 4 mL of OA as the coordinating ligand and 16 mL of ODE as the non-coordinating solvent in a 100 mL 3-necked flask. The mixture was heated to 150°C under a vacuum and then kept at this temperature approximately for 60 min for forming a homogeneous solution. 10 mL of methanol solution containing NaOH (1.8 mmol) and NH4F (1.8 mmol) was added dropwise after the solution was cooled down to 50°C. Then the reaction system was stirred at 50°C for another 30 min. After that, the methanol was removed under a vacuum and the solution was kept at 110°C for 10 min until there were no bubbles in the reaction system. Subsequently, the reaction temperature was improved to 300°C with the rate of 20°C/min, under a gentle flow of nitrogen protection. And the reaction was held for 1 h at 300°C. Finally, the reaction system was cooled to room temperature. The nanocrystals were precipated by ethanol, collected by centrifugation for several times and then re-dispersed in cyclohexane for further use.



Synthesis of Non-ln Ions Doped NaGdF4:Yb,Er Nanocrystals

The rare-earth nanocrystals doped with different non-Ln metal ions were synthesized following a similar process of the preparation of NaGdF4:Yb,Er nanocrystals. In the case of Zr4+-doped NaGdF4:Yb,Er nanocrystals, different feeding ratios of Zr4+ ions (defined as the molar ratios of Zr4+ precursor to the amount of total cation precursors) were used, namely: 3.0, 5.0, 10.0, 15.0%. In detail, Zr(acac)4 (x mmol, x = 0.018, 0.03, 0.06, 0.09), GdCl3·6H2O (0.48-x mmol), YbCl3·6H2O (0.108 mmol), and ErCl3·6H2O (0.012 mmol) were mixed with 4 mL of OA and 16 mL of ODE in a 100 mL 3-necked flask. While the Sc3+, Mg2+ or Mn2+-doped NaGdF4:Yb,Er nanocrystals were synthesized similar to the Zr4+-doped nanocrystals (Zr4+ precursor:10.0%) by replacing Zr(acac)4 with ScCl3·6H2O, MgCl2·6H2O or Mn(ac)2·4H2O, respectively. In addition, for the Mn2+-doped NaGdF4:Yb,Er nanoparticles, the precursors were mixed with 3.8 mL of OA and 0.2 mL OM as the coordinating ligand. The growth of the nanocrystals and the following purification procedures were the same as those for the NaGdF4:Yb,Er nanocrystals.

In the case of Li+-doped NaGdF4:Yb,Er nanocrystals, after forming a homogeneous solution of rare-earth chloride at 50°C, 10 ml of methanol solution containing of NaOH (1.62 mmol), LiOH·H2O (0.18 mmol) and NH4F (1.8 mmol) was added in the reaction system for preparing Li+-doped NaGdF4:Yb,Er nanocrystals. Other experimental steps were the same to the synthesis of above-mentioned nanocrystals. While in the case of NaGdF4:Yb,Er nanoparticles doped with K+, the methanol solution was consisted of NaOH (1.62 mmol), KF (0.18 mmol) and NH4F (1.62 mmol). Other experimental steps were the same to the synthesis of above-mentioned nanoparticles.



Synthesis of Li+ and Zr4+ Co-doped NaGdF4:Yb,Er Nanocrystals

GdCl3·6H2O (0.42 mmol), Zr(acac)4 (0.06 mmol), YbCl3·6H2O (0.108 mmol), and ErCl3·6H2O (0.012 mmol) were mixed with 4 mL of OA and 16 mL of ODE. After forming a homogeneous solution of rare-earth chloride at 50°C, 10 ml of methanol solution containing of NaOH (1.62 mmol), LiOH·H2O (0.18 mmol) and NH4F (1.8 mmol) was added in the reaction system for preparing Li+ and Zr4+ co-doped NaGdF4:Yb,Er nanocrystals. Other experimental steps were the same to the synthesis of above-mentioned nanocrystals.



Structural and Optical Characterization of Nanocrystals

Transmission electron microscopy (TEM) measurements were carried out with JEM-100CXII at 100 KV and Hitachi HT7700 at 120 KV for characterizing the particle shape and size, and selected area electron diffractions (SAED) were taken for the characterization of crystalline structure. The particle size was determined with ImageJ by counting more than 300 nanoparticles per sample. In addition, X-ray diffraction (XRD) measurements were carried out on a Regaku D/Max-2500 diffractometer under Cu Kα1 radiation (λ = 1.54056 Å) for further characterizing the phase structure of the resultant nanocrystals. The concentrations of metal ions in different systems was determined by using an inductively coupled plasma atomic emission spectrometer (ICP-AES 6300DV) after the particles were eroded with certain concentrated mixture of concentrated nitric acid and hydrogen peroxide. The up- and down-conversion luminescence spectra were measured by a Cary Eclipse fluorescence spectrophotometer and Edinburgh Instruments FLS 920 equipped with 980 nm CW laser diodes (MDL-III-980 nm) as the excitation sources, respectively. The luminescence spectra of different samples are normalized according to the concentration of Er3+ serving as the emissive centers, and the excitation power (2 W/cm2) remain unchanged for comparing the luminescence intensities of different samples dispersed in cyclohexane. The transient up- and down-conversion luminescence of different samples dispersed in cyclohexane was recorded on FLS 920 equipped with 980 nm pulsed laser diodes (the excitation power: 2 W/cm2, pulse frequency: 100 Hz, pulse width: 3 μs), with the former detected by HAMAMATSU PMT (R928-P) detector and the latter detected by HAMAMATSU NIRPMT (R5509) detector.
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Photodynamic therapy is currently one of the most promising approaches for targeted cancer treatment. It is based on responses of vital physiological signals, namely, reactive oxygen species (ROS), which are associated with diseased condition development, such as tumors. This study presents the synthesis, incorporation, and application of a diiodo-BODIPY–based photosensitizer, based on a non-covalent functionalization of carbon nano-onions (CNOs). In vitro assays demonstrate that HeLa cells internalize the diiodo-BODIPY molecules and their CNO nanohybrids. Upon cell internalization and light exposure, the pyrene–diiodo-BODIPY molecules induce an increase of the ROS level of HeLa cells, resulting in remarkable photomediated cytotoxicity and apoptosis. Conversely, when HeLa cells internalize the diiodo-BODIPY/CNO nanohybrids, no significant cytotoxicity or ROS basal level increase can be detected. These results define a first step toward the understanding of carbon nanomaterials that function as molecular shuttles for photodynamic therapeutics, boosting the modulation of the photosensitizer.

Keywords: carbon nano-onions, photodynamic therapy, reactive oxygen species, cancer treatments, photosensitizer


INTRODUCTION

Boron complexes of dipyrromethenes, so-called BODIPY dyes, have been established as suitable fluorophores for several applications because of their synthetic flexibility, high photostability, and bright fluorescence (Loudet and Burgess, 2007; Hinkeldey et al., 2008; Ulrich et al., 2008). Based on the multiple chances to synthetically modify the BODIPY fluorophore, the tuning of the excited state properties of BODIPY dyes toward efficient triplet photosensitizers can be realized by the introduction of diiodo-substituents on the BODIPY core (Yogo et al., 2005; Loudet and Burgess, 2007). In the biomedical field, the application of BODIPY dyes as singlet oxygen sensitizers for photodynamic therapy (PDT) has emerged as a significant therapeutic approach for cancer treatment (Awuah and You, 2012; Kamkaew and Burgess, 2013; Kamkaew et al., 2013). Furthermore, the photodynamic inactivation of microbes, fungi, and viruses by diiodo-substituted BODIPY derivatives was demonstrated and found to be photosensitizer dose and light source exposure dependent; their precise modulation can trigger the eradication of the bacterial strains (Caruso et al., 2012; Carpenter et al., 2015). Most modern PDT applications involve three key components: a photosensitizer, a light source (i.e., a laser or LED lamps), and oxygen. As a consequence, the activation of cytotoxic cascade signals takes place, such as reactive oxygen species (ROS), including superoxide. Upon irradiation, the excited photosensitizer transfers energy to triplet oxygen, resulting in the generation of ROS, which can be exploited to destroy cancer cells. Nevertheless, ROS overexpression is connected to oxidative stress, which can turn into a powerful asset to face tumor conditions development (Liou and Storz, 2010; Lee et al., 2013). ROS are intermediate metabolism products; they induce a disruptive effect on the cell membrane, impairing sulfhydryl bonds and stimulating lipid peroxidation (Wiseman and Halliwell, 1996). In physiological conditions, healthy tissues are characterized by low levels of reactive radical species (Milcovich et al., 2017). However, in pathological events, such as tumors or inflammatory diseases, the cytotoxic cascade is activated because of an overtaking in the safe ROS level threshold. Therefore, cancer cells require a remarkably lower ROS increase to obtain cytotoxicity, compared to healthy cells. This feature renders PDT an outstanding approach toward the study and development of precisely targeted tumor treatments. A complete understanding of the ROS-triggered apoptotic mechanisms of diiodo-substituted BODIPY derivatives is a crucial milestone (Portney and Ozkan, 2006; Zhu et al., 2014; Raju et al., 2015). In this context, the study of their coupling with carbon nanomaterials (CNMs) plays a vital role in thoroughly investigating the modulation of such a cascade (Kostarelos et al., 2009; Fabbro et al., 2012). The non-covalent approach for CNM functionalization is a core method; (Singh et al., 2009) pyrene moieties are exceptionally well-established for decorating CNMs with functional groups through non-covalent functionalization (Zhao and Stoddart, 2009). We recently reported the non-covalent functionalization of carbon nano-onions (CNOs; a multilayer fullerene-like graphitic CNM) with highly fluorescent pyrene–BODIPY dyads and their application for biomedical imaging, with promising results (Bartelmess et al., 2015). These findings comply with other recent works, where CNOs exhibited a prompt and effective uptake by different cell lines, (Frasconi et al., 2015; Lettieri et al., 2017a,b; d'Amora et al., 2019) revealing high stability, low toxicity, and high biocompatibility in zebrafish during their development (d'Amora et al., 2016, 2017).

The aim of this work relies on the synthesis of a nanohybrid composed of a novel pyrene–diiodo-BODIPY dyad, acting as an efficient photosensitizer, and CNOs. Two different CNOs are tested: pristine CNOs (p-CNOs) and benzoic acid–functionalized CNOs (benz-CNOs), the latter providing an enhanced water dispersability. The photosensitizer and the nanohybrids are characterized by optical spectroscopy. Moreover, the photodynamic efficiency of the dye and the corresponding nanohybrids, and their cellular uptake by HeLa cells, are investigated (Scheme 1).


[image: Scheme 1]
Scheme 1. (A) Structure of the photosensitizer. (B,C) Schematic representation of the diiodo-BODIPY–based photosensitizer apoptotic mechanism and its non-covalent functionalization with CNOs. When the photosensitizer is irradiated, a ROS-mediated cascade reaction takes place, leading to a microenvironmental inflammatory event, cytotoxicity, and further apoptosis (B). Conversely, when the photosensitizer is coupled with CNOs, no cytotoxicity is detected (C). 




EXPERIMENTAL


Materials

All reagents and solvents were purchased from Sigma–Aldrich in high purity and used as received. All reactions and measurements were carried out under ambient conditions, unless otherwise specified.



Synthesis of BODIPY–Pyrene Derivative 3

Propargylated diiodo-BODIPY derivative 1 (Erbas et al., 2009) and 1-(azidomethyl)pyrene 2 (Bartels et al., 2009) were synthesized following published procedures.

1 (50 mg, 0.08 mmol), 2 (41.7 mg, 0.16 mmol), and copper(I) iodide (16 mg, 0.16 mmol) were dissolved in 9 mL of dry THF under inert nitrogen atmosphere on a Schlenk line. Dry Et3N (410 μL, 4 mmol) was added, and the reaction mixture was stirred at room temperature (RT) for 20 h in the dark (see Scheme 2).


[image: Scheme 2]
SCHEME 2. Synthesis of BODIPY-pyrene derivative 3. (i) CuI, dry Et3N, dry THF, N2, 20 h, RT, dark. 


The reaction mixture was filtered through a pad of silica, eluted with dichloromethane and dried. The crude was purified by two subsequent column chromatographic steps [1: SiO2, eluted with hexane: dichloromethane (1:1, vol/vol); 2: SiO2, eluted with hexane: acetone (2:1, vol/vol)]. A microcrystalline precipitate crystallized readily from the dark red solution, which was recovered from the 2nd column, upon addition of hexane. Yield: 39.6 mg (0.045 mmol, 56 %). 1H nuclear magnetic resonance (NMR) (400 MHz, CDCl3):δ:8.14 (m, 9H), 7.38 (s, 1H), 7.01 (d, 4H), 6.31 (s, 2H), 5.15 (s, 2H), 2.63 (s, 6H), 1.33 (s, 6H). HR-MS: calculated mass for C39H31BF2I2N5O [M+H]+: 888.0686; measured: 888.0691 (see Supplementary Material for characterization spectra/data).



Preparation of 3/CNOs and 3/Benz-CNOs Nanohybrids

3 (4 mg, 0.006 mmol) and 15 mg of p-CNOs (Palkar et al., 2007) were dispersed in 15 mL of dry dimethylformamide and sonicated in an ultrasonic bath for 30 min. Then, the CNOs were filtered through a nylon filter (0.2 μm) and washed with THF until the filtrate appeared colorless. Finally, the functionalized CNO nanomaterial was dried overnight at RT. Fifteen milligrams of 3/CNOs hybrid was recovered from the filter as a black, fine powder. The preparation of 3/benz-CNOs was accomplished in a similar manner.



Characterization of 3, 3/CNOs, and 3/Benz-CNOs

Absorption spectra were recorded on an Agilent Cary 8454 UV-Vis diode array spectrophotometer. Corresponding fluorescence spectra were taken on a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer in 1.00 × 1.00-cm quartz glass cells. Fluorescence quantum yields were determined by the comparative method of Williams et al. (1983). The integrated fluorescence intensities of a known dye and the tested compound were compared, and fluorescence quantum yields were calculated using the following equation:

[image: image]

st and x denote the standard and test, respectively, whereas Φ is the fluorescence quantum yield. Grad is the gradient obtained from the plot of integrated fluorescence intensity vs. absorbance of the dye at the excitation wavelength. η Represents the refractive index of the used solvents. The fluorescence quantum yield of 3 was measured relative to meso-phenol-1,3,5,7-tetramethyl-BODIPY with ΦSt = 0.64 in toluene (Lazarides et al., 2012). Singlet oxygen quantum yields were measured and compared to rose Bengal in benzyl alcohol, using 1,3-diphenylisobenzofuran (DPBF) as a singlet oxygen acceptor probe. Additional photobleaching experiments were carried out in benzyl alcohol, comparing the loss of fluorescence of DPBF in the presence of BODIPY 3, 3/CNOs & 3/benz-CNOs (CNO samples of comparable mass concentrations; 10 μg mL−1) at different illumination time points (see Supplementary Material). The accurate mass measurements (HRMS) were performed on a Waters SYNAPT G2 High Resolution Mass Spectrometry instrument equipped with an electrospray ionization interface and coupled to a Waters ACQUITY UPLC. Electrospray ionization in positive mode was applied in the mass scan range 50–1,200 Da. The analysis was conducted on a Waters ACQUITY UPLC BEH C18 column 100 × 2.1-mm ID (particle size 1.7 μm) with an in-line filter. The mobile phase was 0.1% formic acid in water and 0.1% formic acid in acetonitrile. NMR spectroscopy was performed on a Bruker Avance III 400 MHz system (400.13 MHz for 1H) in CDCl3. NMR spectra has been processed with Mnova.



Cell Culture

HeLa wild-type cells (derived from a human cervix carcinoma, ATCC® supplied) were cultured in Dulbecco modified Eagle medium (DMEM) (Life Technologies) supplemented with 10% fetal bovine serum (Life Technologies), 2% penicillin streptomycin (PenStrep) (Life Technologies), and 1% glutamine (Life Technologies) at 37°C in a humidified 5% CO2 atmosphere.



Cytotoxicity Assays

For the cytotoxicity experiments, the CNO samples were prepared by suspending 1 mg of sample in 2 mL sterile phosphate-buffered saline (PBS; 0.1 M, pH 7.4), followed by ultrasonication for 20 min, for a mother solution of a 0.5 mg mL−1 mass concentration. The CNOs were then dispersed in DMEM, to obtain CNO dispersions at final mass concentrations of 10 and 20 μg mL−1. Mother solutions of 3 in dimethyl sulfoxide (DMSO) were also prepared and diluted into DMEM medium with comparable concentrations to the CNO-based samples. The same protocol was applied in order to prepare the 3/CNO samples: the nanohybrids were obtained by preparing a DMSO mother solution of the same CNO mass concentration. Cells were seeded in 96-well plates at a density of 4 × 103 cells/well and cultured overnight in 150 μL of medium per well. Further on, cells were incubated with the different concentrations of CNO dispersions for 24 h, washed three times with PBS, and covered with DMEM (phenol red–free). The plates were illuminated using a commercially available LED lamp from Philips (11 W, 2,700 K, 1,065 lm). After illumination (0, 5, 15 min), the phenol red–free medium was replaced with regular DMEM cell medium, and the cells were incubated for 24 h. The cellular viability of the HeLa cells was evaluated utilizing the PrestoBlue® cell viability assay (Life Technologies). Assays were performed following a procedure previously reported (Jokerst et al., 2012), based on the measurement of the absorbance at 570 nm, on a microplate reader. According to the manufacturer's instruction, absorbance measurements at 600 nm were subtracted to the 570-nm acquisitions. Each measurement was normalized with the average signal of control experiment (untreated cells), and cell viability was expressed in terms of metabolic activity as the mean ± SD.



Cellular Uptake and Oxidative Stress Qualitative Assays

HeLa cells were plated in 4-well Nunc™ chamber slides (–Aldrich) at a density of 5 × 103 cells/well and cultured overnight in the maintenance medium at 37°C in a 5% CO2 humidified incubator. The day after, HeLa cells were treated with a mass concentration of 10 μg mL−1 of 3/CNO (CNOs initially dispersed in PBS, DMEM, phenol red–free solution, 2% DMSO) for 24 h. The samples were then washed three times in PBS (0.1 M, pH 7.4) and incubated with 10 μM Hoechst 33342 (Sigma–Aldrich) diluted in DMEM (1:1,000) for 15 min at 37°C, to label the nuclei. Cells were rinsed three times in PBS (0.1 M, pH 7.4). Finally, to analyze the intracellular localization of 3/CNO, the cells were visualized with a laser scanning confocal microscope, equipped with a resonant scanner (Nikon A1R). Excitation of the 3 was performed at 488 nm, and the emission was acquired in the spectral window between 520 and 580 nm, whereas the Hoechst 33342 was excited at 405 nm, with images acquired in the emission range of 415–480 nm. Cell oxidative damage was revealed by staining for 30 min with 5 μM Cell ROX® Deep Red reagent (Invitrogen™). Cell ROX® was excited at 644 nm, and emission was detected in 655 nm.



ROS/Superoxide Quantification Assay

Cells were seeded in 96-well, black-wall, clear-bottom plates, at a density of 2 × 103 cells/well and cultured overnight in 150 μL of medium per well. The 3, CNOs & 3/CNOs samples were prepared as previously described for cytotoxicity assays (DMEM with 2% DMSO was used). Cells were incubated with the different concentrations of 3, CNOs and 3/CNOs solutions for 24 h and washed three times with PBS. DMEM medium (phenol red–free) was then added, and the plates were illuminated for 5 and 15 min. Cells were then treated with the same PBS washing protocol, eventually replacing PBS with DMEM medium (phenol red–free). Positive control (pyocyanine, ROS inducer) and negative control [N-acetyl-L-cysteine (NAC), ROS inhibitor] were added to the selected wells and incubated for 30 min, at 37°C in a 5% CO2 humidified incubator, according to the kit instructions. The ROS detection mix (Abcam® cellular ROS/superoxide assay detection kit), suspended in phenol red–free DMEM, was then added and incubated for 60 min. A fluorescence microplate reader was used, calibrated on standard orange (Ex/Em = 550/620 nm) filter set for superoxide species.



Statistical Analysis

All statistical analysis was performed using Minitab Express, version 1.5.0. Data were compared using one-way analysis of variance, with Dunnett test for comparison procedures. Values are expressed as the mean ± standard deviation and are considered as significantly different with a p < 0.05.




RESULTS AND DISCUSSION

The synthesis of the pyrene–diiodo-BODIPY dyad 3 was accomplished by a Huisgen-type “click” reaction of a propargylated diiodo-BODIPY (Erbas et al., 2009) and 1-(azidomethyl)pyrene (Bartels et al., 2009) (Scheme 2). Despite previously reported non-iodated pyrene–BODIPY dyad, (Bartelmess et al., 2015) the “click” reaction failed in the presence of catalytic amounts of CuI and sodium ascorbate. However, an excess of CuI and triethylamine, without ascorbate, led to the desired compound 3. Following this, 3 was immobilized on the surface of pristine, nanodiamond-derived CNOs (Palkar et al., 2007) by ultrasonication, subsequent filtration, and removal of excess dye by washing; as per our established protocol, (Bartelmess et al., 2015) leading to 3/CNOs. Additional experiments were carried out with benzoic acid functionalized CNOs (3/benz-CNOs), in order to study the influence of different CNO surface modifications. Benz-CNOs were prepared based on our previous reports (Frasconi et al., 2015; Lettieri et al., 2017b). The solubility of 3 proved to be good only in non-polar solvents. 3 was characterized by absorption and fluorescence spectroscopy (Table 1). The absorption maximum of 3 in DMSO and chloroform was located at 536 nm with molar extinction coefficients of 79.9 × 103 and 89.6 × 103 M−1 cm−1, respectively. In toluene, the absorption maximum was at 537 nm with a molar extinction coefficient of 83.5 × 103 M−1 cm−1.


Table 1. Photophysical properties of 3.

[image: Table 1]

Pyrene-centered absorption bands were observed at 268, 279, 316, 330, and 346 nm, with an additional broad, BODIPY-based absorption band located in the area around 400 nm in DMSO (Figure 1). The fluorescence quantum yield of 3 was low, due to the heavy-atom effect of the iodosubstituents on the BODIPY core structure, with values between 1 and 3% and emission maxima between 552 and 555 nm (Figure 1, inset). The singlet oxygen quantum yield of 3 was found to be 0.37, compared to rose Bengal in benzyl alcohol. The photophysical characterization of 3/CNOs clearly revealed the loading of the CNO nanoparticles with 3. A dispersion of 3/CNOs in DMSO showed the plasmonic absorption and scattering of the CNOs nanomaterial over the whole spectral area. Furthermore, distinct absorption peaks at 279, 329, 346, and 536 nm are related to the presence of 3 in an estimated concentration of 2.3 × 10−7 M, for a 3/CNO dispersion with a mass concentration of 10 μg mL−1 (Figure 1). A weak fluorescence signal related to the BODIPY fluorophore was observed at 555 nm, following excitation at 490 nm. The concentration of 3 in a 10 μg mL−1 DMSO dispersion of 3/benz-CNOs was determined to be about 7.7 × 10−8 M (1/3 compared to the 3/CNO dispersion). Thus, the observed degree of non-covalent CNO functionalization is closely related to previously reported CNO functionalization with highly fluorescent pyrene–BODIPY dyads (Bartelmess et al., 2015).


[image: Figure 1]
FIGURE 1. Absorption spectra of 3 (black) and of a dispersion of 3/CNOs (blue, 10 μg mL−1) in DMSO, reporting the molar extinction coefficient of 3 and the loading of the CNOs with dyad 3. Inset: fluorescence spectrum of 3, upon excitation at 490 nm.


The cellular uptake and cytotoxicity of 3/CNOs and 3/benz-CNO were investigated to evaluate the activity of nanohybrids and determine the apoptotic mechanisms of the photosensitizer 3, in the presence and absence of CNOs. For the uptake studies, HeLa cells were incubated with a dispersion of 3/CNOs at a mass concentration of 10 μg mL−1 in DMEM medium (Figure 2). Despite the relatively low fluorescence quantum yield of 3, an efficient uptake of 3/CNOs into the cancer cells after 24 h of incubation was observed by the presence of a green fluorescence signal of the BODIPY dye. This finding confirms the uptake and intracellular localization of the BODIPY inside HeLa cells.


[image: Figure 2]
FIGURE 2. Confocal images of live HeLa cells, not exposed to illumination. (A) Untreated control, (B) treated with CNOs, incubated for 24 h, (C) incubated for 24 h with 3/CNOs at a mass concentration of 10 μg mL−1, (D) incubated with 3, at the corresponding concentration of 2.3 × 10−7 M. Nuclei were stained with Hoechst 33342 (blue), whereas green refers to the I2-BODIPY signal. Scale bars (A–D) = 50 μm.


For cytotoxicity studies, HeLa cells were incubated with dispersions of benz-CNOs and 3/CNOs of different mass concentrations (10 and 20 μg mL−1) for 24 h. Final working dilutions were obtained by dispersing CNOs from mother solutions in DMSO, in DMEM. Following the incubation, the cells were washed with PBS three times and illuminated with the white LED described in the Experimental section. Illumination exposure time points were set to 5 and 15 min. Non-irradiated experiments were conducted as well (dark control, T = 0). Furthermore, a 2.3 × 10−7 M solution of 3 was used as a reference, based on the estimated loading of 3 onto the nanohybrids. DMSO was added to all samples to obtain a final DMSO concentration of 2% vol. The time-dependent phototoxicity of the treated cells was quantified using the Presto Blue® assay. Photosensitizer 3 alone revealed impressive cytotoxicity after illumination (Figure 3). After 5 min, no cellular metabolic activity could be detected, while in the dark control, the metabolic activity was not impaired by the exposure to the dye. The coupling of 3 with both CNOs and benz-CNOs did not induce any illumination time or mass concentration–dependent reduction of HeLa metabolic activity. Therefore, the nanohybrid formation prevents the massive cytotoxicity of the photosensitizer.


[image: Figure 3]
FIGURE 3. Cellular metabolic activity of HeLa cells incubated with different mass concentrations of 3/CNOs (A) and 3/benz-CNOs (B), following illumination at different time points (n = 3, p < 0.05). *Worldwide acknowledged as to be used to define data which is out of the mean reference range and represents all statistically different data from the reference (controls).


The cytotoxicity assays indicated that the presence of CNOs inhibited the photodynamic efficiency of the BODIPY photosensitizer 3.

Data derived from additional photobleaching experiments supported these results by describing the ability of the photosensitizer 3 to generate ROS (Supplementary Figure 4). The BODIPY dye 3 without CNOs showed high efficiency in ROS generation, indicated by the rapid photobleaching of the ROS sensor molecule DPBF. When 3/CNO nanohybrids were used, the photobleaching of the DPBF is slowed, but still progresses. These findings suggest that partial removal of the dye from the CNO surface in organic solvents, such as benzyl alcohol (Supplementary Figure 4) or DMSO (in the in vitro experiments), could take place. In addition, the lower loading of the 3/benz-CNOs, compared to the 3/CNO hybrid, was confirmed by this set of data.

Overall, comparable results were obtained for 3/benz-CNOs (see Supplementary Material). Lower concentrations of 3 still confirmed a sharp photodynamic-triggered reduction of the cellular metabolic activity, whereas when immobilized onto the CNOs, 3 did not reveal significant cytotoxicity.

A quantification of in vitro ROS and superoxide species was studied, to determine whether the cytotoxic and apoptotic effects of the photosensitizer were due to the activation of the ROS cascade mechanism. Basal superoxide level, positive control (pyocyanine, ROS inducer), and negative control (NAC) were assessed as a reference. A careful washing protocol was applied to remove any presence of DMSO before the addition of detection reagents to prevent interference. Based on the rapid decay of intracellular oxidant species, the quantification was acquired straight after the illumination protocol. As confirmed by all previous in vitro findings, the photosensitizer 3 was able to induce significant superoxide formation only when illuminated (Figure 4).


[image: Figure 4]
FIGURE 4. Quantification of superoxide levels in HeLa cells incubated with different mass concentrations of 3 or 3/CNOs, following illumination at different time points (n = 3, p < 0.05). Control (cells), positive control (pyocyanine, ROS inducer), and negative control [N-acetyl-L-cysteine (NAC)] are also tested. *Worldwide acknowledged as to be used to define data which is out of the mean reference range and represents all statistically different data from the reference (controls).


When the photosensitizer 3 was combined in the nanohybrids (3/CNOs), no significant deviation from the basal level of superoxide could be detected in HeLa cells, both prior to and after illumination, at each tested concentration. As a validation tool of the method applied, measurements related to pyocyanine exerted a considerable ROS level increase (ROS inducer), whereas NAC proves to decrease the ROS level. In order to confirm and combine the results with the cell metabolic activity protocol, a 24-h ROS quantification was determined (see Supplementary Material). While ROS could be detected immediately after illumination, no superoxide species could be detected 24 h after the illumination as a result of the massive cell death due to the phototriggered cytotoxic effects.

To further confirm the obtained results, a confocal qualitative imaging analysis was conducted on live cells for intracellular superoxide species detection. HeLa cells previously treated for 24 h with the free photosensitizer 3 or 3/CNOs were stained with Hoechst 33342 and CellROX® Deep Red fluorescent dye, before and after illumination, and observed (Figure 5).


[image: Figure 5]
FIGURE 5. Confocal live images of HeLa incubated for 24 h, after 15-min illumination. (A) Untreated control, (B) treated with CNOs, (C) treated with 3/CNOs at a mass concentration of 10 μg mL−1, (D) treated with 3, at the corresponding concentration of 2.3 × 10−7 M. Nuclei were stained with Hoechst 33342 (blue), whereas green refers to the I2-BODIPY signal. Scale bars (A–D) = 50 μm. The presence of 3 or 3/CNO is indicated by the green fluorescence signal, while intracellular oxidative damage is visible as red color (or yellow when overlapping with green). Scale bar = 50 μm.


When cells were exposed to 3 but kept in dark conditions (no illumination provided), cells appeared healthy and 3 was detected (Figure 2D), whereas after 15 min of illumination, the sample treated with 3 presented a remarkable red channel signal, indicating the interaction with CellROX® Deep Red fluorescent dye, which revealed cell oxidative damage (Figure 5D). Cells presented evident morphological changes, indicating death in the treated cells as a result of 3's phototoxic effects. As confirmed by all previous analysis, when 3 is coupled with CNOs (i.e., cells are treated with 3/CNOs), no cell oxidative damage was evident, as no red signal related to superoxide species production was displayed. These results perfectly match the previously discussed experimental findings; thus, the CNOs are responsible for the low PDT efficiency of the nanohybrids due to the absence of ROS formation.



CONCLUSIONS

In this study, a novel pyrene–diiodo-BODIPY dyad was synthesized, isolated, and characterized, revealing effective features as a photosensitizer. In vitro tests on HeLa demonstrated ROS-triggered phototoxicity of the photosensitizer 3. The pyrene–diiodo-BODIPY dyad 3 was then successfully immobilized onto the surface of CNOs. Live-cell confocal imaging revealed that the pyrene–diiodo-BODIPY dyad 3 was effectively internalized by the cells, monitoring the residual fluorescence of the BODIPY chromophore. Nevertheless, illumination of the 3/CNO nanohybrid-treated cells revealed no significant reduction in cell metabolic activity. These results indicated that the BODIPY photosensitizer 3 is deactivated when attached to the CNO surface. This observation may explain why, despite excessive research efforts in the field PDT as well as in the field of CNMs applied for cancer therapy, no relevant cytotoxicological studies are available. In this report, utilizing a non-covalent approach, we demonstrate for the first time that both the attachment of the photosensitizer to the CNM and the intracellular disruption of the delivery system to release the active agent are key pathways toward a successful PDT exploiting CNMs as molecular shuttles for drug delivery. The development of a feasible and efficient intracellular release function of the PDT agent will be on stage of future works in this field. Studies revealing the ROS generation features of the BODIPY photosensitizer in the presence and absence of CNOs matched these conclusions. Indeed, the present work elicits and broadens future research perspectives, which may involve the design “from scratch” of novel functional PDT-photosensitizer approaches and related apoptotic mechanisms toward the tumor.
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In this study the application of porous carbon microparticles for the transport of a sparingly soluble material into cells is demonstrated. Carbon offers an intrinsically sustainable platform material that can meet the multiple and complex requirements imposed by applications in biology and medicine. Porous carbon microparticles are attractive as they are easy to handle and manipulate and combine the chemical versatility and biocompatibility of carbon with a high surface area due to their highly porous structure. The uptake of fluorescently labeled microparticles by cancer (HeLa) and normal human embryonic Kidney (HEK 293) cells was monitored by confocal fluorescence microscopy. In this way the influence of particle size, surface functionalization and the presence of transfection agent on cellular uptake were studied. In the presence of transfection agent both large (690 nm) and small microparticles (250 nm) were readily internalized by both cell lines. However, in absence of the transfection agent the uptake was influenced by particle size and surface PEGylation with the smaller nanoparticle size being delivered. The ability of microparticles to deliver a fluorescein dye model cargo was also demonstrated in normal (HEK 293) cell line. Taken together, these results indicate the potential use of these materials as candidates for biological applications.
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INTRODUCTION

The ability to engineer robust particles tailored for diagnostic and therapeutic applications is an active area of research and requires the presence of multifunctional surfaces able to direct, detect, deliver and signal processes (Ma et al., 2011). For this purpose porous particles are attractive candidates due to their high adsorption capacity (Ariga et al., 2007; Tian et al., 2007; Lu et al., 2010). These particles have found use in a wide range of applications including controlled drug release (Kim et al., 2008; Slowing et al., 2008; Zhao et al., 2009; Fang et al., 2010), cellular delivery (Yan et al., 2006; Nakayama-Ratchford et al., 2007; Liu, J. et al., 2009; Gu et al., 2011), energy storage (Guo et al., 2009; Liu, H.-J. et al., 2009; Adcock et al., 2013), catalysis (Chen et al., 2012; Figueiredo, 2013), water treatment (Chen et al., 2012; Li et al., 2016), and solar cells (Chen et al., 2009). To date, silica has emerged as the mesoporous material of choice for cell delivery applications (Lu et al., 2007; Argyo et al., 2013; Zhang J. et al., 2014). However, the chemical versatility and biocompatibility, has led to substantial research in the areas of biotechnology and biomedicine where it is already used as a coating in biodevices and implants (Roy and Lee, 2007).

Carbon nanomaterials stand out as an extremely versatile family of nanomaterials with a range of highly desirable properties for applications in biology. Carbon surfaces often display excellent performance as blood- and tissue-contacting materials due to a combination of frictional and chemical stability properties that can be tailored to meet diverse requirements: (Vasconcelos et al., 2020) for instance, thanks to their properties and safety profile, graphitic carbon materials are currently used as heart valve coatings while diamond-like carbons find applications in joint replacements (Gott et al., 2003; Grill, 2003; Lemons). Carbon surfaces are highly resistant to the corrosive environment of physiological fluids and, contrary to most metal and alloy surfaces, they are not prone to leaching and pitting/dissolution, which might result in cytotoxicity and adverse health effects (Roy and Lee, 2007). In addition to desirable surface chemistry, the morphology and nanoarchitecture of carbon materials can be adapted to achieve diverse functionality; a wide range of nanoallotropes can be synthesized from low-cost and earth-abundant organic precursors, that can be used to vary both morphology and surface chemistry of the resulting nanomaterial (Georgakilas et al., 2015; Domínguez et al., 2020). Therefore, carbon offers an intrinsically sustainable platform material for tailoring and modulating morphology, bulk and surface properties in order to meet the multiple, and complex requirements imposed by applications in biology and medicine.

Carbon nanomaterials have been extensively studied with notable examples in the literature of outstanding performance in sensing (Baptista et al., 2015) and imaging applications (Bartelmess et al., 2015). Suitably modified single-walled carbon nanotubes (SWNTs) have been functionalized for cell delivery (Liu et al., 2007), though there are many challenges associated with their purification and manipulation (Biju, 2014). Highly sorbent activated carbon has been used as an amorphous drug carrier for paracetamol and ibuprofen (Miriyala et al., 2017). In particular, the low-toxicity of spherical nanocarbon materials is of increasing interest for cellular imaging and drug delivery applications (Wang et al., 2014). We have recently shown spherical carbon nanohorns to be effective for cell imaging and cell delivery (Devereux et al., 2018, 2019) and the related sp2 carbon nano-onions have also been studied (Bartkowski and Giordani, 2020). Porous spherical carbon microparticles (CμP) are easy to handle and purify, and their synthesis from inexpensive precursors is scalable and simple (Skrabalak and Suslick, 2006; Fang et al., 2010). Particles of variable size can be readily prepared ranging from 200 nm to 1 μm diameter with tunable surface area in the region 500–1,000 m2 g−1. The high specific surface makes the materials ideal supports for catalysis (Metz et al., 2015; Dominguez et al., 2018), while the rich functional chemistry of carbon surfaces allows the use of standard routes including bioconjugate techniques to engineer the chemical nature of the surface (Sun et al., 2006; Duffy et al., 2012). These features facilitate the physical entrapment of large quantities of cargo, the covalent conjugation of small molecules or biological species and also the capability of directing delivery through surface modification. These facts combine to make porous carbon particles and microparticles (CμPs) highly attractive agents for intracellular delivery (Kim et al., 2008).

In our previous study we demonstrated that dye-labeled 700 nm porous CμPs, functionalized by amide coupling of 6-aminofluorescein directly to the –COOH surface groups, could be internalized by cancer cells in the presence of a transfection agent (Duffy et al., 2012). Confocal fluorescence images suggested preferential clustering of the particles in specific subcellular structures. In this study we now compare the cellular uptake behavior of similar sized “large” 690 nm (L-CμPs) and smaller particles 240 nm (S-CμPs). In this work the inherently non-luminescent CμPs are covalently functionalized with rhodamine B fluorescent dye via an adipic linker molecule to allow imaging by confocal microscopy (Scheme 1). The use of this spacer molecule allows separation of the dye from the particle surface. In addition, the role of surface functionalization is also examined by investigating the effect of PEGylation on the cellular uptake, which is known to aid the dispersibility of particles in water, improve the efficacy and reduce immunogenicity (Jokerst et al., 2011; Kolate et al., 2014; Suk et al., 2016). To investigate the use of these particles for cellular delivery, we also report on the ability of CμPs to deliver a model payload. Negatively charged CμP-COOH particles were non-covalently loaded with a highly fluorescent amino-fluorescein dye to prepare CμP-FLads. The ability of these particles to deliver their model cargo to cells was then investigated (Approach 2 in Scheme 1). This preliminary study shows that cells tolerate a range of sizes of porous carbon particles, which have potential as delivery agents for therapeutics.


[image: Scheme 1]
SCHEME 1. Schematic diagram showing the cellular interactions of CμPs modified with fluorescent dye molecules through approach 1, the covalent and approach 2, non-covalent surface functionalization.




EXPERIMENTAL SECTION


Chemicals and Materials

All chemicals unless stated otherwise were used as received without further purification, nitric acid (64–66%, Sigma), sodium chloride (Fisher), sodium carbonate (VWR). “SnakeSkin” dialysis tubing (regenerated cellulose, 3,500 MWCO), was supplied by Thermo scientific. All water used for chemical modifications was deionized (diH2O); sterile water was used for solutions used in cell incubation.



Synthesis
 
Synthesis of CμPs

Carbon microspheres with two different sizes were synthesized via ultraspray pyrolysis (USP) following reported methods (Skrabalak and Suslick, 2006; Duffy et al., 2012). Briefly, a 1.7 MHz piezoelectric disk placed at the bottom of a flask was used to generate a mist from an aqueous solution of lithium dichloroacetate. The smaller (S-CμP) particles were generated from a 0.125 M solution of lithium dichloroacetate and the larger (L-CμP) particles were generated from a 1.00 M solution of lithium dichloroacetate. The mist was carried by a flow of Ar into a tube furnace, where the organic salt was pyrolyzed at 700°C. Particles were collected in a bubbler containing deionized water, filtered and washed with copious amounts of water prior to further characterization.



Synthesis of CμP-COOH

CμPs were suspended in water and refluxed in 5 M nitric acid at 80°C for 2 h. Following the reaction, the particles were washed with water and purified by dialysis against water (1% NaCl).



Synthesis of CμP-AA

S and L-CμP-COOH (2.5 mg) were dispersed in an aqueous solution of adipic acid dihydrazide (16.0 mg) in 0.1 M sodium phosphate (pH 7.2) at RT under stirring. To this dispersion 8.0 mg of N-Ethyl-N'-[3-dimethylaminopropyl] carbodiimide (EDC) was added and the reaction was stirred at room temperature for 4 h (Hermanson, 2008). The microparticles were washed with water by repeated centrifugation and purified by repeated dialysis against water (1% NaCl) for 3 days.



Synthesis of CμP-PEG-NH2

Prior to reaction, CμP-COOHs were soaked in 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6) for 24 h. Particles were then concentrated and re-suspended in 0.5 mL of MES buffer containing 10.0 mg of EDC and 10.0 mg of N-hydroxysuccinimide (NHS) and vigorously agitated for 15 min. Subsequent to this, the reaction mixture was washed twice by centrifugation, at 13,300 rpm, with buffer and re-suspended in 0.5 mL MES buffer containing 5.0 mg of O,O'-Bis(3-aminopropyl)polyethylene glycol 1,500. The reaction mixture was agitated for 4 h at RT. The particles were then washed with diH2O, re-suspended in diH2O and purified by dialysis against water (1% NaCl) for 3 days.



Synthesis of CμP-AA-Rh and CμP-PEG-Rh

The amine modified particles (CμP–AA/CμP-PEG-NH2) were soaked for 24 h in an aqueous solution of 0.1 M sodium carbonate (pH 9.0). In a darkened lab 50 μL of tetramethylrhodamine-5-isothiocynate (1 mg mL−1) in DMSO was added to 200 μL of the amino modified carbon particle dispersion (1 mg mL−1) in 0.1 M sodium carbonate (pH 9.0). The reaction was allowed to proceed for 8 h at 4°C in the dark. The final product was washed repeatedly with water and purified by dialysis against water (1% NaCl). The same protocol was used with fluorescein-5-isothiocynate to prepare CμP-AA-Fl and CμP-PEG-Fl.



Synthesis of CμP-FLads

Fluorescein loaded microparticles were prepared by adding 300 μL of 6-aminofluorescein (1 mg mL−1) in DMSO to a dispersion of CμP-COOH at pH 7.0 and incubating at RT overnight. The non-adsorbed 6-aminofluorescein was removed by repeated centrifugation and washing with water.




Particle Characterization

Scanning Electron Microscopy (SEM) was carried out on Zeiss Ultra Plus microscope using the In-lens detector. The hydrodynamic radius and ζ-potential of the particles were measured using a Malvern Nano HT Zetasizer. The particles (≥10 μg mL−1) were suspended in a 10 mM aqueous solution of NaCl at pH 7.0 for at least 12 h prior to measurement. A refractive index of 1.8 was used for DLS size modeling. The electrophoretic mobility of the sample was measured and converted into ζ-potential by applying the Henry equation and Smoluchowski approximation (Dispersion Technology Software 4.20 Malvern). Fluorescence (photoluminescence) spectra were measured on a Varian, Cary Eclipse fluorescence spectrophotometer.



CμP-FLads Adsorption Study

The loading/adsorption of aminofluorescein by carboxylated microparticles was monitored over a 24 h period. One hundred microliter of 6 aminofluorescein (1 × 10−6 M) was added to 2.5 mL of an aqueous dispersion (pH 7) of L-CμP-COOH. The RT emission (λexc = 495 nm) was measured over 24 h at 30 s intervals. The measurement was then repeated in the absence of microparticles.



Cell Culture

Human embryonic kidney (HEK293) and human epithelial carcinoma (HeLa) cells were purchased from Prochem (EACCC, UK) and cultured under the following conditions: cells were cultured in Eagle's minimal essential media (EMEM) supplemented with 10% fetal calf serum–(American, Fetal), 2 mM L-glutamine, 100 units mL−1 penicillin G sodium and 100 μg mL−1 streptomycin. The cells were grown by incubating at 37°C with 5% CO2 in humidified air until the culture reached 70% confluency before replating at 2 × 105 cells per dish, in 35 mm glass bottom dishes (MatTek Corporation, USA) containing 2–3 mL of medium prior to confocal imaging. Fourteen hours later membrane dye labeled cells were prepared by culturing in the presence of 200 μL of 1 μM 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbo-cyanine iodide (DiI, Invitrogen) in serum-free EMEM media for 8 min at 37°C with 5% CO2. Aqueous microsphere suspensions (0.04 mg mL−1) were prepared using sterile water. The particles (50 μL) were then added to 200 μL OptiMem I reduced serum media and when referred 12 μL of FuGENE®, a cationic lipid transfection agent, was added directly into the solution and mixed. After incubation for 20 min this mixture was added to cells and incubated overnight at 37°C. Cells were washed three times with phosphate buffered saline solution (PBS) prior to imaging.



Confocal Laser Scanning Microscopy

High-resolution confocal images were obtained using a Nikon confocal laser scanning microscope, EC1-Si (CLSM) attached to an inverted Nikon TE2000-U microscope and a 60 × water immersion objective. An argon ion and a helium-neon laser operating at 408, 488 and 543 nm, respectively, were used alternately with line switching using the multi-track facility of the CLSM. Images were collected using a 488/543 dichroic beam splitter and a 512–530 band pass filter to detect fluorescence from fluorescein labeled particles, using a 560–615 band pass filter to detect fluorescence from rhodamine modified particles and using optical white light transmission.




RESULTS AND DISCUSSION


Preparation and Characterization of Carbon Microparticle Systems

Spherical porous carbon microparticles were prepared via ultraspray pyrolysis (USP) of a lithium dichloroacetate precursor at two different sizes following our previous work (Duffy et al., 2012) and the method of Skrabalak and Suslick (2006) Figures 1A,B show particle size distributions obtained via DLS using 1.00 M and 0.125 M precursor solutions, respectively. The mean particle diameter of the particle synthesis using size distribution was determined in solution via DLS yielding a population of 662 nm for the particles prepared at the higher concentration (1.00 M) and 250 nm for lower concentration (0.125 M) of precursor; this is in good agreement with the size determined from SEM analysis (Figures 1C,D). Surface oxidation of the CμPs was performed by treatment in 5 M nitric acid at 80°C for 2 h followed by repeated washing with water and purification by dialysis against saline solution (1% NaCl). SEM analysis revealed that oxidative treatment did not damage the particle morphology (Figure 1E).


[image: Figure 1]
FIGURE 1. Size distribution of (A) L-CμP and (B) S-CμP particles as determined by Dynamic Light Scattering (DLS). Samples were recorded in distilled deionized water (ddiH2O) at 25°C; and Scanning Electron Microscopy (SEM) images of (C) L-CμP and (D) S-CμP synthesized via ultraspray pyrolysis. (E) SEM of L-CμP-COOH prepared by refluxing L-CμP in 5 M HNO3 for 2 h at 80°C.


The as purified L-CμP-COOH and S-CμP-COOH particles were found to be readily dispersed in water. The presence of negatively charged carboxylate groups on the purified sample was reflected in a decrease in ζ-potentials, which were measured at −30.0 ± 3.0 mV and −37.4 ± 2.2 at pH 7 for large and small particles, respectively (Table 1). The Raman spectra showed the presence of G and D bands characteristic of amorphous carbon materials. The G band (1,592 cm−1) arises from the in-plane vibration of sp2 carbon, while the D band (1,345 cm−1) results from a breathing mode of six-membered rings that becomes Raman active due to the presence of defects in the graphitic structure (Ferrari and Robertson, 2000). The I(D)/I(G) ratio was found to increase from 0.62 to 0.71 upon oxidation indicating an increase in defects, see Supplementary Figure 1 (Ferrari and Robertson, 2000; Duffy et al., 2012). Finally, the elemental composition of the oxidized particles was also examined using elemental analysis, which yielded carbon and oxygen contents of ca. 58% and 38%, respectively, with the balance attributed to hydrogen and nitrogen.


Table 1. Zeta potential measurements of surface functionalization [a].

[image: Table 1]

The covalent and non-covalent loading of porous particles with fluorescent dye labels was carried out. Rhodamine B and fluorescein were chosen as they are standard dyes used for cellular imaging. The L-CμP-COOH particles were covalently modified with Rhodamine B through either a short adipic alkyl chain or a longer polyethylene glycol (PEG) linker (n = 1,500), as outlined in Scheme 1. In the first case, rhodamine B modified L- and S-CμPs were prepared by coupling adipic acid dihydrazide (AA) to the L/S-CμP-COOH surface to yield an amino terminated CμP-AA surface, which was then covalently coupled to tetramethylrhodamine-5-isothiocyanate using standard bioconjugate techniques to yield CμP-AA-Rh (Hermanson, 2008). The particles were then washed with water and purified by dialysis against saline (1% NaCl). This process was repeated until no emission from the rhodamine dye was detectable in the supernatant solution. The surface functionalization was monitored by ζ-potential measurements, which is an established method for monitoring nanoparticle modifications (Thielbeer et al., 2011). ζ-potential values were found to change after covalent functionalization with the adipic acid linker and the rhodamine B dye (Figure 2). This is consistent with a decrease in the density of negatively charged groups present at the particle surface after covalent functionalization. The dye functionalized particles were found to be readily dispersed in aqueous solution. Over time sedimentation of the particles was observed but was reversed with mild agitation.


[image: Figure 2]
FIGURE 2. Zeta potential of L-CμP-AA, L-CμP-COOH and L-CμP-AA-Rh in 10 mM NaCl at pH 7.0.


In addition, the L-CμP-COOH were also modified using the PEG linker. The use of the longer linker did not result in the same magnitude of change in the zeta potential which suggested less effective functionalization (Table 1).

Carbon materials are highly sorbent and porous particles can adsorb large quantities of molecules. 6-aminofluorescein (FL-NH2) was chosen as the model cargo for cellular delivery, as its emission is readily imaged, it does not cause cell damage and has high affinity for the CμP-COOH surface due to a combination of its weak solubility in water and the presence of the amino group. The dye-loaded particles, L-CμP-FLads were prepared by incubating FL-NH2 with buffered aqueous L-CμP-COOH particles at pH 7, with mild stirring, for 24 h. This was followed by repeated centrifugation to wash the particles. The adsorption of the dye at the particle surface was followed by recording the emission of FL-NH2 at 520 nm (λexc = 495 nm) in the presence of L-CμP-COOH particles vs. time (Figure 3A). The loss of intensity with time is attributed to the adsorption of the dye at the L-CμP-COOH particle surface, with the majority of adsorption occurring in the first 30 min of incubation. No further loss in emission intensity was observed over the same period of time in the absence of particles. FL-NH2 adsorption at the particle surface is further supported by ζ-potential measurements which reveal a reduction in the surface negative charge for the L-CμP-FLads sample when compared with L-CμP-COOH (Figure 3B).


[image: Figure 3]
FIGURE 3. Adsorption of fluorescein dye at particles surface. (A) Time-dependent emission (520 nm) of 6-aminofluorescein upon incubation with L-CμP-COOH. (B) Zeta potential of L-CμP-COOH before and after adsorption of FL-NH2 at the surface to form and CμP-FLads in 10 mM NaCl at pH 7.0.



Cellular Uptake of the Larger Dye Labeled L-CμPs

The cellular studies were performed using a cancer cell line namely, human epithelial carcinoma (HeLa) cells and non-cancer human embryonic kidney cells HEK293. In particular, we were interested to investigate the cellular uptake in the presence and the absence of a transfection agent, which assists in the transport of materials to the cell. The transfection agent FuGENE® was used for this purpose, which is a non-liposomal agent with high efficiency of transporting macromolecules such as DNA, and have a low toxicity. The cellular internalization of L-CμP-AA-Rh and L-CμP-PEG-Rh particles was initially studied by pre-incubating the particles with the transfection agent FuGene. The dye-labeled particles were incubated with HeLa and HEK293 for 24 h. The cells were then imaged using confocal microscopy and using this technique the particle fluorescence was readily observed. For both particle sizes, confocal images revealed the majority of the particles to be internalized by the cells and to reside primarily in the cytoplasm and perinuclear region. This can be clearly seen in Figure 4 where bright field and fluorescence images are shown in the case of the L-CμP-AA-Rh particles incubated with HeLa cells. The appearance of strong localized fluorescence suggests that the particles are clustered preferentially in specific subcellular structures. This is in agreement with our previous results on the uptake of fluorescein labeled 700 nm CμPs performed in the presence of the same transfection agent (Duffy et al., 2012). The particle internalization was confirmed by Z-depth measurements and by overlaps of the bright field and fluorescence micrographs. Having demonstrated the ability to visualize the rhodamine labeled particles internalized using a transfection agent, we next considered the uptake without the transfection agent. In the absence of transfection agent neither HeLa nor HEK293 cell lines demonstrated the uptake of the larger particles. Instead the particles were observed to remain in the bulk solution or around the cell membrane (Supplementary Figure 2).


[image: Figure 4]
FIGURE 4. Confocal images of HeLa cells incubated with L-CμP-AA-Rh particles in the presence of the transfection agent (A) bright field image with fluorescence overlay and (B) fluorescence image.


Non-specific interactions of particles with proteins and other biomolecules can lead to agglomeration of particles under cell-culture conditions and can also lead to binding to the cell membrane and the extracellular matrix (Cedervall et al., 2007). These processes lead to reducing the capacity of particles to act as delivery and imaging agents (Verma and Stellacci, 2010). This can be avoided by coating particles with molecules such as PEG, which is known to reduce non-specific binding of blood components such as proteins and macrophages (Pirollo and Chang, 2008). In this way the enhanced permeability and retention effect can be greatly improved and the blood circulation half-lives of PEGylated particles can be prolonged (Pirollo and Chang, 2008; He et al., 2010; Valencia et al., 2011). Furthermore, PEGylation is observed to reduce immunogenicity, shows good biocompatibility and aids in the dispersibility of particles in water (Jokerst et al., 2011; Kolate et al., 2014; Suk et al., 2016). PEGylation has been extensively used to enhance the delivery of fluorescently labeled nanoparticle (Ruan et al., 2014; Zhang, X. et al., 2014; Wang et al., 2015). For these reasons we next considered the uptake phenomena of PEGylated CμPs.

HEK293 cells were incubated with L-CμP-PEG-Rh particles with and without transfection agent (FuGene). In the case of particles pre-incubated with FuGene the confocal fluorescence micrographs and Z-depth analysis shows that the particles entered into the cytoplasm of HEK293 cells (Supplementary Figure 3). Interestingly, cellular internalization of the L-CμP-PEG-Rh particles by HEK293 cells was also observed in the absence of the transfection agent (Figure 5). The volume analysis confirms that particles are localized in the cytoplasm (Supplementary Figure 3). While the number of particles internalized is lower in the absence of transfection agent. In contrast to adipic acid modified particles, PEG modified particles tend to stay in the cytoplasm and almost no particles were observed in the nuclear region.


[image: Figure 5]
FIGURE 5. Confocal images of HEK293 cells incubated with L-CμP-PEG-Rh particles and co-stained with a DAPI dye. (A) Bright field and (B) fluorescence confocal images and the corresponding particles incubated without transfection agent.




Cellular Uptake of the Smaller Dye Labeled S-CμPs

Next the cellular uptake was investigated for the smaller particles S-CμP-AA-Rh by HEK293 cells. In contrast, some cellular internalization was observed for the smaller particles in the absence of the transfection agent (Figures 6a–c). However, the number of particles able to cross the cellular membrane appeared to be lower compared to the number when pre-incubated with the transfection agent (Figure 6d). Co-staining with DAPI, a nuclear stain, showed the particles to be in the cytoplasm and the perinuclear region. The strong localized emission observed indicates that while the transfection agent influences the number of particles internalized it does not influence the particle destination. Overall, in the presence of transfection agent no difference was observed between small and large particle in cellular uptake.


[image: Figure 6]
FIGURE 6. Confocal images of HEK293 cells incubated with small S-CμP-AA-Rh particles and co-stained with a DAPI dye. Bright field (a), fluorescence confocal (b), and combined (c). Volume depth profile for particles incubated with transfection agent (d).




Cellular Delivery of a Model Payload by CμPs

Activated carbons have been shown to be able to deliver drugs to cells (Valencia et al., 2011) and so having determined the conditions of cell uptake of porous microspheres we next investigated whether the prepared L-CμP-FLads particles were capable of delivering a model cargo into the cells (Kim et al., 2008). The bright field image recorded for the particles after incubation overnight with HEK293 cells show that particles are clearly visible in the cytoplasm of some cells while other cells show an absence of carbon particles (Figure 7a). These two populations are found to contrast dramatically when imaged in fluorescence mode (Figure 7b). In this image a significant number of cells display strong green emission throughout the cell cytoplasm and nucleus (1). This emission is attributed to the release of the dye molecules. In contrast, those cells that showed no evidence of particle presence in the bright field image remain “dark” (2). It is also notable that the most intensely fluorescent cells correspond to those cells that have a higher number of particles present in the bright field image (3). The presence of sharp, localized emission throughout the image is also noteworthy (4). This is attributed to CμP-FLads particles located outside the cell environment; in the case of these particles the dye molecule, due to its poor solubility in aqueous solution, remains adsorbed at the particle. The distribution of the fluorescein dye throughout the cell including the nucleus contrasts strongly the images recorded for L-CμP-FL particles that are covalently modified with fluorescein (Supplementary Figure 4). The widespread distribution is similar to that observed for the delivery of a fluorescein dye by SWNTs (Nakayama-Ratchford et al., 2007). The desorption of FL-NH2 is favored in the lipophilic intracellular medium; therefore, particle uptake and membrane transport is expected to trigger desorption of the dye within the cytoplasm. The most likely mechanism for particle uptake is endocytosis which has been observed for similarly sized particles (Pirollo and Chang, 2008). This mechanism of uptake will be the subject of future experiments.


[image: Figure 7]
FIGURE 7. Confocal fluorescence microscopy images of HEK293 cells incubated with L-CμP-FLads particles (a) bright field image and (b) fluorescence image.


While carbonaceous nanomaterials show promise for a range of biomedical applications, there are ongoing discussions about their toxicity (Firme, 2010; Zhao and Liu, 2012). In vivo and in vitro toxicological studies reveal differing toxicity among carbonaceous materials. For example, toxicity of single walled carbon nanotubes (SWNT) and multi walled carbon nanotubes (MWNTs) has been linked to their fibrous nature (Sharifi et al., 2012). In the case of MWNTs an increased risk of cancer has been linked to the long rigid structure (Poland et al., 2008) and the presence of metal impurities (Takagi et al., 2008). On the other hand, carbon nanohorns which share the sp2 covalent scaffold with nanotubes, but are free from metal impurities and possess a spherical shape (Iijima et al., 1999; Miyawaki et al., 2008), exhibit negligible toxicity compared to SWNT (Warheit et al., 2004) and MWNTs (Poland et al., 2008; Takagi et al., 2008; Sharifi et al., 2012; Zeinabad et al., 2016). This evidences the major role that aspect ratio (Wang et al., 2014) and impurities play in determining the toxicity of carbonaceous nanomaterials. In the case of our CμPs the combination of the metal free synthesis and spherical size can be considered significant factors in their biocompatibility. In fact, microscopic inspection of the cells incubated with a loading concentration of 2 μg of CμPs, showed an intact cell membrane over the course of the experiment (24 h). The cells were therefore found to tolerate the particles with no evidence of cell death in the images recorded for the different systems.





CONCLUSIONS

CμPs are promising delivery agents with the potential to load large amounts of small molecules. Furthermore, their modification can be readily achieved using the wealth of carbon coupling chemistry. In this study the cellular uptake of large (690 nm) and small (250 nm) dye-labeled porous CμPs by HeLa and HEK293 cell lines was investigated by confocal fluorescence microscopy. In the presence of transfection agent both large and small microparticles were readily internalized by both cell lines. However, in absence of the transfection agent the uptake was influenced by both the particle size and the surface functionalization. In addition, we showed that in the case of the dye loaded particles cellular uptake is accompanied by dye release and delivery throughout the cell. We believe that this result paves the way for further exploitation of these versatile particles for applications in drug delivery. Furthermore, the recent discovery of incandescent behavior by porous carbon particles (Duffy et al., 2012) offers the potential for temperature-activated release of bioactive compounds or materials.
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A novel 4,4-difuoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) copolymer with diethynylbenzene has been synthesised, and its ability to act as a photosensitiser for the photocatalytic generation of hydrogen was investigated by time-resolved spectroscopic techniques spanning the ps- to ns-timescales. Both transient absorption and time-resolved infrared spectroscopy were used to probe the excited state dynamics of this photosensitising unit in a variety of solvents. These studies indicated how environmental factors can influence the photophysics of the BODIPY polymer. A homogeneous photocatalytic hydrogen evolution system has been developed using the BODIPY copolymer and cobaloxime which provides hydrogen evolution rates of 319 μmol h−1 g−1 after 24 h of visible irradiation.

Keywords: BODIPY polymer, photocatalytic, time-resolved spectroscopy, hydrogen, TAS, TRIR


INTRODUCTION

Increasing levels of CO2 in the atmosphere has resulted in an increase in the rate of global warming, necessitating a move away from burning fossil fuels. Hydrogen has been proposed as a clean energy vector, which has led to the development of photocatalysts for hydrogen generation (Dalle et al., 2019; Fajrina and Tahir, 2019). Many inorganic photosensitisers, based on ruthenium, iridium or rhenium, have been used for hydrogen generating systems in both inter- and intra-molecular assemblies. Knowledge of the photophysics of these systems is essential to “fine tune” the photocatalytic systems and increase their efficiencies (Singh Bindra et al., 2012; Tong et al., 2014; Kowacs et al., 2016; Rommel et al., 2016; Das et al., 2017; O'Reilly et al., 2018). However, these systems have many drawbacks including high cost and inefficient use of the visible light spectrum. Organic photosensitisers for hydrogen evolution are less well-developed, despite a number of welcome attributes, such as low cost (Mishra et al., 2009; Manton et al., 2014; Summers et al., 2015; Luo et al., 2018; Lai et al., 2020).

Conjugated polymers offer many advantages over traditional inorganic-based systems for the production of hydrogen. They can facilitate energy transfer along the polymer backbone following photoexcitation, directing it to catalytically active sites for solar-driven hydrogen evolution (Guiglion et al., 2016; Zhang et al., 2016; Wang et al., 2018, 2019; Xu et al., 2018; Dai and Liu, 2020; Jayakumar and Chou, 2020). For instance Zhang et al. reported the use of poly(fluorene-co-phenylene) as a photosensitiser (PS) for hydrogen generation. When used in conjunction with a Ni catalyst and EDTA as a sacrificial agent, efficiencies of up to 429 mmol g−1 h−1 were achieved (Yong et al., 2018). Graphitic carbon nitride (g-C3N4) based polymers have also been investigated because of their thermal stability and high hydrogen evolution rates (HER) (Ong et al., 2016; Wang et al., 2017), although they require post-modification, such as surface functionalisation or surface assembly to maximise hydrogen evolution (Ran et al., 2018; Wang et al., 2020; Yi et al., 2020). However, harsh reaction conditions are required to synthesise pristine g-C3N4 which limits its application as a photocatalyst (Ong et al., 2016).

A diverse range of conjugated polymers can be prepared under mild conditions using metal-catalysed cross-coupling reactions. To date, a range of conjugated polymers including linear polymers, conjugated microporous polymers (CMPs) (Sprick et al., 2016; Liu et al., 2018), covalent organic frameworks (COFs) (Stegbauer et al., 2014; Banerjee et al., 2017; Pachfule et al., 2018), and covalent triazine frameworks (CTFs) have been reported (Bi et al., 2015; Li et al., 2016; Meier et al., 2017). While there are many limitations with polymeric photocatalysts, such as precise control of molecular weight distribution, there are also many advantages, including the ability to establish structure-activity relationships by incorporating different molecular building blocks (Woods et al., 2020). The first report of tunable organic polymers for hydrogen evolution was presented by Cooper et al. who developed pyrene-based conjugated polymers with various monomeric compositions and optical gaps ranging from 1.94 to 2.95 eV (Sprick et al., 2015). The optical gap of the polymer is a key determinant of their efficiency as photocatalysts for hydrogen evolution. For instance, adding various co-monomers in the preparation of poly(p-phenylene) enhanced hydrogen evolution. The highest activity was observed with incorporation of a dibenzo[b, d] thiophene sulfone moiety, yielding an evolution rate of 92 μmol h−1, compared to 2.0 μmol h−1 for the homopolymer (Sprick et al., 2016). The superior performance of conjugated polymers and their successful use as photosensitisers has been explained by both their light-harvesting and electron transport capabilities (Chen et al., 2010; Jiang and McNeill, 2017). Certain barriers to improvement of photocatalytic activities or organic polymers remain however. A reduction in exciton binding energies for subsequent charge-carrier generation is required to improve the viability of polymer systems for hydrogen generation.

BODIPY dyes (Figure 1A) are one of the most extensively studied chromophores in recent years, due to ease of synthesis, thermal stability and solubility in a range of organic solvents (Wan et al., 2003; Azov et al., 2005; Ziessel et al., 2005; Kim et al., 2006; Loudet and Burgess, 2007). A variety of BODIPY architectures have been developed, involving substitution at the meso position, the pyrrole unit (β position), the boron atom, as well as post-functionalisation and polymerisation at the periphery of the chromophore (Figure 1B) (Ulrich et al., 2008; Boens et al., 2015, 2019; Zhao et al., 2015; Zhang and Zhu, 2019).
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FIGURE 1. BODIPY core scaffold (4,4-difuoro-4-bora-3a,4a-diaza-s-indacene) showing IUPAC numbering system (A). 3-TMS polymer reported in this study (red bonds showing the BODIPY unit in the polymeric backbone) (B).


Absorption and emission properties of BODIPYs may vary with substituents on the BODIPY core, e.g., iodine or alkyl groups (Banfi et al., 2013). Synthetic modifications at the meso position have less effect on the photophysical properties of the BODIPY however (Guzow et al., 2009; Banfi et al., 2013). Copolymerisation of the BODIPY core at the 2 and 6 position can form linear copolymers (Alemdaroglu et al., 2009; Donuru et al., 2009a,b). BODIPY polymers of this type have applications in areas, such as optoelectronics, organic field transistors, batteries, photovoltaics, and cellular imaging (Squeo et al., 2017), however their use in hydrogen evolution reactions (HER) is the focus of this manuscript. BODIPY monomers and iodinated BODIPY monomers have been used in homogeneous photocatalytic hydrogen evolution, including both intermolecular (Luo et al., 2015b; Sabatini et al., 2016; Dura et al., 2017; Xie et al., 2019) and intramolecular systems (Lazarides et al., 2011; Bartelmess et al., 2014; Luo et al., 2015a; Zheng et al., 2015). Some heterogeneous systems incorporating BODIPY a chromophore onto TiO2 surfaces have been shown to lead to H2 evolution (Sabatini et al., 2011; Suryani et al., 2019). BODIPY dyes have been immobilised onto photocathodes including NiO (Summers et al., 2015; Black et al., 2017). Limitations in the systems described to date include the narrow absorption profiles of BODIPY chromophores, instability upon irradiation, fast rate of charge recombination and insufficient charge-separated state lifetimes.

Based on the features of the best performing chromophores, we have designed a novel conjugated copolymer containing the BODIPY core unit in the polymer backbone (Figure 1B), which absorb strongly in in the region of the solar irradiance spectrum. Irradiation of this polymer produces a long-lived triplet excited state, which in the presence a cobaloxime molecular catalyst acts as an effective hydrogen evolution catalyst. We also report the first time-resolved study of BODIPY based copolymers using transient absorption and time-resolved infrared spectroscopy to investigate the early-time photodynamics in a range of solvents for comparison with the parent BODIPY monomer.



MATERIALS AND METHODS

All solvents were supplied by Aldrich Chemicals Co.® and anhydrous solvents containing sure/seal® were used under the flow of nitrogen. [3-(trimethylsilyl)ethynylbenzaldehyde] was purchased from Sigma-Aldrich and used as received. Reagents were obtained commercially from Aldrich Chemicals Co®., ABCR®, Honeywell Fluka®, Flourochem Ltd.® and were used without any further purification.


Physical Measurements

1H and 13C NMR spectra were recorded on either a Bruker 400 or 600 MHz spectrometer and were referenced to the deuterated solvent peak as an internal reference. Mass spectra were measured on a waters Q-TOF 6200 series. All UV spectra were recorded on the Agilent 8453 UV-vis spectrophotometer equipped with Agilent ChemStation software. FTIR measurements were carried out on Perkin-Elmer 2000 FTIR spectrophotometer in a liquid solution cell using spectrophotometric grade dichloromethane. All excitation spectra, emission spectra, emission maps and time-correlated single photon counting (TCSPC) lifetimes were carried out using a FLS1000 photoluminescence spectrometer (Edinburgh instruments), equipped with a Xe Arc lamp for steady-state measurements and a visible PMT-900 detector. All data analysis carried out using Floracle® software. All samples were measured at room temperature and were purged with N2 prior analysis. For TCSPC, a 510 nm variable pulse length diode laser (VPL-510) was utilised to excite the ground state sample. The accuracy of the fit of the decays was judged by chi-squared (χ2) and sum of residuals was always χ2 < 1.1. The fluorescence decay time (τ) was obtained from the slope of the decay curve. Accumulation of the steady-state spectra was obtained using 1 s dwell time and ×2 repeats per spectrum. All samples were measured in a 1 × 1 cm quartz cuvette and samples were <0.2 at 510 nm to ensure an optically dilute solution to avoid inner-filter effects. Size exclusion chromatography (SEC) was used to determine the dispersities (ÐM) and molecular weights of polymers. SEC was conducted in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFiP) using an PSS SECurity SEC system equipped with a PFG 7 μm 8 × 50 mm pre-column, a PSS 100 Å, 7 μm 8 × 300 mm and a PSS 1,000 Å, 7 μm 8 × 300 mm column in series and a differential refractive index (RI) detector at a flow rate of 1.0 mL min−1. The systems were calibrated against Agilent Easi-Vial linear poly(methyl methacrylate) (PMMA) standards and analysed by the software package PSS winGPC UniChrom.



Synthesis

3-TMS BODIPY monomer and 3-TMS diiodo BODIPY monomer were synthesised as per previously reported methods and spectroscopic results are consistent with the literature (Godoy et al., 2010; Li et al., 2019). We report the first synthesis of 3-TMS BODIPY polymer using a previously reported method for the Sonogashira polycondensation reaction (Donuru et al., 2009a). The synthetic procedures used for the synthesis of all compounds are detailed in the Supporting Information.



Fluorescence Quantum Yield Calculations

Steady-state fluorescence measurements were recorded using the LS50B luminescence spectrophotometer. Prior to obtaining the emission spectra, samples were diluted to ~0.2 abs units at λexc using the UV-vis spectrometer to inhibit inner-filter effect. The reference compound used was previously reported by Banfi et al. (3-pyridine H-BODIPY, Φfl = 0.62 in CH2Cl2) (Banfi et al., 2013). An excitation wavelength of 490 nm and a slit width of 2.5 nm was used for the samples and the standards. The compounds were measured in aerated solution at room temperature. Spectroscopic CH2Cl2 was the solvent used for all samples and standards. The emission quantum yield was the measured as per the following Equation (1):
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Where Isample and Istandard is the integrated area under the emission curve when the sample was excited at 490 nm. Abs denotes the optical density of the sample solution at the excitation wavelength.



Fluorescence Lifetime Measurements

Fluorescence lifetimes were fitted using Floracle® software to either a simple monoexponential or the following bi-exponential formula (2):
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where the contribution (% relatively) of each of the different components is B1 and B2, respectively.



Singlet Oxygen Quantum Yield Calculations

The singlet oxygen (1Δg) quantum yield (ΦΔ) was measured using zinc meso-tetraphenylporphyrin (ZnTPP) in CHCl3 as the standard (ΦΔ = 0.72) (Redmond and Gamlin, 1999). The singlet oxygen near infrared emission (NIR) spectra were recorded using an Andor InGaAs detector coupled with a Shamrock 163 Spectrograph. The excitation sources were supplied by Thorlabs and the monochromatic line used was a 530 nm diode laser. All UV-vis spectra were recorded both before and after singlet oxygen measurements, the optical density of standards and samples were 0.3 absorption units at the excitation wavelength (λexc = 530 nm). Standard and sample measurements were run under identical experimental conditions employing the same solvent, excitation source, LED exposure time and accumulation cycles to allow for direct comparison of NIR emission spectra. The NIR emission spectra was then integrated using baseline correction software in the region of λ1 = 1,230 nm to λ2 = 1,330 nm and ΦΔ calculated using the following Equation (3):
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Where Φref is the singlet oxygen quantum yield of the standard, Areasample and Arearef are the integrated area between 1,230 and 1,330 nm of the phosphorescence of singlet oxygen, respectively, Absref and Abssample are the absorption of both solutions at the wavelength of excitation.



ps-Transient Absorption Measurements and ps-Time Resolved Infrared Measurements

ps-TA and ps-TRIR spectra were recorded using the ULTRA instrument at the Central Laser Facility in the Rutherford Appleton Laboratory in the U.K. and has been described elsewhere (Greetham et al., 2010).



ns-Transient Absorption Measurements

ns transient absorption data were recorded on the LP980 transient absorption spectrometer (Edinburgh Instruments), λexc = 355 nm. All samples were degassed using three freeze-pump thaw cycles prior to sample measurement. The optical density of the sample was ~0.3 at 355 nm prior to transient absorption measurement on the LP980. Samples were checked for photodegradation by comparing UV-vis absorbance spectra before and after TA measurements and no changes were observed.



Photocatalytic Homogeneous H2 Evolution Experiments

For photocatalytic hydrogen evolution, each sample was prepared in a 23 mL glass Schlenk tube stoppered with an air-tight rubber septum. Prior to sample preparation, an aqueous solution of 0.2 M ascorbic acid was adjusted to the desired pH value by titrating the solution with an appropriate amount of 0.2 M NaOH solution. The polymer and the catalyst were dissolved in 4 mL of organic solvent (either CH3CN or THF) followed by addition of 4 mL of the ascorbic acid solution to yield an 8 mL 1:1 (v/v) mixture of organic solvent and aqueous ascorbic acid solution (0.1 M final concentration of ascorbic acid). The components were dissolved in the photocatalytic solution, and degassed using three freeze-pump thaw cycles prior to irradiation. The solution based photocatalytic experiments (λ > 420 nm) were all conducted for a period of 24 h using a 300 W Xe arc lamp. All experiments for the detection of hydrogen evolution were carried out in triplicate. At each timepoint reported, 1 mL of the headspace from the Schlenk flask was injected onto the GC to quantify the amount of H2 produced. For the heterogeneous photocatalysis on NiO, the reaction cell was degassed for at least 15 min with either nitrogen or argon. Aqueous electrolytes were freshly prepared and pH adjusted with concentrated HCl, and measured with a benchtop pH meter (Hanna Instruments). The cell was irradiated with simulated 1 sun intensity light (AM 1.5, 100 mW cm−2) using a 300 W Xe arc lamp (Oriel Instruments). Hydrogen was detected with a thermal conductivity detector (TCD) with the system operating at 80°C. Gas sampling was done in flow, through an integrated cell block (Supplementary Figure 44). Further details can be found in Supporting Information.




RESULTS AND DISCUSSIONS


Synthesis

The synthesis of the BODIPY polymer was achieved in three steps (Figure 2), via initial synthesis of the BODIPY monomer (Banfi et al., 2013) and subsequent iodination at the 2 and 6 position (3-TMS diiodo BODIPY). The polymer (Mn = 7.5 kDa, Ð* = 1.4, see Supplementary Figure 8) was synthesised using Sonogashira polycondensation between the iodinated BODIPY core and a 1,4-diethynylbenzyl linker to yield the 3-TMS BODIPY polymer depicted in Figure 2 (herein referred to as polymer). The resulting polymeric material exhibits a bimodal molecular weight distribution. SEC analysis confirmed the successful formation of polymeric structures well-beyond the oligomer regime with a bimodal molecular weight distribution (Supplementary Figure 8).


[image: Figure 2]
FIGURE 2. Synthesis of 3-TMS polymer. Reagents and conditions: i) TFA, DDQ, BF3OEt2, TEA, dry CH2Cl2, N2, RT, 3 days; ii) I2, HIO3, EtOH, r.t. overnight; iii) Pd(PPh3)2Cl2, PPh3, CuI, THF/Diisopropylamine, reflux, 3 days.




UV-Visible and Emission Spectroscopy

The UV-visible and emission spectra of the monomer and polymer are presented in Figure 3 (recorded in CH2Cl2). The spectrum indicated with a solid red line corresponds to the absorption spectrum of the monomer. This spectrum displays the characteristic narrow absorption band of the BODIPY core (λmax = 503 nm; FWHMabs = 768 cm−1) which has been assigned to a S0 to S1 π-π* transition. A weak shoulder is observed at 470 nm attributed to the S0-S2 (π-π* transition). The associated emission spectrum (dashed red line) also displays the characteristic sharp band, λmax, at 516 nm representing a Stokes shift of 501 cm−1, within the range typical for BODIPY materials. This indicates only a small change in dipole moment (or geometry) in transition from the ground to the excited state (Luo et al., 2015b).
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FIGURE 3. Normalised absorption spectra for monomer (solid red), polymer (solid blue) and normalised emission spectra for monomer (dashed red) and polymer (dashed blue). CH2Cl2, 298 K.


The fluorescence quantum yield for the monomer is high (Φfl = 92% Table 1), in agreement with the literature (Ulrich et al., 2008; Zhang and Zhu, 2019). The UV spectrum of the polymer is presented as the solid blue feature in Figure 3 (with additional spectra in various solvents presented in Supplementary Figure 11). The increased π-conjugation along the polymer backbone also results in a broadening of the BODIPY absorption (Alemdaroglu et al., 2009; Meng et al., 2009; Khetubol et al., 2015). The lowest energy absorption feature of the polymer is broad (FWHMabs = 2,209 cm−1), with the λmax is red-shifted by 36 nm compared to the monomer. A new intense feature is present at about 350 nm, which is also displayed in the excitation spectrum of the polymer (Supplementary Figure 13). In addition, the lowest energy absorption band is partially resolved into two features in some solvents, indicating the existence of different environments for the BODIPY moiety along the polymer backbone. In this regard, the BODIPY unit is acting as a probe to the various environments on the polymer, and these environments have a dramatic effect on the photophysical behaviour of the BODIPY chromophore. The emission spectrum of the polymer is also broadened compared to the monomer with a larger Stokes shift of 1,101 cm−1 (Table 1). The emission maximum of the polymer is shifted some 57 nm to the red compared to the monomer and the emission band extends to 700 nm. These observations are consistent with other studies on polymeric BODIPY systems and again implies the presence of a multiple of environments for the BODIPY chromophore (Bucher et al., 2017). The fluorescence quantum yield of the polymer is greatly reduced compared to the monomer (Φfl = 0.09, Table 1). It appears that incorporation of a conjugated linker unit is important in modulating the photophysical properties of BODIPY polymers and reducing the luminescence of the BODIPY core (Alemdaroglu et al., 2009).


Table 1. Photophysical properties of the monomer and polymer.
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The emission spectra of the polymer were relatively insensitive to the nature of the solvent (Figure 4A) implying that BODIPY emission occurs from only selective environments. However, a slight hypsochromic shift (ca.−9 nm) is observed in acetonitrile compared to other solvents (571–574 nm, Table 2). The emission map (Figure 4B) follows closely the absorption profile of the ground state, indicating coupling of the chromophores responsible for the two lowest energy features in the absorption spectrum to the emissive state.


[image: Figure 4]
FIGURE 4. Emission spectra of the polymer in acetonitrile (red), chloroform (blue), dichloromethane (green), dimethylformamide (black), dimethyl sulfoxide (orange) and tetrahydrofuran (purple) following excitation at 530 nm (A). 3-D Emission map of polymer in dichloromethane, recorded at room temperature. Fixed wavelength axis indicates the various excitation wavelengths used (B). All spectra recorded in at room temperature.



Table 2. Fluorescence decay lifetimes of the monomer and polymer using 510 nm LED diode.
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Fluorescence Lifetime Analysis Using TCSPC

The fluorescence lifetime (τfl) of the monomer was measured in dichloromethane solution. The luminescence decay follows a single exponential profile yielding a τfl of 4.3 ns (Supplementary Figure 25), typical of emission from the lowest energy singlet excited state (Krumova and Cosa, 2010). As mentioned above the quantum yield for fluorescence is much lower for the polymer and the fluorescence decay shows a biexponential profile, comprising a fast process with τfl on the order of 1 ns or less, and a slower process with a lifetime similar to that of the singlet emission from the monomer (τfl ≈ 4 ns). The lifetimes were measured in a variety of solvents and these data are presented in Table 2. It is clear that while the lifetimes of the two decay processes are largely insensitive to the solvent, however the relative proportions of the two decay processes vary. The fast process contributes more in DMF or DMSO than it does in CH2Cl2 or THF (Figure 5). These observations can be explained by proposing that the singlet emission only occurs from selective environments on the polymer, which do not facilitate intersystem crossing (ISC) to the triplet surface (Chen et al., 2019). The proportion of the excited BODIPY centres, which undergo singlet emission, is strongly affected by the interaction between the polymer and the solvent. This explains the substantial decrease in Φfl for the polymer compared to the monomer. The majority of excited BODIPY centres can undergo charge transfer processes along the conjugated polymer which promotes ISC (Filatov, 2019). More details of the emission decay profiles are presented in the supporting information (Supplementary Figures 26–29).


[image: Figure 5]
FIGURE 5. Emission decay of polymer in CH2Cl2 (A) and DMF (B) obtained using FLS1000 Photoluminescence spectrometer λexc = 510 nm. All solutions purged with N2 for 20 minutes prior to sample measurement.


Biexponential decays have previously been reported for other BODIPY polymers and are consistent with the results in this study (Economopoulos et al., 2013). For instance Donuru et al. (2009b), reported a lifetime of τ = 4.1 ns for a BODIPY monomer, and a lifetime of τ = 1.1 ns in the resulting polymer. Other reports also follow similar trends of a decreased lifetimes for polymeric materials (Donuru et al., 2010). Douhal et al. reported three lifetime components for another conjugated BODIPY copolymer, τ1 = 0.22 ns, τ2= 0.7 ns, and τ3 = 4.3 ns in CH2Cl2, λexc = 371 nm (Piatkowski et al., 2019). The latter two lifetimes are similar to those obtained in this work (Table 2) and it is possible that a third lifetime component exists for our polymer but on a timescale shorter than the instrument response time of 50 ps (see the transient absorption results outlined below).



Transient Absorption Spectroscopy

To investigate the early excited state dynamics, ps-ns transient absorption (TA) measurements were undertaken on the polymer in a range of solvents including CD3CN, DMSO, CHCl3, and CH2Cl2. Figure 6A displays the colour 2-D TA plot for the polymer following excitation at 525 nm in CD3CN and Figure 6B contains the corresponding time-resolved spectra. To aid in spectral interpretation the ground state absorption spectrum of the polymer (blue dashed line) and emission spectra (green dashed line) are plotted. The region of most interest is indicated with a downward arrow, while the region close to the upward arrow is subject to distortions because of emission.
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FIGURE 6. Transient absorption spectra of polymer in CD3CN following excitation using 525 nm (A). Transient absorption spectra of polymer corresponding to indicated time delays, grey lines indicate kinetic traces analysed (B). Temporal evolution of the spectra at wavelengths indicated by grey broken lines in (B) together with the exponential best fit line (C). Normalised Decay Associated Spectra (DAS) corresponding to the lifetimes extracted from modeling of the TA spectra in CD3CN (D).


Excitation results in a ground state bleach (GSB) around 540 nm and the formation of an excited state absorption (ESA) at ~435 nm (Figure 6B). The ESA at 435 nm decays with three decay components (Figure 6B) with τ1 = 6 ± 1 ps, and τ2 = 404 ± 32 ps, and a third component with τ3 > 3 ns (Table 3). Supplementary Figure 32 shows the additional TA spectra obtained in DMSO, CHCl3, and CH2Cl2, all of which exhibit similar spectral features. The longer of these lifetimes are similar to those obtained in the emission studies described above (Table 2). The first component (τ1), with lifetimes in the range 6–18 ps, is too short-lived to be detected in the luminescence studies. The time scale for this species is within the range of vibrational relaxation, however the spectroscopic behavior of the bands is not typical of this process, and another possibility is structural relaxation of the BODIPY polymer (Kee et al., 2005; Suhina et al., 2017). The second component (τ2) in the range 400–1,400 ps corresponds to the fast component in the emission lifetime studies. The more rapid excited state decay in the more polar solvents suggests that the excited state is quenched by electron transfer to form a charge-separated triplet state, which is facilitated by polymer-solvent interactions. The absorption of the triplet species persisted to >3 ns after excitation, as did the GSB. Triplet excited state formation is also observed in other heavy-atom-free BODIPY photosensitisers (Filatov, 2019). Halogenated BODIPY monomers also have an ESA feature in this region attributed to the formation of a triplet excited state (Sabatini et al., 2011; Lee et al., 2020).


Table 3. Summary of the lifetimes in the TAS experiments for the ESA feature at ~445 nm (using a biexponential function) following excitation at 525 nm.
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Figure 6D displays the decay associated spectra (DAS) for the polymer in CD3CN. The DAS spectra exhibit the amplitude (ai) of each lifetime component (τi) along the absorption spectral window in the experimental set-up. The τ1 DAS is dominated by a positive feature at 464 nm and, a negative feature corresponding to the GSB at ~546 nm. This initial species absorbs to the red of the parent and of the second species populated. The τ2 DAS is structurally similar showing a slight blue shift of the ESA feature on the higher energy side of the spectra ca.−18 nm. Finally, a positive feature is also present in the τ3 DAS centered at 455 nm and persists on the ns-timescale. Consequently, we can assign the long-time life component to the absorption of a triplet state, which is further supported by ns-TA experiments.

For comparison, TAS was also carried out with the parent BODIPY monomer and the diiodo monomer in CD3CN, following excitation at 525 nm (Supplementary Figures 34, 35). The lifetime obtained for the BODIPY monomer (τ ~ 4 ns), is consistent with the population of the S1 state, followed by relaxation to the ground state. The GSB feature of the diiodo BODIPY monomer is long-lived and did not decay within the timeframe of the experiment. In the TA spectra for the diiodo BODIPY dye concurrent with decay of the band initially observed at 460 nm, a further band grows in at ~430 nm over ca. 50 ps (that is absent in the BODIPY monomer) that persists beyond the experimental times used (2 ns). This is attributed to ISC with formation of the triplet state which is characteristic of heavy-atom BODIPY analogues (Sabatini et al., 2011).

Time-resolved experiments on the polymer in CH3CN, using ns laser pulses confirmed the formation of a long-lived excited state consistent with it being a triplet species with τT = 60 μs. The ns-TA spectrum (Figure 7) exhibits a broad GSB in addition to two ESA features at ~435 and 585 nm, which resembles the final spectrum obtained in the ps-TA experiments described above. The triplet lifetime of 60 μs is similar to triplet state lifetimes measured for other conjugated polymers containing thiophene and fluorene moieties previously measured (20–120 μs) (Yong et al., 2018). Lifetimes in the range 450–710 μs have been reported for polymers with pendant iodo-substituted BODIPY units (Zhang et al., 2020). Triplet excited state species have also been observed for a BODIPY polymer containing an ethynyl thiophene linker (Bucher et al., 2017). The singlet oxygen quantum yield for the polymer (ΦΔ = 0.77, Table 1) represents more than a 10-fold increase over the singlet oxygen quantum yield of the monomer (ΦΔ = 0.05, Table 1) (Supplementary Figure 24) (DeRosa and Crutchley, 2002; McDonnell et al., 2005).
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FIGURE 7. Transient absorption spectroscopy of polymer in CH3CN, shown at different time delays, (λexc = 355 nm) and corresponding decay at ESA and GSB shown in inset at stated wavelength: 445 nm (black squares) and 525 nm (red circles) with red line showing monoexponential fitting to obtain triplet lifetime. Grey shaded curve represents the ground state absorption spectra of polymer in same solvent. All samples were prepared using freeze-pump thawed to degas.




Time Resolved Infrared Spectroscopy

Time resolved infrared spectroscopy (TRIR) was also carried out on the polymer on the ps to ns timescales following excitation at 525 nm (in a range of solvents; DMSO, CD3CN, CHCl3, and CD2Cl2). A representative FTIR spectrum for the polymer is displayed in Supplementary Figure 9, in conjunction with 1,4-diethynylbenzene which was used in the synthesis of the polymer.

Immediately following excitation, a depletion is evident at ~1547 cm−1 together with new bands at 1267, 1362, and 1452 (broad) cm−1 which are assigned to a singlet excited state of the BODIPY. Previously electron transfer dynamics for BODIPY chromophores in CH2Cl2 have been reported, with a GSB at 1543 cm−1, and ESA features at 1339, 1297, and 1507 cm−1, respectively (Schoder et al., 2017). These spectroscopic features produced within the instrument response time in our studies, have identical lifetimes [τ = 25 (±5) ps] and are assigned to a singlet excited state (Black et al., 2017). However, for the polymer in this study, additional positive features develop, principally that at 1316 cm−1 which is fully formed within 1 ns and persists on the ns-timescale. We have assigned these features to a triplet excited state. Because of the substantial band overlap, accurate kinetic data could not be obtained for the growth of the triplet species, however it is clear that it forms at a rate similar to the fast decay component in the emission lifetime measurements Figure 8A.
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FIGURE 8. TRIR spectra following excitation at 525 nm of the polymer in CD3CN (left) in the fingerprint region (A). TRIR spectra following excitation at 525 nm of the polymer dissolved in chloroform the triple bond region (B). Blue spectra indicating initial time delays (ps), red spectra indicated final time delays (ps).


Figure 8B displays the spectra obtained in the region where carbon-carbon triple bonds absorb. Following excitation of the polymer in CHCl3 (FTIR, Supplementary Figure 9) a positive feature was produced at 2,023 cm−1. The equivalent feature for the ground state polymer is observed at 2,339 cm−1. The substantial shift of this feature points to charge transfer from the triplet bond to the BODIPY unit in the excited state (Zhu et al., 2008, 2017; Bandyopadhyay et al., 2016). Kinetic analysis of the signal at 2,023 cm−1 reveals two decay lifetimes, τ1 = 13 ± 2 ps and τ2 = 757 ± 62 ps corresponding to vibrational relaxation, and ISC to the triplet surface, respectively. These lifetimes are consistent with those obtained in the TA experiments. Following ISC, a product feature persists to the ns timescale as expected for a triplet species.

TRIR studies were also performed using the diiodo BODIPY monomer. Following excitation, the diiodo monomer displayed a bleach at 1538 cm−1 and positive bands at 1488 and 1442 (broad) cm−1 (Supplementary Figure 38). After ca. 30 ps, two additional bands form at 1525 and 1370 cm−1, respectively and persist beyond the timeframe of the experiment. TRIR spectra of the BODIPY monomer under identical experimental conditions reveal a monoexponential decay of the band at 1540 cm−1, characteristic of BODIPY monomers. This indicates the decay of the singlet excited state, with no evidence for features which could be assigned to a triplet species (Supplementary Figure 39). TRIR spectra of the monomer and diiodo monomer in the carbon-carbon triple bond region were, as expected, featureless (Supplementary Figure 40).



Photocatalytic Hydrogen Generation Studies
 
Solution Studies

The polymer was assessed for hydrogen generation with cobaloxime as the catalyst, under both basic and acidic conditions. No hydrogen evolution was detected in CH3CN under visible light irradiation (λ > 420 nm) when triethylamine was used as the sacrificial agent (SA). The polymer was unstable under these conditions as verified by UV/visible spectroscopy. However, using ascorbic acid as the SA, hydrogen evolution (ca. 108 μ mol h−1 g−1) was observed under visible light irradiation (λ > 420 nm) (Suryani et al., 2019; Xie et al., 2019).

The efficiency of hydrogen generation was investigated by varying the pH of the ascorbic acid solution added to the 8 mL 1:1 (v/v) photocatalytic solution. Preliminary photocatalysis experiments were carried out using 0.1 M ascorbic acid solution that was adjusted to a pH of ~2 prior to addition to the photocatalytic solution. It is assumed under these reaction conditions that ascorbic acid exists in its fully protonated form, H2A (Supplementary Figure 42, pKa = 4.17) (Pellegrin and Odobel, 2017). When we adjusted the pH of the ascorbic acid solution from 2 to 5 prior to sample preparation, an increase in hydrogen evolution (0.2–108 μ mol h−1 g−1, respectively, Supplementary Table 3) was observed. While we cannot accurately determine the pH value of the final photocatalytic solution, it is assumed that the decreased degree of acidity in the later photocatalytic solution results in monoprotic ascorbate anion (HA−) as the dominating species. HA− has previously been reported as a stronger reducing agent than the corresponding pronated form of the sacrificial agent, suggesting a plausible reason for the enhancement of hydrogen activity (Creutz, 1981; Reynal et al., 2015).

Changing the solvent system from a 1:1 CH3CN/H2O (v/v) 0.1 M ascorbic acid solution to a 1:1 THF/H2O (v/v) 0.1 M ascorbic acid solution resulted in an increase in hydrogen generation from 108 μ mol h−1 g−1 after 24 h of irradiation to 152 μmol h−1 g−1 (Figure 9). Solvent effects are well-known to affect hydrogen generation and THF has been previously reported to be the solvent of choice for photocatalytic systems utilising BODIPY chromophores (Artero et al., 2011; Suryani et al., 2019). Furthermore, upon increasing the concentration of the polymer from 0.06 to 0.25 mg/mL (Figure 10), the amount of H2 evolved increased from 3,645 to 7,664 μmol g−1, with a corresponding increase in hydrogen turnover frequency of 152–319 μmol h−1 g−1 after 24 h.
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FIGURE 9. Photocatalytic results following irradiation at λ > 420 nm, cobaloxime as the catalyst (2.5 mM), ascorbic acid as the SA (0.1 M, which was adjusted to pH 5 prior to sample preparation using the appropriate amount of 2 M NaOH), polymer as PS (0.06 mg/mL). Hydrogen evolution curve displayed for different solvent ratios: THF/H2O, 1:1 (v/v) (blue squares, solid line) or CH3CN/H2O, 1:1 (v/v) (red squares, solid line). Hydrogen turnover frequency displayed for each solvent system in μmol h−1 g−1: THF/H2O, 1:1 (v/v) (blue triangles, dashed line) and CH3CN/H2O, 1:1 (v/v) (red triangles, dashed line). All samples where degassed using three freeze-pump thaw cycles prior to irradiation.
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FIGURE 10. Photocatalytic results following irradiation at λ > 420 nm, cobaloxime as the catalyst (2.5 mM), ascorbic acid as the SA (0.1 M, which was adjusted to pH 5 prior to sample preparation using the appropriate amount of 2 M NaOH), solvent ratio THF/H2O, 1:1 (v/v) and polymer as PS (0.25 mg/mL; blue squares, solid line) or (0.06 mg/mL; red squares, solid line). Hydrogen turnover frequency displayed for each polymer concentration analysed in μmol h−1 g−1: 0.25 mg/mL (blue triangles, dashed line) and 0.06 mg/mL (red triangles, dashed line). All samples where degassed using three freeze-pump thaw cycles prior to irradiation.


At low concentration, the turnover frequency (TOF) increases until 8 h of irradiation, after which the activity decreases. At 24 h, the TOF is low and no further H2 is evolved, indicating degradation of the catalyst. Cobaloxime catalysts are known to have limited stability (Lazarides et al., 2009; Willkomm and Reisner, 2018). A summary of all photocatalytic conditions and hydrogen evolution graphs can be found in supporting information (Supplementary Figure 41 and Supplementary Table 3), and a summary of hydrogen evolution rates of organic polymers can be found in Supplementary Table 4. The majority of hydrogen evolution studies using polymeric materials require a precious metal co-catalyst. For example a polybenzothiadazole conjugated network required the addition of 3 wt% Pt to yield a hydrogen evolution rate of 116 μmol h−1 (Yang et al., 2016). The most notable difference between the polymer reported in this study and those reported in the literature to date, is the solubility of the polymer in a wide range of organic solvents. This offers the potential of further processing, for example post-functionalisation or further fabrication onto a photocathode surface. Post-functionalisation options include displacement of the TMS group, and addition of a carboxylic acid anchoring group to facilitate surface attachment (Ho et al., 2018).



Immobilisation Studies

While the mechanistic insights leading to the augmented activity of proton reduction using polymeric photosensitisers remains unclear, some limitations of polymeric species have been described, including the dispersion of the polymers in aqueous solution and hence separation of excitons, leading to enhanced charge carriers generated. The limitations associated with dispersion may be overcome if the polymer is cast as a thin film, or furthermore, immobilised onto a surface, such as NiO (Summers et al., 2015; Woods et al., 2017). This strategy may increase the stability of the polymer and also improve photon absorption, as an increase in conjugation on the surface (owed to more π-π stacking on the surface) will likely decrease the optical band gap. The importance of processability and incorporation of polymeric units onto thin films has previously been acknowledged in other work with polymers for hydrogen evolution (Woods et al., 2017).

Some preliminary studies were performed where the polymer was co-adsorbed in the first instance with 4,4′-dicarboxy-2,2′-bipyridine platinum dichloride as a catalyst for H2 evolution. Photoelectrocatalysis experiments were carried at pH 5 in aqueous phthalate buffer due to problems with desorption at higher or lower pH. Optimum photocurrent was detected under these conditions. The absorption spectrum of the BODIPY polymer on NiO is largely consistent with that in solution, showing a broad absorption (Supplementary Figure 45). The Pt-catalyst was difficult to co-adsorb on the NiO films due to limited solubility, but it was possible to confirm the presence of this additional layer with absorption spectroscopy and Energy-dispersive X-ray spectroscopy (EDX) analysis in conjunction with scanning electron microscopy (SEM) of the films. Representative examples of chronoamperometry measurements for the sensitised NiO films are shown in the supporting information (Supplementary Figures 48, 49). Linear sweep voltammetry allowed us to determine a safe bias potential to apply to the system without permanent reduction of species at the electrode surface. This was optimised to a value of −0.3 V vs. Ag/AgCl. It is also important to account for charging on the electrode surface at the beginning of each experiment. Control experiments confirmed that bare NiO did not produce any current due to irradiation with light, ruling out light absorbing impurities in the NiO. For the films with the BODIPY polymer and catalyst, over the timescale of the experiments (~40 min) the photocurrent of the system decreased gradually once the period of continuous illumination commenced. The chronoamperometry measurements were concurrent with gas sampling for H2 using the in-flow setup. While the in-flow gas sampling setup is more rigorous than headspace sampling, only trace amounts of H2 were detected in the experiments (possibly due to the detection limit of the system), yet bubbles were generated on the NiO surface during the experiment. Extended irradiation experiments up to 2 h 15 min did not see an increase in the amount of hydrogen detected. Chronoamperometry measurements of the polymer with the Pt-catalyst show an initial current density of ~18 μA cm−2, but this decreased to ~2.5 μA cm−2 after an initial decay (Supplementary Figure 48). There are many possible losses in the system due to dye/catalyst desorption and reaction. Surface wetting is also a consideration as bubbles of gas can become stuck on the electrode surface. Future research will necessitate identifying a more suitable co-catalyst with better loading on the NiO surface. Few easily synthesised examples of such catalysts with suitable anchoring groups exist, even fewer derived from earth abundant metals. Alternative strategies, such as surface treatments to improve wetability or doping the NiO with graphene to improve charge transport and dye loading are also attractive alternatives (Zannotti et al., 2019) but beyond the scope of the present study.





CONCLUSION

In summary, the synthesis, characterisation, and photophysical properties of a TMS-BODIPY monomer and a novel TMS-BODIPY copolymer is reported. Modification of the BODIPY monomer facilitating close proximity of multiple chromophores in a polymeric backbone led to significant changes in the photophysical properties. Time-resolved techniques, such as TA and TRIR identified both singlet and triplet excited states and the related kinetics of these species. The photophysics of this polymer are sensitive to the surrounding solvent, facilitating transition to the triplet excited state via a charge transfer state. Photocatalytic hydrogen evolution studies in solution demonstrated that hydrogen evolution occurs using visible light in solution. This work shows that BODIPY copolymers can act as effective photosensitisers for hydrogen evolution, and how they can be used in artificial photosynthetic applications.
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Among the many aspects that contribute to the wellness of each individual, healthy and younger-looking skin play a relevant role, as clearly shown by the important growth of the skin-care products market observed in recent years. In this scenario, the field of cosmeceuticals appears particularly promising, being based on cosmetic products containing active ingredients. Among these, several peptides were proposed for cosmeceutical applications, thanks to their specific interaction with biological targets. In this mini-review, we report some of the most investigated and used peptides for cosmetic formulations, taking into account that cosmeceutical peptides are basically divided into three main categories (i.e., neurotransmitter inhibitors, carriers, and signal peptides). Special attention was payed to the scientific studies supporting the claimed biological activity of these peptides, as a fundamental aspect that should underpin the growth of this field in the framework of a sustainable wellness economy.

Keywords: signal peptides, neurotransmitter peptide inhibitors, carrier peptides, sustainable wellness economy, peptide-based cosmetics


INTRODUCTION

In 2015 the United Nation defined 17 Sustainable Development Goals (SDG) that can contribute to change the world for the better. The third of these goals is to establish “good health and well-being”, thus indicating that health and wellness are strictly linked. Among the many aspects that contribute to the wellness of each individual, healthy and younger-looking skin play a relevant role, as clearly shown by the important growth of the skin-care products market observed in recent years (Global Wellness Institute, 2018). This is a wide market segment, ranging from pure cosmetics to dermatological products and including the so-called cosmeceutical products, which lie in a gray area between cosmetics and drugs and, despite their large use, to date are not recognized from the Food and Drug Administration.

Peptides entered the cosmeceutical field in 1973 when Pickart proposed the synthetic peptide GHK as a signal peptide enhancing collagen production and acting as a carrier peptide when complexed with Cu(II) (Pickart and Thaler, 1973). Since then, thanks to their versatility, a plethora of peptides of cosmeceutical interest have been developed in response to the most frequent and not fully satisfied market requests.

Perception of beauty is tied to the idea of youth. This is why a large number of peptides proposed in the field of cosmetics are used as anti-aging products. In this field several products to adorn skin have grown in popularity and they are sought after by women but also men. External agents, such as smog, together with endogenous pathways, such as oxidative stress, affect skin cell oxidative damages, resulting in skin aging. To adjust the skin biological clock, it is necessary to get and maintain a good balance between structural protein synthesis and degradation. In fact, most of the products on the market act via this mechanism, regulating collagen turnover. A second possible pathway is to obtain a temporary improvement of skin firmness by blocking or promoting some neurotransmitters, thus leading to a decrease of fine and age-induced wrinkles. Care should be taken to the association between good topical care products and food supplements in which the term “peptide” is starting to be (ab)used to identify mostly not well identified hydrolysates. Nevertheless, women today understood the importance of reading product labels and INCI (International Nomenclature of Cosmetic Ingredients) lists. In fact, more and more women ask for specific information regarding the active principles used in cosmeceuticals and they are attracted by scientific data demonstrating the number of claims reported by the cosmetic industry. It has to be clearly emphasized that cosmeceuticals, differently from cosmetics, contain active ingredients whose activity claim should be supported by scientific investigations. Only at these conditions the use of active ingredients in cosmetic formula is acceptable (Papini, 2010).

In this mini-review we will list some of the newest synthetic peptide-based cosmeceuticals discovered in the last decade, classified as neurotransmitter inhibitor peptides, carrier peptides and signal peptides. Figure 1 also reports their bioactivity and when available, original synthetic strategy.


[image: Figure 1]
FIGURE 1. Relevant peptides in commercially available cosmeceuticals.




NEUROTRANSMITTER INHIBITOR PEPTIDES

Fine lines and wrinkles are getting formed, among other, due to the muscle cramps. These movements, provoked both involuntary and knowingly, are strictly connected with large number of SNARE (Soluble N-ethylmaleimide-sensitive factor Activating protein REceptor) complexes. Acetylcholine (ACh), the main neurotransmitter involved in this process, is released from vesicles as the result of a reaction cascade mediated by SNAP (SyNaptosome-Associated Protein) receptor protein. It controls directly the synaptic vesicle fusion for ACh release, involving SNARE complex formation (Lima and Pedriali Moraes, 2018). Once ACh is released, it binds to the appropriate receptor and triggers muscle cramps. Some peptides with similar sequence to the synaptic proteins can potentially inhibit this reaction. Therefore, those are termed neurotransmitter inhibitor peptides (Schagen, 2017).

SNAP-25 (SyNaptosome-Associated Protein, molecular weight 25 kDa), which is essential for ACh release from vesicles with the presynaptic vesicle, is particularly targeted by the well-known botulinum neurotoxin type A. Botulinum neurotoxin type B has a different mechanism of action. In fact, it leads to VAMP (Vesicle-Associated Membrane Protein) cleavage, necessary for the release of ACh (Lupo and Cole, 2007). Botulinum toxins are widely applied as a reference while neurotransmitter inhibitor peptides are tested as cosmeceuticals.


Acetyl Hexapeptide-3 (Argireline)

One of the best known peptide with neurotransmitter-inhibiting properties is a synthetic hexapeptide, so-called acetyl hexapeptide-3 and coined Argireline. The sequence Ac-Glu-Glu-Met-Gln-Arg-Arg-NH2 (Blanes-Mira et al., 2002), covers the N-terminal fragment domain of SNAP-25, promoting the inhibition of Ca2+-dependent catecholamine release through the interrupted formation of SNARE complex. In comparison to the botulinum toxin, Argireline presents similar potency but lower efficacy. However, it can be considered as a safe, non-toxic alternative for botulinum family compounds.

Recent data on acetyl hexapeptide-3, reported in the literature, comprise its skin permeability, also with the use of microneedles (Krishnan et al., 2014; Zhang et al., 2014). Skin permeation depends on various factors (e.g., pH, charge, molecular weight, concentration, and background electrolytes). These characteristics will have always to be taken into consideration during peptide delivery optimization. Microneedles enhance this process even 40-fold compared to passive diffusion. The clinical studies with Argireline peptide confirmed its efficiency and its potential as an active ingredient to be used in cosmeceuticals (Tadini et al., 2015; Raikou et al., 2017). Very recently, Lim et al. reported a relevant, wide study on acetyl hexapeptide-3, designing eye patches with microneedles to increase peptide delivery (Lim et al., 2020). Skin permeation was successfully improved also by nanoliposome delivery, resulting with significantly more elastic skin and diminished wrinkles (Han et al., 2020).



Pentapeptide-3 (Vialox)

Vialox is a pentapeptide derived from snake venom (H-Gly-Pro-Arg-Pro-Ala-NH2) that was demonstrated to induce muscle relaxation. It acts as an antagonist of ACh receptor, disabling the function of nerves and preventing unwanted cramps (Schagen, 2017). Up to date, there are no further investigations directly describing or enhancing anti-wrinkle properties of Vialox. The only available data are provided by the manufacturer, which reports that in vitro and in vivo studies warrant Vialox efficacy because of wrinkle size and skin roughness decrease.



Pentapeptide-18 (Leuphasyl)

The pentapeptide-18 composed of the sequence H-Tyr-Ala-Gly-Phe-Leu-OH, was reported for the first time in 2015. It became one of the most popular active peptide ingredients in anti-aging formulations (Lipotec s.a., 2005). It acts like enkephalins, decreasing the ACh secretion in the synaptic cleft. Both instrumental and volunteer-involving studies acknowledge its effectiveness in wrinkles reduction (Dragomirescu et al., 2014). It is worth to notice, that a synergistic effect of Leuphasyl and Argireline has been proved (Lipotec s.a., 2005).

A very recent study, carried out by Park et al. and published in 2020, concerns D-tyrosine-containing cosmetic peptides. Their role in melanogenesis process was clearly demonstrated (Park et al., 2020). In particular synthetic Leuphasyl-derived peptides, obtained replacing N-terminal L-tyrosine with D-tyrosine or adding L/D-tyrosine at the C-terminus, were tested on human melanoma MNT-1 cells. The decrease of melanogenesis, particularly in the case of Leuphasyl peptide analogs containing C-terminal D-tyrosine, was confirmed, leading to a remarkable cosmeceutical with dual-anti-wrinkle and whitening properties.



Tripeptide-3 (Syn-Ake)

Another relevant example of peptide, acting similarly to the aforementioned Leuphasyl, is the Tripeptide-3 (H-β-Ala-Pro-Dab-NH-benzyl × 2·AcOH) (e.g., Dipeptide Diaminobutyroyl Benzylamide Diacetate), commercially known as Syn-Ake (Reddy et al., 2012). As a reversible antagonist of muscular nicotinic ACh receptors, Tripeptide-3 prevents ACh binding to the receptor. Afterwards, sodium ion channels remain closed, depolarization does not take place, and muscles cannot cramp. The manufacturer claims in the information, in vitro and in vivo studies about the reversible mechanism of action (0.5 mM concentration), but put also in evidence that 28-days application of Syn-Ake, reduced the visibility of wrinkles up to 52% (DSM, 2020).

To the best of our knowledge, until now there are no scientific papers describing clinical studies or modifications of Tripeptide-3. However, different formulations containing this peptide are available on the market: face creams, serums, and eye patches (DSM, 2020).



Acetyl Octapeptide-1/-3 (SNAP-8)

One the latest discovery of cosmeceutical industry includes Acetyl Glutamyl Heptapeptide-3 (Ac-Glu-Glu-Met-Gln-Arg-Arg-Ala-Asp-NH2) and SNAP-8 (e.g., Acetyl Octapeptide-1 or-3) (Lipotec s.a., 2020). Muscle contraction is decreased, due to the modulated formation of SNARE complex, in which SNAP-8 is mimicking SNAP-25 and makes it acting as a competitive inhibitor. Consequently, glutamate release is declined and inhibition level spans 43% in the case of 1.5 mM concentration of SNAP-8. According to the data available in the manufacturer's website, maximum wrinkle reduction strives for−62%, with the mean value at the level of −35%. It is also worth to be remarked that in vitro assay highlighted an independent mechanism but synergistic effect between SNAP-8 and Leuphasyl, each one tested independently and resulting with 38% and 7% inhibition, respectively. In the trial, including both of them in equal concentrations (0.75 mM), a total inhibition value of 47% was observed.




CARRIER PEPTIDES

Cu(II), one of the crucial metal ions in human body, can be stabilized or delivered into cells among others, by peptides. It is incorporated in various processes, including enzymatic reactions, wound healing, and angiogenesis (Husein el Hadmed and Castillo, 2016). In the case of cosmeceuticals, copper is an essential cofactor for lysyl oxidase over the formation of collagen or elastin. Reducing the activity of MMPs (Matrix metalloproteases) and collagenase, prevent premature skin-aging (Blanes-Mira et al., 2002; Lupo and Cole, 2007). The most important peptide of this class is Gly-His-Lys.


Copper Tripeptide-1 (Cu-GHK)

H-Gly-His-Lys-OH, isolated for the first time from human serum albumin (HSA) and proposed also as palmitoylated derivative, was demonstrated to be able to complex Cu(II) spontaneously, thus simplifying its absorption (Pickart and Thaler, 1973; Pickart and Margolina, 2018). Different scientific papers confirmed skin refining after the application of GHK, entering also into details of its mechanism of action (Campbell et al., 2012; Pickart et al., 2015).

Two main modifications of Cu-GHK peptide include: Pal-GHK with a palmitoyl moiety linked at the N-terminus (as discussed in Signal peptides section) and a biotin-complex derivative, both designed to improve physical stability and transdermal delivery (Arul et al., 2005; Jeong et al., 2019).

The most recent studies involving Cu(II)-tripeptide (e.g., Cu-GHK) refer to oligoarginine conjugation (Hur et al., 2020) and D-amino acid modifications, as in the case of Leuphasyl (Lipotec s.a., 2005). GHK-R4 (a peptide with four arginine residues at the C-terminus), has been confirmed to exhibit dual activity: MMP inhibitory effect and UVB exposure skin protection. Considering its cell penetration properties, it can be suggested that oligoarginine analogs are excellent candidates for cosmeceutical formulations. On the other hand, a C-terminal D-tyrosine in the GHK sequence provides additional whitening properties, decreasing melanin production.



Manganese Tripeptide-1 (Mn-GHK)

Hussain et al. investigated the influence of manganese complex with GHK peptide (Hussain and Goldberg, 2007). Their study, based on twice a day application for two weeks, showed that Mn-GHK can be a potent ingredient in cosmeceutical formulations, in comparison with Cu-GHK, acting mainly on wrinkles and reducing skin hyperpigmentation.




SIGNAL PEPTIDES

In this class of cosmeceuticals, those peptides able to modulate skin protein turnover are included, most of them enhancing collagen production. In fact, their name derives from the ability to signal or mimicking the signal occurring in the synthesis of extracellular matrix (ECM) proteins. In this category, peptides promoting collagen production and released by the ECM, are called also matricins (Schagen, 2017). One of the first peptide used with a similar activity is the gastrin-releasing peptide, a bombesin-like neuropeptide that promotes wound healing by stimulating keratinocyte proliferation (Yamaguchi et al., 2002). We will report several other recently discovered signal peptides, which are among the most used in cosmeceuticals.


Palmitoyl Hexapeptide-12 (Biopeptide EL™)

Biopeptide EL™ is an analog of the peptide sequence H-Val-Gly-Val-Ala-Pro-Gly-OH, a hexapeptide that was discovered working on elastin derived peptides (Senior et al., 1984). In fact, this peptide sequence is repeated several times in human and other animal elastins. It stimulates collagen production and decreases the synthesis of elastin, with chemotactic activity and metalloproteinases upregulation properties (Floquet et al., 2004). The addition of the palmitoyl moiety at the N-terminus confers enhanced permeation ability, and the resulting peptide is used in a wide range of cosmeceuticals. Sederma, a group from Croda International company, proposes Biopeptide EL™ that is a mixture of Palmitoyl hexapeptide-12 with glyceryl polymethacrylate and PEG-8. The mixture is claimed for anti-aging properties thanks to its ability to stimulate fibroblasts mobility (Croda International Plc, 2020a).



Palmitoyl Pentapetide-4 (Matrixyl®)

Matrixyl® is the new version of Pentapeptide-4 (palmitoylated Lys-Thr-Thr-Lys-Ser-OH), the well-known signal peptide fragment of the C-terminal propeptide of type I collagen. It stimulates feedback regulation of new collagen synthesis and ECM proteins. The conjugation with the palmitoyl moiety results in more effective delivery across the skin and better stability to skin proteases (Choi et al., 2014).

In vivo studies on 93 women, including placebo subjects, and conducted in a double-blind clinical study, show that an application of that palmitoylated peptide improves reduction of fine lines and wrinkles (Robinson et al., 2005). An advanced study on new analogs of Pentapetide-3 was recently published (Tałałaj et al., 2019).



Palmitoyl Tripeptide-1 (Biopeptide CL™)

As above described, Tripeptide-1 (H-Gly-His-Lys-OH) is a carrier when in complex with Cu(II). In reverse, the peptide itself is a signal peptide able to enhance collagen production. In vitro and in vivo studies showed an increased stimulation of collagen and glycosaminoglycan (GAG) synthesis with a visible reduction of wrinkles in terms of length, depth, and roughness. Palmitoyl Tripeptide-1 is used in Biopeptide CL™ and in combination with Pal-GQPR in Matrixyl™ 3000, both developed by Sederma as an anti-aging serum, stimulating collagen production (Cosmetic Ingredient Review, 2012; Johnson et al., 2018; Croda International Plc, 2020b). Its activity is comparable to retinoids, but Biopeptide CL™ has the big advantage not to induce skin irritation.



Palmitoyl Tripeptide-5 (Syn®-Coll)

Palmitoyl Tripeptide-5 is composed only of lysine and valine residues (H-Lys-Val-Lys-OH) with a palmitoyl moiety at the N-terminus. This patented peptide is commercialized with the brand Syn®-Coll by DSM. It acts stimulating TGF-β, a growth factor, which induces collagen biosynthesis, and inhibits matrix metalloproteases degrading collagen. The visible effects of this mechanism of action are improved firmness and elasticity of the skin.

It is also described that conjugation of an L-ascorbate moiety (AA) at the C-terminus (Pal-KVK-AA) is beneficial because it inhibits melanin synthesis in vitro, which is translated into a depigmentation effect. In vivo data are also available in the literature (Kim et al., 2017).



Lipospondin

Lipospondin is the elaidyl conjugate of the peptide sequence KFK (Elaidyl-Lys-Phe-Lys-OH). The fatty acid moiety is possibly inhibiting MMPs mRNA and the tripeptide itself stimulates TGF-β. It is also demonstrated that the peptide upregulates collagen and tissue MMP-1 inhibitors production (TIMP-1), and downregulates MMP-1 in fibroblasts (Cauchard et al., 2004).



Hexapeptide-11 or Pentamide-6

This double-named peptide (H-Pro-Val-Ala-Pro-Phe-Pro-OH) was isolated for the first time from Saccaromyces yeast fermentation. It was reported to protect fibroblasts against oxidative stress-mediated premature cellular senescence by mediating a downregulation of cellular proteins, such as ataxia telangiectasia mutated (ATM) and p53, which are hyperactive in degenerative aging pathologies. In vivo data also showed an improvement in skin elasticity (Sklirou et al., 2015).



Tripeptide-10 Citrulline (Decorinyl®)

Tripeptide-10 citrulline, named also T10-C, includes a citrulline residue in the sequence of Tripeptide-10, and it is commercialized by Lipotec as Decorinyl®. It regulates collagen fibers diameter, increasing the quality of the endogenous collagen, without affecting its synthesis (Puig et al., 2008). It is structurally related to decorin, a human protein influencing fibrillogenesis, and interacts with several proteins or factors involved in various physiological cascades. Due to chronologically skin aging, decorin concentration decreases more and more and a use of T10-C peptide could mimic this function.

Raikou et al. also tested its activity in combination with the well-known acetyl hexapeptide-3, demonstrating that a formulation composed of both of them could provide synergistic rejuvenation effects to the skin (Raikou et al., 2017).



PKEK

The tetrapeptide H-Pro-Lys-Glu-Lys-OH is used in different formulations for skin depigmentation. In particular, this peptide was reported to reduce pigmentation by decreasing interleukin-6 and -8 (IL-6 and IL-8), α-melanocyte-stimulating hormone (α-MSH), and tumor necrosis factor-α (TNF-α) expression in in vitro and double-blind clinical studies (Marini et al., 2012).

Successful delivery of the hydrophilic and polar peptide sequence, was achieved with nano-sized carrier systems, which improved topical bioavailability (Neubert et al., 2018).



GEKG

The tetrapeptide H-Gly-Glu-Lys-Gly-OH is a collagen synthesis stimulator, developed by an in silico molecular design. It is shown that, in comparison with placebo, this tetrapeptide significantly decreases skin roughness, and thereby wrinkles (Farwick et al., 2011; Sommer et al., 2018).

A recent study showed that conjugation with vitamin C by a succinyl moiety as a linker [e.g., ascorbyl succinyl tetrapeptide (AST)], increases expression of basement proteins resulting in a synergistic anti-aging effect (Jeong et al., 2019).



SA1-III (KP1)

As last example, we report a peptide, recently described by our group (Pascarella et al., 2016), which can be included in the family of the signal peptide class, since it modulates skin protein turnover, but apparently through a molecular mechanism based on inhibition of collagen degradation by proteases. In fact, SA1-III is a decapeptide (Ac-Met-Gly-Lys-Val-Val-Asn-Pro-Thr-Gln-Lys-NH2) formally derived from the C-terminal portion of serine protease inhibitor A1 (Serpin-A1), a physiological inhibitor of neutrophil elastase, a protease involved in the degradation of ECM components.

Bioactivity of peptide SA1-III is summarized in Figure 2. In particular SA1-III tested in cultured human dermal fibroblasts, showed a good collagen modulation, protecting collagen against degradation without detectable actions on biosynthesis, acting at reasonably low concentrations, and non-interfering with cell proliferation (Cipriani et al., 2018).


[image: Figure 2]
FIGURE 2. Influence of SA1-III peptide (KP1) on collagen turnover in human dermis.





SUSTAINABLE SYNTHESIS OF BIOACTIVE PEPTIDES

Synthesis of peptides is essentially based on two relevant strategies: liquid-phase and solid-phase peptide synthesis (LPPQ and SPPS, respectively). Hybrid procedures are often convenient particularly in the case of longer sequences (Isidro-Llobet et al., 2019). The most important drawback of these approaches concerns environmental impact of most of the chemicals used in the synthetic procedures. Therefore, researchers should always be mindful in decreasing chemical pollutions generated during the laboratory operations. Considering that most of the cosmeceutical peptides are short sequences, their production by recombinant strategies is not convenient. Peptide chemists have to make an effort in developing more sustainable chemical strategies for the production of these bioactive cosmeceuticals. Indeed, research in this field is active as shown in recent papers, particularly aimed to microwave-assisted SPPS. Special attention is paid to alternative greener coupling reagents such as ethyl 2-cyano-2-(hydroxyimino)acetate, named also oxyma, replacing the commonly used HOBt and HOAt benzotriazole-based activators (Subirós-Funosas et al., 2009). Substitution of the hazardous solvent N,N-Dimethylformamide (DMF) by the biomass-derived γ-valerolactone was recently reported to achieve yields comparable to standard methodologies and proposed as the greenest approach, in terms of the solvent used, waste generated and energy efficiency (Kumar et al., 2018).



CONCLUSIONS

In this mini-review we inquired the mostly used cosmeceutical peptides in the last decade. Noteworthy, cosmeceutical peptides are mainly characterized by short sequences as depicted in Figure 1. This represent a remarkable advantage in terms of production cost and scale-up.

The analysis of the recent literature on bioactive peptides as ingredients of cosmeceutical products shows that an increasing number of scientific studies support the claimed biological activity of these peptides, thus rationally underpinning the growth of this field in the framework of a sustainable wellness economy.
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Nitrogen-free amorphous carbon thin films prepared via sputtering followed by graphitization, were used as precursor materials for the creation of N-doped carbon electrodes with varying degrees of amorphization. Incorporation of N-sites was achieved via nitrogen plasma treatments which resulted in both surface functionalization and amorphization of the carbon electrode materials. X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were used to monitor composition and carbon organization: results indicate incorporation of predominantly pyrrolic-N sites after relatively short treatment cycles (5 min or less), accompanied by an initial etching of amorphous regions followed by a slower process of amorphization of graphitized clusters. By leveraging the difference in the rate of these two processes it was possible to investigate the effects of chemical N-sites and C-defect sites on their electrochemical response. The materials were tested as metal-free electrocatalysts in the oxygen reduction reaction (ORR) in alkaline conditions. We find that the introduction of predominantly pyrrolic-N sites via plasma modification results in improvements in selectivity in the ORR, relative to the nitrogen-free precursor material. Introduction of defects through prolonged plasma exposure has a more pronounced and beneficial effect on ORR descriptors than introduction of N-sites alone, leading to both increased onset potentials, and reduced hydroperoxide yields relative to the nitrogen-free carbon material. Our results suggest that increased structural disorder/heterogeneity results in the introduction of carbon sites that might either serve as main activity sites, or that enhance the effects of N-functionalities in the ORR via synergistic effects.

Keywords: carbon, electrocatalysis and functionalized/modified electrodes, metal-free, amorphous carbon (a-C), nitrogen plasma activation, nitrogen plasma (nitridation)


INTRODUCTION

Carbon electrode materials are ubiquitous in energy applications due to several important desirable characteristics, namely, their earth-abundance, low cost, good scalability and processability, high conductivity, versatile morphology, tunable microstructure and crystallinity, and good mechanical properties (Georgakilas et al., 2015; Salanne et al., 2016; Dou et al., 2019). Carbon materials have been widely explored for the fabrication of electrochemical capacitors, batteries and fuel cells (Inagaki et al., 2010; Marom et al., 2011; Dou et al., 2019) and are expected to continue to play an important role in future energy technologies as the world transitions to a more sustainable economy with reduced reliance on fossil fuels (Salanne et al., 2016; Perathoner and Centi, 2018; Dou et al., 2019; Domı̀nguez et al., 2020).

The incorporation of N-sites has emerged as an effective strategy for enhancing and expanding on the electrochemical performance of carbon materials. Nitrogenated carbons and nanocarbons have become important in the area of non-precious and metal-free electrocatalysts for fuel cell applications (Wong et al., 2013; Gong et al., 2015), while also being proposed as materials for supercapacitors in energy storage (Deng et al., 2016; Salanne et al., 2016; Yang and Zhou, 2017). As a consequence, nitrogen incorporation strategies have been explored for a range of carbon electrode materials, including carbon nanotubes (Gong et al., 2009; Tang et al., 2009), graphene (Wei et al., 2009; Qu et al., 2010), graphite (Zhou et al., 2010), nanofibers (Maldonado and Stevenson, 2005) and amorphous/non-crystalline carbons (Wang et al., 2010; Zhang et al., 2015; Yamamoto et al., 2018; Dou et al., 2019). Nitrogen incorporation results in complex and interrelated effects on the electrochemical properties of carbons, resulting from a combination of electronic (Behan et al., 2017), chemical and structural changes (Serp and Figueiredo, 2009; Dou et al., 2019). Functional N-sites such as pyridinic-N (NPy), pyrrolic-N (NPr), graphitic-N (NG), and N-oxides (NOx) can be incorporated into the carbon structure (Serp and Figueiredo, 2009) resulting in reactive centers that can significantly affect interfacial interactions with redox species and intermediates (Choi et al., 2014; Guo et al., 2016; Wu et al., 2017; Behan et al., 2018, 2019b) and, consequently, electrocatalytic activity. Nitrogen sites can also affect the electronic properties of carbon electrodes, as they might serve as both n-type or p-type dopants (Zhao et al., 2011; Ma et al., 2018), and can increase carbon conductivity and metallic character (Robertson, 2002; Choi et al., 2014; Behan et al., 2017; Hoque et al., 2019). Furthermore, the role of nitrogen atoms as impurities and the experimental methods used for its incorporation can affect the organization of the carbon scaffold, introducing voids, vacancies, defects and non-graphitizable regions that have dramatic effects on both capacitive and faradaic responses (Zhou et al., 2010; Legrain et al., 2015; Salanne et al., 2016; Stamatin et al., 2016; Zhang et al., 2016; Behan et al., 2017, 2019a; Ng et al., 2018; Dou et al., 2019; Hoque et al., 2019; Jia et al., 2019; Saurel et al., 2019). The importance of improving our understanding and control over the interplay among disorder, functional sites, and electrochemical performance has been highlighted in the recent literature as one of the frontiers in the development of new carbon-based materials for energy technologies (Legrain et al., 2015; Zhang et al., 2016; Bommier et al., 2019; Dou et al., 2019; Saurel et al., 2019). Therefore, there is great interest in developing approaches for achieving control over nanostructuring and chemical functionality to enable a better understanding of structure-function correlations, and novel strategies for the synthesis of smart carbons with tailored ad-/chemisorption sites at heteroatom and carbon defect centers (Salanne et al., 2016; Dou et al., 2019).

In this work we have used nitrogen-free amorphous carbon thin films as precursor materials for the creation of carbon electrodes with constant N/C composition that possess varying degrees of amorphization. Incorporation of N-sites was achieved via low-energy reactive plasma; plasma/[image: image] bombardment methods have previously been used to introduce isolated defects in highly ordered pyrolytic graphite (Kondo et al., 2012), however their effect on amorphous or partially graphitized systems remains unexplored. Our results show that plasma methods enable a fast, self-limiting chemical modification of the disordered carbon surface in parallel with an increase in amorphization degree that occurs at a lower rate. By leveraging the difference in the rate of these two processes it was possible to decouple the effects of chemical N-sites and C-defect sites on the electrochemical response of these materials and understand the role of the two contributions on their capacitive and faradaic response. X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were used to monitor composition and carbon organization. Electrochemical impedance spectroscopy (EIS) was used to characterize their capacitive response. Finally, the materials were tested as metal-free electrocatalysts in the oxygen reduction reaction (ORR) under alkaline conditions to identify correlations between composition and ORR activity descriptors. We find that the introduction of predominantly pyrrolic-N sites via plasma modification results in improvements in activity and selectivity in the ORR, relative to the nitrogen-free precursor material. Introduction of defects through prolonged plasma exposure has a more pronounced and beneficial effect on ORR activity descriptors than introduction of N-sites alone, that cannot be justified on the basis of changes in N-site composition or microroughness. We propose that increased structural disorder/heterogeneity results in the introduction of carbon sites that could serve as the main sites or enhance the activating effects of N-functionalities in the ORR.



MATERIALS AND METHODS


Chemicals and Materials

Tetrabutylammonium hexafluorophosphate (TBAPF6) (≥99.0%, electrochemical analysis), acetonitrile (MeCN, 99.8%, anhydrous), sulfuric acid (95–97%), hydrogen peroxide (>30% w/v), potassium hydroxide (semiconductor grade pellets, 99.99%) were purchased from Sigma Aldrich and used without further purification. Glassy carbon (GC) disks (HTW Sigradur® radius 2.5 mm) and B-doped Si wafers (MicroChemicals; resistivity 5–10 Ω cm) were used as substrate materials for carbon deposition.



Substrate Preparation

GC disks were used as deposition substrates for all electrochemical experiments. Disks were polished as previously described (Hoque et al., 2019): first, using 1,200 grit sandpaper and 1 μm alumina slurry (Buehler); second, using 1 μm slurry on nylon paper; finally, using 0.3 and 0.05 μm slurries on MicroCloths® pads (Buehler) to a mirror finish. Between polishing steps, GC disks were sonicated for 20 min in Millipore water to avoid cross-contamination between alumina particle sizes. Clean disks were mounted in a custom-made Teflon® holder prior to sputter deposition of amorphous carbon electrodes (vide infra). Si wafers were used for all spectroscopic characterization experiments. Wafers were cleaned in piranha solution (3:1 H2SO4:H2O2; CAUTION piranha solutions are explosive in contact with organics), rinsed with plenty of Millipore water and finally dried with Ar prior to deposition.



Deposition of Carbon Electrode Materials

Nitrogen-free amorphous carbon thin film materials were synthesized via magnetron sputtering followed by post-deposition thermal graphitization (Figure 1). DC-magnetron sputtering from a graphite target (99.999%) was carried out in a deposition chamber (Torr International) at base pressure <2 × 10−6 mbar; carbon was sputtered for 40 min onto GC disks at an Ar pressure of 2–7 × 10−3 mbar achieved at a flow of 50 mL min−1, as previously reported (Cullen et al., 2012; Behan et al., 2017). The resulting carbon films are topographically smooth, with thickness of ca. 70 nm and with high graphitic content (>80% sp2-centers) (Cullen et al., 2012; Behan et al., 2017). Sputtered electrodes were then graphitized in a tube furnace under N2 flow for 1 h at 900°C, resulting in graphitized amorphous carbon film electrodes with smooth topography (Behan et al., 2018). These materials were used as precursors for the creation of nitrogenated carbons via plasma surface modifications. Surface nitrogenation was carried out in a custom-built 25 mm O.D. quartz plasma chamber with a base pressure of 10–25 mbar, equipped with an induction coil connected to an RF generator (13.56 MHz, ENI). N2 gas was fed at 20 mL min−1 using a mass flow controller (Brooks Instruments), maintaining a pressure of 160 mbar during plasma treatments. The graphitized nitrogen-free electrodes were exposed to the N2-plasma at ~10 W RF coupled power for 5, 10, and 20 min.


[image: Figure 1]
FIGURE 1. Schematic representation of carbon deposition and modifications used in our experiments.




Characterization

XPS was performed in a VG Scientific ESCAlab Mk II system (<2 × 10−8 mbar), using Al Kα X-rays (1486.6 eV); core-level spectra were collected with analyzer pass energy of 20 eV and survey spectra were collected with analyzer pass energy of 200 eV. Peaks were fitted with Voigt functions after Shirley background subtraction using commercial software (CasaXPS); at.% compositions were obtained from peak area ratios after correction by Scofield relative sensitivity factors (C = 1.0, N = 1.8, O = 2.93). Raman spectra were measured in backscattering configuration using a Renishaw 1,000 micro-Raman system equipped with an Ar+ laser with 488 nm excitation. The incident beam was focused by a Leica microscope with a 50× magnification objective and short-focus working distance; incident power was kept <2 mW to avoid sample damage. Spectra were baseline corrected using commercial software prior to analysis (Wire 3.2).

Electrochemical studies were carried using a three-electrode cell thermostated at 25°C and controlled by a Metrohm Autolab AUT50324 potentiostat. A Hydroflex hydrogen electrode (Gaskatel) and an Ag/Ag+ electrode (IJCambria) were used as references in aqueous and organic electrolyte, respectively. The Ag/Ag+ reference electrode was prepared using 1.0 mM AgNO3 in MeCN, yielding a reference potential of 0.320 V vs. SHE, determined as described in previous work (Hoque et al., 2019). The carbon disk electrodes were mounted in a Teflon disk holder (Pine Instruments) and used as working electrodes; all contacts were confirmed to be ohmic with <8 Ω resistance. Graphite rods (Goodfellow) were used as counter electrodes. Cyclic voltammetry (CV) was carried out in 0.1 M TBAPF6 in MeCN, at 50 mV s−1 using iR compensation. Electrochemical impedance spectroscopy (EIS) was recorded in the range 0.1–104 kHz using a 10 mV AC amplitude at open circuit potential (OCP). The equivalent series capacitance was obtained from Mott-Schottky plots (NOVA software) collected at the frequency indicated in each plot, with steps of 0.05 V; 300 s equilibration time was allowed between potential steps. The specific capacitance was obtained via normalization by the geometric area of the electrodes; this was determined in 0.1 M TBAPF6/MeCN using a reference polished GC disk to account for capillary wetting within the Teflon shielding in MeCN (De Levie, 1965) and a specific capacitance value of 30 μF cm−2 reported for GC in TBA+/MeCN (Kim et al., 2010). Studies of the oxygen reduction reaction were carried out using a rotating disk electrode (RDE) and a rotating ring-disk electrode (RRDE) tip (Pine Instruments). The electrochemical cell was cleaned using piranha solution; working electrodes were first cycled between 0.05 and 1.1 VRHE (potential vs. RHE, i.e., reversible hydrogen electrode) in Ar-saturated 0.1 M KOH (20 cycles). Then, ORR polarization curves at 50 mV s−1 were obtained in O2-saturated 0.1 M KOH electrolyte under rotation. CVs in Ar-saturated 0.1 M KOH were used to subtract the capacitive current contribution, while current densities were calculated by normalizing the current by the geometric area. All voltammograms were obtained with iR compensation using commercial software (NOVA); the uncompensated resistance was determined via EIS prior to each experiment. RRDE experiments were carried out by holding the Pt ring insert at a constant potential of 1.2 VRHE; the peroxide yield was calculated as [image: image], where IR and ID denote the ring and disk currents, respectively, and N is the collection efficiency determined experimentally (N = 0.26) (Behan et al., 2019b). The number of electrons was calculated according to n = 4ID/(ID + IR/N).




RESULTS AND DISCUSSION


Chemical and Structural Characterization of anC:N Electrode Materials

Nitrogen-free electrodes were prepared in the form of thin solid films via magnetron sputtering from a graphite target onto GC disk electrodes, as shown schematically in Figure 1. Films were subsequently annealed under N2 atmosphere for 1 h at 900°C resulting in graphitized amorphous carbon electrodes (anC) (Behan et al., 2018), that were used as the precursor material for nitrogen functionalization. The anC electrodes were modified in a reactive N2-plasma for 5, 10, and 20 min resulting in electrode materials denoted anC:Np5, anC:Np10, and anC:Np20, respectively.

Figure 2A shows XPS survey spectra of anC, anC:Np5, anC:Np10, and anC:Np20 electrodes. Spectra show the characteristic peaks of C 1s, O 1s, and N 1s photoemissions at ~285, 532, and 400 eV, respectively. The N 1s peak is absent in the case of anC, the N-free precursor material, as discussed in detail in previous work from our group (Behan et al., 2018), however, it is clearly detectable after only 5 min exposure to the N2-plasma thus indicating that this treatment leads to functionalization of the carbon electrode with N-sites. The amount of nitrogen and oxygen incorporated into the films was calculated from the area ratios AN1s/AC1s and AO1s/AC1s, respectively, after correction for the relative sensitivity factors; the at % composition thus calculated is reported in Table 1. The presence of oxygen likely originates from air exposure prior to characterization and residual water vapor in the quartz chamber. The compositional analysis shows that nitrogen and oxygen contents increase after 5 min of plasma treatment and plateau for longer plasma exposures. This suggests that the most significant changes in heteroatom content occur in <5 min under our reactive plasma conditions.


[image: Figure 2]
FIGURE 2. (A) Survey scans and (B) high resolution C 1s spectra of anC, anC:Np5, anC:Np10, and anC:Np20 electrodes; (C) shows details of the C 1s decomposition for anC:Np5 into four main contributions. High resolution N 1 s spectra of (D) anC:Np5, (E) anC:Np10, and (F) anC:Np20 together with their best-fit decompositions into NPy (398.9 eV), NPr (400 eV), NGc (401 eV), NGv (402.5 eV), and NOx and satellites (>403 eV). Individual peak contributions are offset from the spectral envelope for the sake of clarity.



Table 1. C 1s fwhm values and at % composition of nitrogen-free and plasma treated carbon electrodes obtained from XPS analysis.

[image: Table 1]

Figure 2B shows a comparison of the high resolution C 1s peak of the carbon electrodes. All C 1s spectra show an asymmetric line characteristic of amorphous carbon materials with a maximum at ca. 284.5 eV, corresponding to the binding energy of sp2-centers in a graphitized scaffold (Díaz et al., 1996). Plasma treatments result in an increase in the full width at half maximum (fwhm) of the C 1s peak (Table 1), that is consistent with the introduction of heteroatoms and/or with changes in the degree of graphitization of the carbon structure (Maldonado et al., 2006; Behan et al., 2018). The C 1s peak was fitted using four main components (Behan et al., 2018) as shown in Figure 2C for anC:Np5: 284.4 eV corresponding to sp2-centers, 285.2 eV assigned to sp3-centers, 286.5 eV assigned to C-O/C-N groups, and 288.5 eV that can be attributed to C - O contributions. The spectral overlap between C–O and C–N peaks precludes a more detailed and unambiguous resolution of their contributions to the C 1s line (Perini et al., 2015; Behan et al., 2018). Best-fit results of C 1s spectra of all carbon electrodes are reported in Supporting Information.

Figures 2D–F show the high resolution N 1s spectra and best-fits for anC:Np5, anC:Np10, and anC:Np20 electrodes, respectively. All spectra are broad thus indicating that a mixture of N-functional groups results from plasma exposure. Spectra were fitted using five main contributions (Biniak et al., 1997; Rodil et al., 1999; Maldonado et al., 2006; Sharifi et al., 2012) corresponding to pyridinic-N (NPy, 398.9 eV), pyrrolic-N (NPr, 400.0 eV), graphitic-center (NGc, 400.9–401.3 eV), graphitic-valley (NGv, 402.1–402.6 eV), and N-oxides (NOx) and possibly π-π* shake-up satellites at high binding energies (>403 eV). The relative contributions of these five components do not vary significantly with plasma exposure time (see Supporting Information): pyrrolic-N accounts for the largest contribution (ca. 45%) in all three nitrogenated materials, followed by graphitic-N (ca. 30%) and pyridinic-N (ca. 22%) sites. Overall, the XPS data indicates that N-functional group incorporation occurs rapidly, within 5 min of plasma exposure time, and that longer exposures do not affect either the N/C content or the distribution of N-functionalities.

The structure of the carbon scaffold of the nitrogenated anC:N carbon materials was investigated via Raman spectroscopy; the Raman characterization of the nitrogen-free anC material has been reported elsewhere (Behan et al., 2018). Figures 3A–C show baseline-corrected Raman spectra in the 900–1,900 cm−1 range of anC:Np5, anC:Np10 and anC:Np20, respectively; spectra are shown after normalization by the main peak intensity to facilitate comparison. All spectra display the characteristic peaks assigned to the G and D bands at ~1,580 and 1,380 cm−1, respectively. The G peak is associated to stretching modes of carbon atoms in sp2-centers, in either rings or unsaturated chains. The D peak is associated to a breathing mode of sp2-centers in six-membered rings and it becomes Raman active if the symmetry of graphene clusters is broken due to the presence of defects (Ferrari and Robertson, 2000; Waidmann et al., 2001; Ferrari et al., 2003). Spectra were fitted using three Gaussian functions following previous methods (Laidani et al., 1997; Das et al., 2002; Behan et al., 2018): two functions were used to model G and D contributions, whereas the third one was introduced to model the A peak at ca. 1,510 cm−1. This third peak is ascribed to C-C stretching modes in the amorphous network that connects graphitic crystallites and that displays a mixture of three- and four-fold bonded carbon atoms (Laidani et al., 1997; Das et al., 2002).
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FIGURE 3. Raman spectra and peak best-fits of (A) anC:Np5, (B) anC:Np10, and (C) anC:Np20; spectra are normalized relatively to the G band intensity.


Spectral parameters obtained from the fits are shown in Table 2; parameters for the nitrogen-free material are also reported for comparison. The results show that after plasma exposure there is an increase of the ID/IG ratio and of the fwhm value of G and D peaks relative to the nitrogen-free anC materials that is indicative of increased defects in graphitic regions (Ferrari et al., 2003; Ferrari and Robertson, 2004; Sadezky et al., 2005; Martins Ferreira et al., 2010). The IA/IG ratio decreases at first, relative to anC, likely due to rapid etching of amorphous regions connecting graphitized clusters. After longer times the IA/IG ratio instead increases, indicating that prolonged plasma exposure results in amorphization of the carbon scaffold. The parameter trends are consistent with a process involving, first, an increase in graphene edges/defects through reactive etching and modification of amorphous regions interconnecting graphitized clusters, followed by further amorphization at the expense of ordered graphitic clusters.


Table 2. Raman spectral parameters for anC and anC:Np5, anC:Np10, and anC:Np20 electrode materials.
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Electrochemical Studies of anC:N Electrode Materials

The chemical and structural characterization of anC:N materials indicates that they possess similar functional groups, with predominantly pyrrolic-N groups at the surface resulting from plasma treatments. Raman spectroscopy indicates that plasma exposure leads to increased amorphization and defect density in the carbon material, thus offering a route to exploring the effect of disorder on the capacitive, and faradaic electrochemical response of nitrogenated materials with similar surface functionalities.

To investigate the effects of nitrogenation and amorphization on the capacitive properties we used an organic electrolyte of large ionic radii to minimize pseudo-capacitive contributions arising from redox functional groups at the carbon surface (Gerischer et al., 1987; Hahn et al., 2004; Wiggins-Camacho and Stevenson, 2009; Barranco et al., 2010; Vaquero et al., 2012; Hoque et al., 2019). Figure 4A shows cyclic voltammograms (CVs) in 0.1 M TBAPF6 solutions in acetonitrile at 50 mV s−1 for anC:Np5, anC:Np10 and anC:Np20 materials, together with that obtained for the nitrogen-free anC electrode under identical conditions. The CVs display the characteristic shape of a capacitive response, while no faradaic peaks are discernible within the chosen potential window. Larger capacitive currents were observed at nitrogenated electrodes than at anC.
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FIGURE 4. (A) Cyclic voltammograms of anC:Np5, anC:Np10, and anC:Np20 electrodes in Ar-saturated 0.1 M TBAPF6 in acetonitrile at 50 mV s−1; the CV of the nitrogen-free anC material is also shown for comparison. Impedance modulus (B) and phase (C) obtained from EIS data (Bode plots) in the same solution at open circuit potential (OCP −0.28–0.1 V vs. Ag/Ag+) are also shown for the electrode materials.


EIS over the range 0.1–104 Hz in 0.1 M TBAPF6 in acetonitrile reveals further details on the effect of plasma exposure on interfacial capacitance. Figures 4B,C display Bode plots of absolute impedance (|Z|) and phase angle (ϕ) at OCP (−0.28 to 0.05 V vs. Ag/Ag+) for plasma-treated anC:Np5, anC:Np10 and anC:Np20 electrodes; the Bode plot of the nitrogen-free anC precursor is also shown for comparison. The nitrogen-free anC material displays a response close to that of an equivalent RC circuit, with a capacitive contribution dominant at low frequency and a resistive response at high frequency; the values of ϕ ≈ −70° at 0.1 Hz indicates deviations from ideal capacitive behavior, which instead should yield a value of−90°. The short 5 min exposure to plasma results in a significant reduction in the |Z| value at low frequency, relative to the nitrogen-free anC precursor. Interestingly, the ϕ value also decreases to ca. −75° at 0.1 Hz, suggesting a response that is closer to that of a pure ideal capacitor (−90°). This is in agreement with Raman results which suggest that over short exposure times, nitrogenation might take place at the expense of amorphous surface regions. Further plasma exposure for 10 and 20 min leads to an additional decrease in |Z| value that plateaus between anC:Np10 and anC:Np20 electrodes. The phase plot shows evidence of an increase in the characteristic time constant in the order anC < anC:Np5 < anC:Np10 that is consistent with an increase in the interfacial capacitance, while for anC:Np20 it is possible to observe more pronounced deviations from ideality and evidence of at least a second partially resolved time constant. The EIS data therefore indicate that plasma treatments result in structural/electronic reorganizations of the carbon scaffold that progress over 5–20 min exposure times, despite the chemical N-functionalities remaining approximately constant at the carbon surface after only 5 min of exposure.

The interfacial capacitance of the electrode materials was investigated as a function of potential in the same electrolyte. Figures 5A,B show Mott-Schottky plots of the equivalent series capacitance obtained at 0.1 Hz and 10 Hz, respectively, at potentials in the range −0.8 to +0.8 V vs. Ag/Ag+ (Hoque et al., 2019). The plot of the nitrogen-free anC material shows the characteristic response of a p-type semiconductor under conditions in which the capacitance is dominated by the space charge layer (Memming, 2001). This is in agreement with previous reports of p-type behavior for nitrogen-free amorphous carbon electrodes obtained in either organic or aqueous electrolytes (Colavita et al., 2007; Hoque et al., 2019). Plasma treatment results in a change in capacitance values at 0.1 and 10 Hz, however the p-type character of the material is preserved, indicating that the introduction of N-sites via this surface treatment does not significantly change the semiconducting character. This is in stark contrast to the effect of bulk nitrogen incorporation which instead was shown by our group to result in a capacitive response with greater n-type character (Hoque et al., 2019) in amorphous carbons. The minimum of the interfacial capacitance at 0.1 Hz (see Supporting Information) was found to increase by ca. 60% after 5 min exposure, while leveling off at approximately twice the value of the nitrogen-free material after 10 min. This is consistent with the introduction of both N-sites and defects; these are known to result in (i) an increased density of mid-gap localized/surface states (Van Tuan et al., 2012; Zhong et al., 2014; Velický et al., 2019; Toh et al., 2020) which lead to increased interfacial capacitance (Wiggins-Camacho and Stevenson, 2009; Tian et al., 2015; Velický et al., 2019), albeit at the expense of delocalization; and (ii) an increase in electrode roughness and consequently its electrochemical specific surface area (ECSA). A similar increase of the capacitance by a factor of 2 is observed at 10 Hz; notably, a comparison of values obtained at 0.1 vs. 10 Hz indicates dispersion in the capacitive response. This is generally observed in disordered/heterogeneous electrodes (Pajkossy, 1994; Kerner and Pajkossy, 2000), and had been previously reported also in the case of bulk-doped nitrogenated amorphous carbons (Hoque et al., 2019). The absence of a further increase in capacitance when increasing the exposure time from 10 to 20 min, suggests that additional amorphization negatively affects long-range properties and metallic character of the carbon material, in agreement with observed trends following ion bombardment of graphene (Van Tuan et al., 2012; Zhong et al., 2014) and after progressive bulk nitrogenation in amorphous carbons (Behan et al., 2017; Hoque et al., 2019).
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FIGURE 5. Mott-Schottky plots of anC, anC:Np5, anC:Np10, and anC:Np20 carbon materials obtained in 0.1 M TBAPF6 in acetonitrile at (A) 0.1 Hz and (B) 10 Hz.




ORR Activity of Plasma-Treated N-Doped Carbons

The electrocatalytic activity of plasma-treated carbon materials was investigated in O2-saturated 0.1 M KOH via RDE methods. Figure 6A shows linear sweep voltammograms (LSV) at 50 mV s−1 of anC, anC:Np5, anC:Np10 and anC:Np20; all curves are shown after subtraction of the capacitive current background. The nitrogen-free material shows a clear onset in the cathodic current, associated with the reduction of O2 and a well-defined plateau indicating a mass-transport limited current (Behan et al., 2019b). The onset potential (Eon), defined as the potential at which the current density reaches a value of 0.1 mA cm−2, is a useful descriptor to compare electrocatalyst performance (Behan et al., 2019a); values observed for all electrode materials are summarized in Table 3. The nitrogen-free anC electrode yields an Eon comparable to that of glassy carbon or undoped carbon nanofiber electrodes (Stamatin et al., 2016). Exposure to nitrogen plasma results, first, in a slight negative shift of Eon, as shown in greater detail in Figure 6B; however, longer exposures result in a progressive improvement reaching 0.72 VRHE after 20 min of exposure. This indicates that, despite anC:Np5 and anC:Np20 having similar surface N/C concentrations, the greater structural disorder in the carbon matrix observed in anC:Np20 leads to significant improvements in Eon. Plasma exposure also yields a general increase in the limiting current density, although the mass-transport limited regions of anC:N electrodes show poorly defined plateaus. A non-zero slope in this region is typically observed for electrocatalysts with a distribution of different active sites; its presence in Figure 6A is therefore consistent with an increase in structural disorder upon plasma exposure, also evidenced by Raman and EIS results.
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FIGURE 6. (A) RDE voltammetry obtained in O2-saturated 0.1 M KOH solutions at 50 mV s−1 and 900 rpm for anC, anC:Np5, anC:Np10, and anC:Np20; (B) shows details of the onset region including the reference 0.1 mA cm−2 current density used to estimate Eon values. (C) RRDE data showing disk (bottom) and ring (top) currents at 1,600 rpm. (D) Calculated H2O2% yield (bottom) and average number of electrons (top) from data in (C).



Table 3. Summary of key indicators or ORR activity and selectivity obtained for nitrogen-free and plasma-treated carbon electrode materials.
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The selectivity of plasma-treated anC:N electrodes toward the 4e reduction pathway was investigated using rotating ring disk electrode (RRDE) experiments. The most desirable product of the ORR for energy applications is the one resulting from a 4e transfer, i.e., hydroxide/water; however, a partial 2e reduction to hydroperoxide is also possible, as below:

[image: image]
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In RRDE experiments the Pt ring electrode is used to quantify the amount of hydroperoxide produced at the disk electrode via the anodic reaction corresponding to the reverse of (2). Figure 6C shows plots of ring (top) and disk (bottom) current obtained at 1,600 rpm and 50 mV s−1 in 0.1 M KOH. The onset of the ring current mirrors the onset of the disk current in all cases, thus confirming that hydroperoxide detected at the ring arises from the cathodic process taking place at the disk. The differences in ring current reveal significant differences in ORR selectivity at anC:N electrodes. Figure 6D show the calculated yield of hydroperoxide (bottom) and average number of electrons transferred (top) as a function of potential. It is evident from these two figures that for the nitrogen-free anC electrodes the preferred product is hydroperoxide. All three plasma-treated materials show much lower yields of hydroperoxide and higher average number of electrons as reported in Table 3. The differences in selectivity among plasma-treated materials suggest that despite possessing the worst onset, anC:Np5 is the most selective toward the 4e reduction pathway.

It is interesting to compare ORR activity indicators obtained for plasma treated thin film electrodes, with those obtained for bulk N-doped and ammonia-modified thin film electrodes, also synthesized from sputtered precursors and reported in our previous work (Behan et al., 2019a,b). In the case of plasma-treated anC:N, all electrodes were based on a highly graphitized nitrogen-free precursor film that was then modified via low energy plasma, yielding predominantly pyrrolic-N and a progressively greater density of defects. The introduction of N-sites imparts ORR activity, as evidenced by improvements in Eon, limiting current densities and selectivity, while contributions to the activity by O-sites resulting from plasma treatment might also play a role (Wu et al., 2017) in the observed general improvement. However, N/C and O/C content, as well as functionality composition remain similar across anC:N materials and therefore do not fully explain the observed activity trends. On the other hand, the disorder/amorphization that accompanies plasma modifications appears essential for modulating the activity descriptors. A comparison of onset potentials shows that they follow the order anC:Np5 < anC < anC:Np10 < anC:Np20. It cannot be ruled out that changes in the onset potentials may arise due to microscopic roughness. However, this appears unlikely, as the changes in interfacial capacitance cannot justify the observed Eon trend: the minimum capacitance of anC is lower than that of anC:Np5, while that of anC:Np20 samples is smaller than that of anC:Np10. Therefore, we propose that the most probable origin of improved onsets is an increase in the concentration of structural defects, such as edges and bond distortions, which have been proposed to be active sites in the electrocatalysis of the ORR (Favaro et al., 2013; Byers et al., 2014; Jia et al., 2016, 2019) and other reactions of importance for sustainable energy technologies (Dabo et al., 1998; Siahrostami et al., 2017; Kumatani et al., 2019).

Finally, it is interesting to note that despite improvements in Eon and values of n = 3 resulting from nitrogen plasma treatments, none of the anC:N carbon film electrodes displayed the high Eon values (0.83 VRHE) and remarkable selectivity (n = 4) observed for highly graphitized carbon thin films electrodes with low N/C content but ca. 50:50 ratio of pyridinic-N and graphitic-N (Behan et al., 2019b). This suggests that the N-site composition remains critical for achieving the best performances. Further studies of model electrodes containing exclusively pyrrolic-N and controlled combinations of the same with pyridinic-N and graphitic-N might improve our understanding of synergies between these sites, as previously demonstrated by our group for other N-functionalities (Behan et al., 2019b).




CONCLUSION

In this work we used model thin film electrodes based on metal-free sputtered deposited amorphous carbon to investigate the effects of nitrogenation via plasma treatment on the electrochemical and electrocatalytic response of carbon materials. Sputtered and graphitized nitrogen- and metal-free carbon films were used as precursors to prepare model electrodes with different degrees of surface modifications. Plasma treatments result in both chemical and structural changes, as N-sites and C-defect sites were introduced following ion bombardment. Interestingly, chemical modifications occur rapidly and N/C concentration and N-site composition stabilize after relatively short exposure times; however, structural changes progress at slower rate. This provided us an opportunity to understand the individual contributions of chemical and structural changes to the overall electrocatalytic response of the materials in the ORR, an important reaction for sustainable energy technologies.

A combination of spectroscopic and electrochemical methods was used to study the composition and the electrochemical response of the materials in supporting electrolyte and in the presence of O2 in alkaline solutions. The introduction of predominantly pyrrolic-N at the carbon surface was found to only slightly affect the electrochemical performance of the materials in the ORR, in the absence of enhancement in structural disorder. It is the combination of N-site and C-defects that appears to have the greatest effects on ORR activity affecting both onsets and selectivity. We attribute this to the availability of a higher density and a wider distribution of active surface sites available to the reaction which is evidenced also in changes in the interfacial properties observed via optical and impedance spectroscopy.

Our results suggest that structural defects in the carbon matrix play an essential role in imparting and modulating electrocatalytic activity at metal-free carbons. The nanostructuring that typically accompanies surface modification reactions is likely as important as the introduction of the localized heteroatom functionality and must be taken into account for the design of carbon electrodes with tailored reactivity.
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We summarize herein the literature in the last decade, involving the use of nanomaterials and various (bio)recognition elements, such as antibodies, aptamers and molecularly imprinted polymers, for the development of sensitive and selective (bio)sensors for illicit drugs with a focus on electrochemical transduction systems. The use and abuse of illicit drugs remains an increasing challenge for worldwide authorities and, therefore, it is important to have accurate methods to detect them in seized samples, biological fluids and wastewaters. They are recently classified as the latest group of “emerging pollutants,” as their consumption has increased tremendously in recent years. Nanomaterials, antibodies, aptamers and molecularly imprinted polymers have gained much attention over the last decade in the development of (bio)sensors for a myriad of applications. The applicability of these (nano)materials, functionalized or not, has significantly increased, and are therefore highly suitable for use in the detection of drugs. Lately, such functionalized nanoscale materials have assisted in the detection of illicit drugs fingerprints, providing large surface area, functional groups and unique properties that facilitate sensitive and selective sensing. The review discusses the types of commonly abused drugs and their toxicological implications, classification of functionalized nanomaterials (graphene, carbon nanotubes), their fabrication, and their application on real samples in different fields of forensic science. Biosensors for drugs of abuse from the last decade's literature are then exemplified. It also offers insights into the prospects and challenges of bringing the functionalized nanobased technology to the end user in the laboratories or in-field.
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INTRODUCTION

Despite the “war on drugs,” drug abuse is a major concern worldwide with devastating effects on human health, economy and communities. Cannabis is one of the longest-established drugs in Europe and is the most commonly used illicit drug, with nearly 20% of those in the 15–24 age group reporting having used cannabis in the last year. In 2017, 1.1 million drug seizures were reported in Europe. Herbal cannabis accounts for 42% of total number of drug seizures in 2017, followed by cannabis resin with 28%. Cocaine is next on the list with 10%, followed by amphetamines 5%, heroin 4%, and MDMA 3% (European Monitoring Centre for Drugs and Drug Addiction, 2019).

The current detection of illicit drugs in seized street samples is performed by quick, presumptive tests, such as color tests, however these tests lack selectivity, and need further confirmation by expensive and time-consuming chromatography-mass spectrometry (GC-MS) methods. Therefore, it is of interest to develop new sensing technologies that allow a fast, sensitive, and selective detection of illicit drugs in-the-field.

Electrochemical methods proved to be a great alternative for the fast determination of drugs with high sensitivity and selectivity and are easy to miniaturize into portable devices to be used in-the-field. Electrochemical detection of several illicit drugs has been reported in literature and proved to be effective for accurately detecting illicit drugs in complex adulterated street samples (Florea et al., 2019c). Nanomaterials and biomimetic platforms (e.g., aptamers, molecularly imprinted polymers-MIP) have gained much attention over the last decade in the development of (bio)sensors for a myriad of applications. The applicability of these (nano)materials makes them highly suitable for use in the detection of drugs of abuse. Lately, (functionalized) nanomaterials have assisted in the detection of illicit drugs fingerprints, providing large surface areas, rich functional groups and unique properties that facilitate sensitive and selective sensing (Zhang et al., 2017; Rawtani et al., 2019).

Current drug measurements in body fluids, such as blood, urine, and saliva, are performed by centralized laboratories using classical methods and bulky instruments based on liquid chromatography, GC-MS and GC-MS with solid phase micro-extraction (Ya et al., 2015; Purschke et al., 2016). Electrochemical methods are also suitable for the detection of drugs of abuse in complex matrices such as body fluids. Since drugs are present in low concentrations in body fluids the integration of nanomaterials in electrochemical sensors is advantageous. Saliva-based drug detection is of particular interest for on-site screening, as it is a non-invasive method, and unlike blood assays, does not need an invasive sample collection (Huestis and Smith, 2018). Most drugs degrade to their metabolites and are therefore found along with their metabolites in body fluids. Sometimes special attention in handling these samples is required. For example, heroin degrades to 6-monoacetylmorphine and morphine in vitro and in vivo. In vitro the degradation is also dependent on the pH and temperature. Analytical methods that include quantification of heroin recognize that heroin and 6-monoacetylmorphine are unstable in certain matrices and suggest using freshly prepared solutions (Jones et al., 2013).

This review focuses on recent development of (bio)sensors for the detection of drugs of abuse in seized street samples and biological fluids. Given the importance of drug metabolites for the detection in body fluids aspects regarding pharmacokinetics and toxicology of common drugs of abuse are briefly discussed. The integration of nanomaterials and affinity elements, such as aptamers and MIP into the sensors for increased sensitivity and selectivity is presented. Finally, further improvements and the necessity to tackle the problem of selective detection are discussed.



TYPES OF DRUGS OF ABUSE AND THEIR TOXICOLOGICAL IMPLICATIONS

An overall increase in drug-related deaths has been observed over the last 5 years, with increases reported in all age groups above the age of 30 years. Drug overdose deaths are rarely associated with the consumption of one substance alone. Modern drug consumption patterns are highly dynamic, with an increased number of drugs appearing on the market (European Monitoring Centre for Drugs and Drug Addiction, 2019).

According to the European Drug Report 2019 cannabis is the most used drug with 24.7 million users aged 15–64 in 2018 (European Monitoring Centre for Drugs and Drug Addiction, 2019). Δ9-tetrahydrocannabinol (Δ-THC) is the compound responsible for the psychoactive actions of the drug. Besides Δ9-THC, organic cannabis products contain additional cannabinoids which do not produce psychoactive effects, such as cannabinol, and cannabidiol (Rhee et al., 1997; Pertwee, 2005). Synthetic cannabinoids are compounds prepared by chemical synthesis to produce the same effects as Δ9-THC and have emerged more and more recently. They are more unsafe, as their effects are more potent, and they also contain unknown chemicals made-up with the drug that may have negative effects on human health. Δ9-THC metabolite, THC-COOH, can be detected in body fluids, such as saliva, urine and blood, three to six hours after its consumption and can be retained in the body for several days (Huestis, 2007). Detection in saliva would be preferred, as it is non-invasive and simple compared to detection in blood. The concentration of Δ9-THC in saliva is a function of the time since the cannabis consumption (Dobri et al., 2019), with a maximum salivary Δ9-THC level of 16 μmol L−1 observed 1–2 h after consuming the drug (Niedbala et al., 2001). Acute cannabis intoxication is associated with impaired driving, significantly increasing the odds of motor vehicle collision (Dahlgren et al., 2020). The use of cannabis is associated with pathological and behavioral toxicity (Huestis, 2007). Effects of short-term use include impaired short-term memory, altered attention, hallucinations and distortions of spatial perception, anxiety, bronchodilatation, palpitations, increased heart rate, nausea, and appetite change (Volkow et al., 2014; Cohen and Weinstein, 2018). Chronic effects of cannabis and cannabinoids use include long-lasting cognitive impairments and a risk for developing mental disorders (anxiety, depression, bipolar disorder, schizophrenia) (Degenhardt and Hall, 2008; Volkow et al., 2014; Cohen and Weinstein, 2018).

Cocaine is the second most prevalent illicit drug with 3.9 million users in 2018 and an increasing number and volume of seizures. Cocaine is a stimulant type drug which appears as white powder, paste or rock-like and is often adulterated with compounds with similar effects (e.g., procaine, having anesthetic effects like cocaine, or diluted with non-active compounds, e.g., starch, glucose, talcum. Cocaine is used by smoking, snorting, or injecting, for effects of euphoria, elevated mood, and increased energy).

Cocaine is metabolized mainly to benzoylecgonine and in lesser amounts to ecgonine methyl ester, as well as to norcocaine, p-hydroxycocaine, m-hydroxycocaine, p-hydroxybenzoylecgonine, and m-hydroxybenzoylecgonine. The detailed main mechanism is presented in Figure 1 (Munoz et al., 2011; Baciu et al., 2015).


[image: Figure 1]
FIGURE 1. Metabolism of cocaine to major inactive metabolites, benzoylecgonine(BZ) and ecgonine methylester (EME), and to a minor active metabolite nor-cocaine (NC). Reproduced from Shimomura et al. (2019).


Cocaine and its metabolites can be detected in body fluids such as saliva, urine, and blood, and are accumulated in hair. Urine testing is common for monitoring cocaine users in drug treatment. Peak urine cocaine concentrations after snorting is of 300–24,000 ng mL−1 in <1 h, while peak urine benzoylecgonine (a metabolite of cocaine) concentrations ranged from 8,100 to 70,800 ng mL−1 after of 4–8 h (Huestis et al., 2007). Cocaine concentration in hair is ≥ 0.5 ng mg−1, while benzoylecgonine concentration reaches ≥ 0.05 ng mg−1. Acute effects of cocaine use include increased heart rate and blood pressure, nausea and appetite change, vertigo, and tremor. Chronic use leads to severe constant fatigue, problems with memory, attention, strong headaches, severe weight loss, motor, and sexual disfunction (Cregler, 1988).

Amphetamine type stimulants are a class of drugs mainly referring to amphetamine and methamphetamine, but other drugs are also included in this group such as methylenedioxymethamphetamine (MDMA) (ecstasy), 3,4-methylenedioxy-N-ethylamphetamine (MDEA), methcathinone or ephedrine. As the name suggests this type of drugs has stimulant effects on the nervous system. MDMA is the third most prevalent drug of abuse with 2.6 million users in 2018, while amphetamine is the fourth most used with 1.7 million users in 2018 (European Monitoring Centre for Drugs and Drug Addiction, 2019). Amphetamine type stimulants have been used as medicines for the stimulant and appetite reducing effects and are still used today to treat narcolepsy or attention deficit disorder. Short-term use effects include agitation, alertness, anxiety, increased breath and heart rate, stomach pain, dilated pupils, and blurred vision. Long term use include sleeping problems, depression and chronic anxiety, poor memory, high blood pressure, severe weight loss, and risk of lung diseases (Heal et al., 2013; Cao et al., 2016; Haj-Mirzaian et al., 2018).

Despite the decreasing use in Europe in the last year, as well as the decrease of HIV cases associated with injecting heroin, opioids' use continues to make a major contribution to the health and social costs in Europe, and the threats posed by this class of drug may even be growing. The Drug Report 2019 accounts 1.3 million high-risk opioid users (European Monitoring Centre for Drugs and Drug Addiction, 2019). Among the most used opioids currently are synthetic opioids, particularly fentanyl derivatives. For example, carfentanyl is a very potent opioid that leads to severe poisoning and deaths, which is trafficked in very small amounts making it difficult to detect. An increasing role is played also by synthetic opioids that are usually used as medicines for (e.g., pain relief). When it comes to seizures, heroin is the most common opioid drug on the European market. Heroin appears as a white powder and can be mixed with other white powders to dilute the sample such as paracetamol, quinine, sugars, or powdered milk. Adulterated heroin samples appear as white to yellowish or brownish color. Black tar is another form of heroin which appears as a black sticky- or coal-like substance. Regarding heroin pharmacokinetics, heroin degrades rapidly to 6-monoacetylmorphine and morphine in vivo and in vitro, thus when analyzed in body fluids this should be taken into consideration. Heroin and 6-monoacetylmorphine are found in saliva 2 min after smoke or intravenous administration. The levels in body fluids of heroine metabolites, morphine and 6-monoacetylmorphine, are in the nM range. The rate of degradation depends on the type of biological sample and the duration and conditions of storage. The degradation in vitro is also dependent on the pH and temperature (Jones et al., 2013). Acute effects of heroin consumption include a “rush” of pleasurable feelings followed by flushing of the skin, reduced breathing and heart rate and severe itching. Chronic use may cause inflammation of the gums, decreased memory and intellectual capacity, insomnia, impotence, infection of the blood vessels, muscle weakness and pain and strong physical dependence and tolerance (Jones et al., 2013).



EXAMPLES OF (BIO)SENSORS FOR DRUGS OF ABUSE

Nowadays, (bio)sensors are widely used in biomedical diagnosis, point-of-care monitoring of treatment and disease progression, but also in other areas such as environmental monitoring, food control, drug discovery, forensics, and biomedical research. Usually (bio)sensors are coupled with high-affinity biomolecules or other recognition elements, such as molecularly imprinted polymers, and in this way can allow the sensitive and selective detection of a high range of analytes. A typical (bio)sensor is represented in Figure 2. A (bio)sensor is composed from the following units: an analyte (the substance of interest), a (bio)receptor (a molecule that specifically recognizes the analyte), a transducer (an element that converts one form of energy into another), electronics (processes the transducer signal and prepares it for display) and a display (Bhalla et al., 2016). The advantages of (bio)sensing systems are the possibility of miniaturization and automation, easy fabrication and modification, low cost, and sensitivity.


[image: Figure 2]
FIGURE 2. Schematic representation of a (bio)sensor.


Our review provides the most relevant improvements and innovations in sensors and biosensors development for the analysis of a range of commonly-encountered illicit substances in different types of matrices, such as seized materials, biological, and environmental samples. The targets we selected refer to stimulants, such as amphetamine type drugs, cathinone and cocaine, depressants, such as opium-related compounds and cannabinoids.

The most relevant studies in the literature of the lasts 10 years about (bio)sensors developments are summarized in Table 1.


Table 1. Overview list of (bio)sensors for detection of abused drugs.
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Narcotics

Morphine (MO) is a narcotic and a pain-relieving drug, is a highly effective and preferred drug for moderate treatment of severe pain. Two compounds with different structures result following the morphine oxidation process, as can be seen in Figure 3. The first one is related to oxidation of phenolic group, forming pseudomorphine. The second reaction is related to oxidation of the tertiary amine group (Navaee et al., 2012).


[image: Figure 3]
FIGURE 3. The oxidation mechanism of morphine. Reproduced from Navaee et al. (2012).


Rapid and simultaneous determination of MO in pharmaceutical and illicit samples has remained a great challenge in analytical chemistry. Electrochemical methods, especially voltammetric methods, have been extensively used for opiates detection because these methods are simple and provide improved selectivity (Atta et al., 2014). A novel ionic liquid modified NiO/CNTs carbon paste electrode (IL/NiO/CNTCPE) was investigated by Sanati et al. using square wave voltammetry. This sensing platform had been fabricated by using hydrophilic ionic liquid 1-methyl-3-butylimidazolium chloride as a binder. After the functionalization, these electrodes exhibited a potent and persistent electron mediating behavior and a good peak-to-peak separation of MO and diclofenac. In this case the detection limit was 0.01 μmol L−1. Successful tests were performed in both human urine and pharmaceutical samples with good results (Sanati et al., 2014).



Stimulants

Cocaine, an alkaloid extracted from Erythroxylum coca plant, is one of the most powerful addictive stimulants that especially affects the brain. It is well known that cocaine is commonly sold containing several other substances. Accurate drug detection is of utmost importance for fighting against drug abuse. These substances are intentionally added to mimic the effects, to dilute the active drug and increase the profits (Fiorentin et al., 2019). The adulterants and cutting agents detection is usually quantified using spectrophotometric or chromatographic methods, which involve high cost instrumentation and impossibilities for on-site detection (Freitas et al., 2017). Recently, the use of electrochemical methods for the detection of adulterants or cutting agents has been reported. For example, in a study developed by L. Asturias-Arribas et al., it was shown that by modification of disposable carbon sensors with carbon nanotubes cocaine could be detected in the same sample with codeine, paracetamol or caffeine without any signal influences (Asturias-Arribas et al., 2014). In another case, Freitas et.al. implemented a sensor for cocaine detection in the presence of benzocaine, caffeine, lidocaine, phenacetine, paracetamol and procaine from a seized sample through a bath-injection analysis system and with square-wave voltammetry. Cocaine and the cutting agents were electrochemically oxidized on a boron-doped diamond electrode (BDDE), resulting in a unique voltammetric profile (Freitas et al., 2017). A new method for the detection of cocaine in the presence of adulterant levamisole on a graphite-based SPE platform through a polymer electrodeposition process was also discovered by Florea et al. (Figure 4). Aminobenzoic acid and o-phenylene diamine were electrodeposited onto graphite SPE. This aided to avoid the adsorption of levamisole onto the electrodes which leads to a suppression of the cocaine signal, allowing the simultaneous detection of both cocaine and levamisole (Florea et al., 2018).


[image: Figure 4]
FIGURE 4. The principle of working of a polymer-based sensor for the detection of cocaine in presence of levamisole. Florea et al. (2018) with permission from Talanta.


Another established class of stimulants is represented by cathinone. The most important synthetic cathinone-based “legal highs” are methcathinone and its derivate, mephedrone, which are structurally related to the natural stimulant, cathinone and possesses a pharmacological similarity to the phenethylamine class of psychoactives (Smith et al., 2013). For cathinone detection a disposable simultaneous electrochemical sensor array based on MIF (molecularly imprinted film) with a SPE has been developed by Zang et al. For the MIF implementation, methcathinone and cathinone were used as templates and pyrrole as the monomer. MIF was synthesized by electro-polymerization. Through the NH2-graphene (NG) the conductivity of the SPE was improved. Thus, with these modifications, the limits of detection for methcathinone and cathinone were going down to 0.02 and 0.059 nmol mL−1 respectively. Tests in serum samples were also performed proving the potential of the sensor for clinical applications (Zang et al., 2013). Limits of detection for cathinones which were determined in live and post-mortem whole blood samples are presented in Table 2. These are important to keep in mind when developing sensors for the detection of cathinones in blood samples (Sørensen, 2011).


Table 2. Limits of detection determined in live and post-mortem whole blood samples (Sørensen, 2011).
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The amphetamine-type stimulants (ATSs) are an important drug group and mainly contain amphetamine and methamphetamine. Aside from this, other compounds are included in this class, such as fenethylline, ephedrine, pseudoephedrine, methylphenidate, and 3,4-methylenedioxymethamphetamine. Globally, the consumption of ATSs is growing every day, so sensitive and sensible analytical methods for their detection are needed. Narang et al. reported an electrochemical analytical device (EPAD) for the detection of MDMA which is mainly use as a recreational drug. The working electrode of EPAD contains zinc oxid nanorods (ZnONRs). Tests were performed at pH 7 in a concentration range between 1 μmol L−1 and 1,000 μmol L−1 with a detection limit of 0.1 μmol L−1 for MDMA (Narang et al., 2018). In another approach Cumba et al. developed a protocol for simultaneous detection of MDMA and para-methoxyamphetamine (PMA) which are usually found in the same sample under the alias “ecstasy,” a very popular drug of abuse. They used SPEs as such and obtained a detection limit of 1.295 μmol L−1 / 0.227 μmol mL−1 for MDMA/PMA, 0.207 μmol L−1 for MDMA, and 0.048 μmol L−1 for PMA (Cumba et al., 2016).



Cannabinoids

Balbino et al. discovered a new voltammetric method for 9-THC detection that was also successfully applied for target analyte detection from seized samples. This approach was performed in N-N dimethylformamide/water (9:1 V/V), using 0.1 mol L−1 tetrabutylammonium tetrafluoroborate (TBATFB) 0.1 mol L−1 as the supporting electrolyte and a glassy carbon disk as the working electrode. 9-THC was successfully detected in a range between 0.0076 and 0.0359 μmol L−1 with a detection limit of 0.0001 μmol L−1 (Balbino et al., 2012).




NANOMATERIALS FOR SENSORS DESIGN FOR THE DETECTION OF DRUGS OF ABUSE


Graphene and Graphene Derivatives

Since 2004, graphene has become the center piece of scientific research for exhaustive domains from the moment it was synthesized by exfoliation of carbon by Geim and Novoselov (2007). Graphene is a 2D carbon-based nanomaterial with a single layer of sp2 hybridized carbon atoms and the distance between two carbon atoms is ~1.42 Å. It represents the basic element point in the synthesis of carbon nanotubes and fullerenes. It has a large surface area (2,630 m2 g−1, twice as high as that of single-walled carbon nanotubes CNTs), high conductivity, good chemical stability, and mechanical strength. Graphene has an electron-rich π-surface, that enables interaction with targeted analytes via van der Waals forces, charge transfer, and π-π interactions (Meng et al., 2019).

The sp2 hybridized carbon atoms network can be disrupted by the oxygen containing groups such as carboxyls, epoxides and hydroxyls found in graphene oxide (GO). GO can differentiate between the voltammograms of the drugs due to their high electrochemical conductivity and sensitivity allowing simultaneous detection (de Araujo et al., 2018; Panwar et al., 2019; Rawtani et al., 2019). The outstanding electrical properties of graphene can be restored by reduction via different methods such as thermal, chemical or electrical strategies that result in a material with a high amount of C-O bonds known as reduced GO (RGO) (Fakhari et al., 2014).

During the last decade it was used either as pristine graphene or in other forms such as GO, RGO, chemically functionalized or not for the development of electrochemical (bio)sensors. The major reason is that it is often included in various platforms for an enhanced sensitivity of detection by generating an enlarged surface area and electron transfer rate that amplify the detection signal and analytical performances of the (bio)sensor (Cernat et al., 2015, 2016; Beluomini et al., 2019). The surface of graphene interacts with different analytes via van der Waals interactions, electron transfer and covalent bonds depending on the functionalities found on the carbon-based material.

The fact that graphenes are commercially available at a reasonable price, the ease of dispersion in aqueous environment and the facile electrochemical treatments are key assets of the material. All the properties described above favor the development of portable electrochemical sensors suitable for decentralized assays that were already reported for biomedical molecules and drug abuse. The (screen) printed electrodes (SPE) based on graphite or even graphene conductive inks enabled fast adsorption kinetics, selectivity and a large binding capacity and in some case even reusability (Couto et al., 2016). In this case the sensor is prepared via a simple method: (1) the deposition of the modifier by drop coating on the graphite-based working surface (graphene, carbon nanotubes (CNT) or fullerenes/metallic nanoparticles (NPs)/polymeric films or (bio)recognition sites, (2) the addition of the sample on the modified electrode, and (3) the electrochemical assessment by differential pulse voltammetry (DPV) or square wave voltammetry (SWV) methods that can be easily implemented on a miniaturized potentiostat.

Starting from graphene nanosheets the morphologies and functionalities became more sophisticated to keep up with the requirements of biomedical/forensic applications regarding the analytical performances.



Electrochemical Sensors for Drugs of Abuse Detection Based on Graphene

Graphene nanosheets deposited on glassy carbon electrodes (GCE) were employed for the detection of morphine, heroin and noscapine by DPV, individually, in binary combinations or simultaneously. The presence of graphene allowed the detection of the three opiates at reduced overpotentials at micromolar concentration with no pretreatment steps (Navaee et al., 2012). Electrochemically exfoliated GO has conductive properties even in the absence of an electrochemical reduction protocol due to the presence of a higher density of oxidized moieties. The material allowed the detection of morphine with a limit of detection (LOD) of 0.0025 mg L−1 with a paper-based sensor suitable for the detection of the molecule in real case scenarios (Maccaferri et al., 2019).

Additionally, graphene bearing amino groups were used as a support for the elaboration of a MIP sensor for the detection of methcathinone and cathinone using polypyrrole as monomer. In this case the role of the carbon-based material was to ensure the substrate for the MIP by enhancing the active surface area and the conductivity of the working surface of the graphite printed electrode. This configuration allowed the detection of methcathinone with a LOD of 3.3 pg mL−1 and cathinone with a LOD of 8.9 pg mL−1 (Zang et al., 2013). The synthesis of graphene hybrid materials using metallic NPs represents a strategy to improve the electrocatalytical properties of the new platforms. The fast electron transfer between the electrochemical species from the sample and the composite nanomaterial generally results in an amplification of the signal. A positive aspect relies in the large surface of graphene that allows the homogenous deposition of the NPs with a low risk of aggregation. Reduced GO (RGO) and PdNPs generated a hybrid material synthesized via microwave irradiation that showed superior catalytical properties toward the electrochemical oxidation of morphine as in the presence of unmodified RGO. The sensor had a LOD of 12.95 nmol L−1. This fact highlights the effect of Pd on the sensitivity of the method and the discrimination of the electrochemical signal of the target in the presence of other electroactive species commonly found in biological samples such as dopamine, ascorbic, and uric acid (Atta et al., 2014). The association between AuNPs and graphene were an extensively studied approach during the last decade due to the enhancement in the electron transfer rate, an important feature in the development of electrochemical sensors. In this case, AuNPs act as a stimulator to improve the electron transfer with GO improving reaction kinetics considerably compared to pristine GO material (Kumar et al., 2018). The composite platform acted as the support for an aptamer-based sandwich that allowed the detection of cocaine at nanomolar level, a real advantage for the assessment of real samples (Jiang et al., 2012). In another approach, Maccaferri et al. developed a graphene oxide modified screen-printed electrode (GO-SPE) as amperometric sensor for MO determination. By using this platform, they have obtained a higher sensitivity and a limit of detection of 8.77*10−6 μmol mL−1. They also have discovered that the electrocatalytic coating is necessary as modifier for the carbon electrode, for resolving the oxidation peak due to MO oxidation despite the uric acid one (Maccaferri et al., 2019).

Graphene can also be made magnetic. Molecular devices, controlled via magnetic forces, have many applications in the development of bioelectronics for biomedical assays. Iron oxide, either Fe3O4 or Fe2O3, represents a magnetic nanomaterial with good biocompatibility, low toxicity and stability, properties that recommend it for the development of (bio)sensors in association with other carbon-based nanomaterials. Magnetic graphene yielded high conductivity, surface-to-volume ratio and magnetocrystalline anisotropy. After the functionalization of this new 2D material with labeled aptamers for cocaine and adenosine triphosphate, the platform allowed the detection of analytes within picomolar range. The electrical contact between the biomolecules and the working surface was made with an external magnet that immobilized it on the surface of the transducers (Tang et al., 2011). Similarly, magnetic RGO in association with polyaniline and AuNPs generated a hybrid platform that was further functionalized with a cocaine aptamer. The impedimetric sensor allowed the detection of cocaine from 0.09 to 85 nmol L−1 with a LOD of 0.029 nmol L−1 with satisfactory detection from real samples even in the presence of other commonly found compounds such as heroin and caffeine. Magnetic RGO has an increased surface area and facilitates the electron transfer rate, while the presence of the conductive polymer enhances the stability and conductivity of the platform in general by the presence of hydrophilic groups. The catalytic properties are also increased by AuNPs (Hashemi et al., 2017).



Carbon Nanotubes
 
Properties of Carbon Nanotubes Important for Sensors

Carbon nanotubes (CNTs) represent a very special category of carbon nanomaterials discovered in 1991 by Iijima (1991), and which quickly became one of the most popular research topics, especially in the field of sensors. This fact is mainly due to their special properties such as increased surface area, high thermal stability, electric conductivity, and mechanical strength, as well as their easy and simple functionalization and modification with inorganic and organic compounds or functions.

The intensive use of CNT as electrode surface modifiers is due to their electrocatalytic activity, efficient promotion of charge transfer in redox reactions as well as to their beneficial influence on the sensitivity of electrochemical response, the last one being influenced by the high surface area to-volume ratio of this nanomaterial. Furthermore, it has been evidenced that CNTs present high compatibility with other different nanomaterials and with biological compound such as enzymes (Azevedo et al., 2019; Xie et al., 2019). These features qualify CNTs for electroanalytical determination of target analytes in complex real samples such as biological fluids, and street forensic samples.

However, it should be mentioned that all the special features of CNTs are not enough for high electrochemical detection capacity. Their functionalization is mandatory before the use for the design of electrochemical (bio)sensors, because it aims to reduce the Van der Waals and π-π interactions that occur between the different tubes and that can hinder the proper interaction with the target analytes (Zhang et al., 2018; Li et al., 2019).



Strategies for Carbon Nanotubes Immobilization at the Electrode Surface

Although all types of CNTs are uniformly ordered, it presents major limitations due to their high hydrophobicity, for example spontaneous coagulation and low solubility in aqueous solutions (Putzbach and Ronkainen, 2013). To solve this shortcoming, CNTs undergo treatment with concentrate solutions of acids. The most commonly used oxidative mixture consists in concentrate sulphuric and nitric acids and the treatment includes refluxing and sonication steps. After this oxidative treatment, defects on the surface of tubes may occur as well as their shortening. An important type of defect that can be produced on both CNT walls and edges consist in the formation of carboxylated sites. These functions are important because they facilitate the CNTs dispersion in aqueous media and their adsorption of chemical immobilization at the electrode as a mono-layer film via amidic bond formation with amine functionalities generated at the surface (Kovtyukhova et al., 2003).

There are several studies published to date that have stated the easy functionalization of the surface of CNTs (Rivas et al., 2017; Camilli and Passacantando, 2018; Azevedo et al., 2019; Rasheed et al., 2019). This can be done by forming both covalent and non-covalent bonds with the modifying entities. A suggestive example in this regard is represented by the functionalization of CNTs with organic functional groups, which transforms the outer surface of the tubes to one with strong physical adsorption capacity and with easily controllable surface charge (Azevedo et al., 2019).

The most commonly used carbon nanomaterials for modification of the working electrode surfaces in voltammetry are undoubtedly CNTs. The electrocatalytic properties of CNTs were assigned to their individual configuration, to some metal impurities, to the modification of their surface before being used for electrode functionalization, alone or after integration in various composites. There are several strategies used for the immobilization of CNT at the electrode surface, such as drop coating of the homogeneous suspensions at the electrode followed by solvent evaporation or by the use of CNT-based ink for printing on different planar substrates (Rezaei and Zare, 2008; Trojanowicz, 2016; Hwang et al., 2019), adsorption at the electrode surface (Asturias-Arribas et al., 2014; Trojanowicz, 2016), dispersion in surfactants or polymers (Lin et al., 2004), covalent immobilization after functionalization with different groups (Park et al., 2011) and incorporation in different composites (Gooding et al., 2003; Putzbach and Ronkainen, 2013).



Electrochemical Sensors for Drugs of Abuse Detection Based on Carbon Nanotubes

Electrochemical sensors with CNTs have been successfully designed and have found applications in different fields, such as biomedical, pharmaceutical, environmental, food, defense, forensics, and many more (Trojanowicz, 2016).

Electrochemical sensors have found numerous applications in the forensic research field, especially for the direct and indirect detection and analysis of commonly abused drugs. A wide range of electrode platforms have been developed, including ones with CNTs to achieve increase sensitivity and selectivity for targets in complex real matrix (Shaw and Dennany, 2017). Some applications of CNTs in electrochemical sensing of illicit substances, adulterants and precursors are discussed comparatively here, with emphasis on the advantages given by the presence of the nanomaterial on the electrode surface.

An electrochemical sensor for cocaine based on a disposable screen-printed transducer modified with MWCNTs was developed. In this case, the sensor was obtained by the physical immobilization of the MWCNTs, by their simple adsorption. Firstly, the solid nanomaterial was homogenously dispersed in DMF, the dispersion was dropped on the working electrode surface, and then the solvent was evaporated at room temperature. This sensor allowed the selective direct detection of cocaine through a voltammetric procedure even in the presence of three different possible interferences that could be found in street samples, namely codeine, paracetamol and caffeine (Asturias-Arribas et al., 2014).

In another study, linear sweep voltammetry allowed sensitive detection of cocaine in street seized samples by using a glassy carbon electrode modified with MWCNT presenting –COOH groups. The nanomaterial was immobilized at the electrode together with β-cyclodextrin through the bonds formed with the polyaniline film that was previously electrochemically generated at the electrode. This is an example of low cost, rapid and simple strategy for the high reproducible and specific detection of this drug that is very popular among consumers. A LOD of 1.02 μmol L−1 was reported for cocaine, the obtained results being confirmed with the reference method, namely high-performance liquid chromatography reference method (Garrido et al., 2016).

Morphine was detected using an optimized square wave voltammetry (SWV) method and a carbon paste electrode modified with ionic liquid and an NiO/CNTs composite. The ionic liquid chosen was 1-methyl-3-butylimidazolium chloride, this element has the role of binder for the nanocomposite based on CNTs. It has been observed that this nanocomposite material acts as a catalyst for the electrochemical oxidation of morphine and exhibited a strong and constant electron mediating effect, allowing a clear separation of the oxidation signals corresponding to morphine and diclofenac. A LOD of 0.01 μmol L−1 was obtained for morphine, the sensor being successfully applied for the detection of morphine ina complex matrix such as human urine and pharmaceutical samples (Sanati et al., 2014).

The same strategy (i.e., the use of carbon paste for the immobilization of the CNTs at the electrode, was applied for the elaboration of an electrochemical sensor for simultaneous detection of morphine and diclofenac). In this case, carbon paste was modified with vinylferrocene-functionalized MWCNTs. Several electrochemical techniques were applied and SWV was chosen for the evaluation of the analytical performances of the sensor. It was observed that the composite electrode presented electrocatalytic effect on the electrochemical oxidation of morphine, by increasing the current intensity, simultaneously with the decrease of the oxidation potential of the target analyte. These properties allowed the morphine signal to be detected from that of diclofenac, and implicitly their simultaneous detection in real samples with a limit of detection of 0.09 mol L−1 for morphine and 2.0 mol L−1 diclofenac, respectively (Mokhtari et al., 2012).

The development of nanotechnology has allowed the miniaturization of the electrochemical cells as well as of the devices necessary for their operation. Furthermore, the signal recorded at the electrode can be nowadays transmitted to a Smartphone or other portable device via wireless or Bluetooth connection, an important advantage for rapid in field testing. A number of wearable sensors based on CNTs have been developed. Wearable electrochemical sensors have been designed on gloves and rings for illicit substance detection.

Thus, a ring-based electrochemical sensor was designed for the simultaneous, direct, fast and simple detection of 9-THC and alcohol in saliva by using SWV and amperometry. The dual sensing ring was able to detect 9-THC by SVW and alcohol by amperometry (enzymatic biosensor), with no visible interference and high sensitivity (0.5 μmol L−1 in 9-THC and 0.2 mmol L−1 alcohol). The developed wearable dual sensor presents great perspectives for in-field roadside screening for illicit substances detection and for alerting wearers about their own intoxication levels before driving (Mishra et al., 2020). CNT presence makes this sensing platform a very versatile one and that can be adapted for the detection of other compounds of interest including other major drugs.

Another example refers to a rapid, on-site detection of drugs of abuse is a high relevance research topic. Synthetic drugs have undergone a rapid development in the last decades, this field having a continuous dynamic. This fact requires forensic researchers to quickly adapt their techniques and devices to new products found on the illicit drugs market. An example of a synthetic compound that has emerged in recent years is fentanyl, a synthetic opioid with very serious implications for all people who come into contact with it (including those who test the confiscated evidence on the street).

A wearable glove-based sensor has been designed for the decentralized electrochemical detection of fentanyl, the sensor being placed on the glove fingertips. In this case, the flexible screen-printed carbon-based electrodes were modified with a mixture of MWCNTs and 4-(3-butyl−1-imidazolio)-1-butanesulfonate, which is an ionic liquid at room temperature. The optimized “lab-on-a-glove” sensing system which works according to the strategy “swipe, scan, sense, and alert,” has been successfully applied for the direct oxidation of fentanyl in both liquid and powder samples, a LOD of 10 μmol L−1 being obtained using square wave voltammetry (Barfidokht et al., 2019).

To summarize the use of CNTs and graphene in the detection of illicit drugs, the most relevant studies in the literature sensors developments based on CNTs and graphene platforms are presented in Table 3.


Table 3. Overview of sensors based on graphene and CNTs platforms.
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ANTIBODIES, APTAMERS, AND MOLECULARLY IMPRINTED POLYMERS FOR THE DETECTION OF DRUGS OF ABUSE

In the case a highly sensitive and selective detection is strived for, (bio)recognition elementssuch as antibodies, aptamers and MIPs can be integrated in the sensor design. A few examples of electrochemical sensors based on these elements are presented below.

Antibodies are widely used for the development of sensors for illicit drugs detection due to their sensitivity and selectivity. Immunosensors offer precise analyte identification in complex matrices, thanks to the highly specific antigen-antibody immunoreaction.

In a recent study published by Eissa et al., they implemented a multiplex immunosensor using screen printed carbon array electrodes modified with gold nanoparticles for detection of MO, Δ9-THC and benzoylecgonine. Antibodies against these target molecules were immobilized on eight electrodes in a sensor array simultaneously, and a competitive assay was used for the detection. The detection time for these three electrodes is between 20–40 min. This method has a good selectivity and sensitivity with a detection limit of 1.2 pg mL−1 for MO, 7.0 pg mL−1 for Δ9-THC and 8.0 pg mL−1 for benzoylecgonine. The multiplexed immunosensor was used for the detection of drugs from urine samples spiked with these three drugs. Recovery percentages ranged between 88 and 115% (Eissa et al., 2019).

Aptamers are small (usually from 20 to 60 nucleotides) single-stranded RNA or DNA with a specific three-dimensional structure. Aptamers can form complexes with the target protein to inhibit its expression by blocking its activity. Currently, a large number of generated aptamers can bind various targets, from inorganic molecules to large protein complex or entire cells. The main advantages of aptamers are easy modification, high affinity, and good stability, and because of that, they were widely used as recognition biomaterials in biosensors (Zhang and Cao, 2010; Lakhin et al., 2013; Shen et al., 2015).

Aptamers are so widely applicable that new aptamer-related reports are published almost every day. They are also used for the detection of commonly abused drugs, for example a supramolecular aptamer for cocaine detection were developed by Shen et al. In this work they used a supramolecular aptamer, rolling circle amplification (RCA), and multiplex biding of a biotin-streptavidin system. The aptamer fragment were assembled to a supramolecular aptamer which, in the presence of cocaine, conjugates to streptavidin for anchoring of biotinylated circular DNA. They successfully detected cocaine in a concentration range between 2 and 500 nmol L−1 with a detection limit of 1.3 nmol L−1 (Shen et al., 2015). In another approach, Yang et al. implemented a novel quantitative community sewage sensor for rapid and cost-effective estimation of cocaine use trends form wastewater. For this study, a thiolated single-stranded DNA (ssDNA) probe was hybridized with aptamer ssDNA in solution, and this step was followed by co-immobilization with 6-mercapto-hexane onto the gold electrodes to control the surface density to effectively bind with cocaine. They detected cocaine in a range between 10 nmol L−1 to 5 μmol L−1 and with a LOD of 10 nmol L−1 (Yang et al., 2016). An example of aptamer-based sensor using a nanocomposite platform (MWCNT/IL/Chit) for the ultra-low (150 pmol L−1) detection of cocaine was presented by Roushani and Shahdost-Fard (2015b). The approach uses riboflavin (RF) as redox probe to detect cocaine in the linear range from 2 nmol L−1 to 2.5 μmol L−1. The AgNPs-functionalized aptamer was introduced to accelerate the electron transfer kinetics involved in the reduction process of RF and to specifically bind the target molecule. Moreover, the same group reported a similar strategy using AuNPs instead and ferricyanide as redox probe for cocaine sensing (Roushani and Shahdost-Fard, 2015a). This aptasensor showed an improved LOD of 100 pmol L−1 and with a linear range up to 11 μmol L−1 cocaine. The applicability of the sensor was tested in human blood serum and selectivity was studied against analgesic drugs.

MIPs are biomimetic receptors widely employed as recognition elements in the construction of electrochemical sensors due to their many advantages such as low cost, simplicity in preparation, stability at various temperature and pH and storage in dry state at room temperature for a long time. MIPs are obtained via the molecular imprinting technique which can be done in a covalent or non-covalent fashion and it involves the polymerization of monomers in the presence of the template molecule (the analyte) followed by extraction of the template from the polymer matrix when cavities are left behind which are complementary in size and shape with the template molecule (Florea et al., 2016, 2019b).

A MIP based sensor for direct detection of cocaine was reported by Florea et al. Palladium nanoparticles were firstly electrodeposited onto graphene SPE for the benefit of enhancing the communication between imprinted sites and electrode and improving their homogenous distribution. Then a MIP layer was synthesized by electropolymerization of p-aminobenzoic acid (Figure 5). The appropriate monomer was selected via computational modeling to exhibit high binding affinity for cocaine. The signal varied linearly with cocaine concentration in the range of 100–500 μM, with a LOD of 50 μM. The sensor was applied for the detection of cocaine in saliva and river water samples with good recoveries (Florea et al., 2019a).


[image: Figure 5]
FIGURE 5. MIP-based sensor fabrication for the detection of cocaine. Reproduced from Florea et al. (2019a) with permission from the Royal Society of Chemistry.


In another study Smolinska-Kempisty et al. realized a potentiometric sensor for cocaine detection based on molecularly imprinted polymer nanoparticles (nanoMIPs) produced by the solid–phase imprinting method. MIPs are synthetic materials possessing specific binding sites able to recognize a target molecule. MIPs are prepared by co-polymerization of functional monomers and a cross-linker in the presence of a template molecule. In this case the functional monomer used was acrylamide, because it demonstrated a highest yield and a good affinity for the target molecule. The nanoparticles were incorporated in a PVC (polyvinyl chloride) matrix which was then used to prepare an ion-selective membrane integrated with a potentiometric transducer. In this way the nanoMIPs could detect cocaine in a blood serum sample with a limit of quantification of 1 nmol L−1 (Smolinska-Kempisty et al., 2017).



FUTURE PERSPECTIVES

In the last two decades, the United Nations Office on Drugs and Crime (UNODC) has been focusing on the worldwide safety by hindering the organized crime, corruption, terrorism and drugs threats (United Nations Office on Drugs and Crime). Therefore, in the context of drugs and drugs of abuse, the Laboratory and Scientific Section, Division for Policy Analysis and Public Affairs developed colorimetric testing kits for rapid and simple in field identification of drugs and precursors that are likely to be found in the illicit traffic. A colorimetric test is a presumptive test that indicates the presence or absence of a compound. Colorimetric tests are used in-the-field as a quick and cheap screening method. They are simple, sensitive and the results can be observed visually. However, colorimetric tests often lack specificity. They can be easily influenced by adding certain compounds to the drug causing the test to show a false negative result. The complexation with the cobalt thiocyanate in the cocaine colorimetric test could also take place in the presence of other compounds, causing the test to turn blue, thus leading to a false positive result. Moreover the test is influenced by temperature and the color interpretation is subjective (De Jong et al., 2018b). Therefore, (bio)sensing strategies in detecting drugs offer a clear advantage compared to colorimetric tests, with increased selectivity and comparable analysis time.

Trained drug detection dogs have been used in Australia since the early 2000's. Though, due to the ineffective detection strategy, dogs are more used for the deterrent effect in airports and outdoor music festivals than for detection purposes (Grigg et al., 2018).

The most commonly used strategies for the detection of illicit drugs in biological samples are chromatographic and mass spectrometric methods. However, fast and sensitive determination of drugs of abuse in oral fluid by techniques as Raman, infrared (IR), and nuclear magnetic resonance (NMR), UV-Vis, fluorescence spectroscopy, and surface-enhanced Raman spectroscopy (SERS) are of high interest (D'Elia et al., 2015).

Tremendous progress can be clearly seen in the field of disposable technology for illicit drug detection due to the effort driven by the researchers in this field and law enforcement agencies. For this reason, new portable technology based on instrumental techniques could step forward to traditional forensic laboratories to successfully provide timely and efficient data about illicit threats. Nevertheless, it is believed that their systematic use for preliminary screening would have a great impact on the amount of information that could be collected during investigative processes. Point-of-use instrumental techniques are more often used for screening purposes. In addition, coupling the enhanced properties of nanostructured materials with the sensors in general (Hosu et al., 2019) have allowed the development of simple, fast and low-cost analytical sensing methodologies for illicit drugs.



CONCLUSIONS

One of the biggest challenges of our century is to develop new materials and innovative methods capable to solve humanity's most stringent problems. The detection of abused drugs in field, which could have a positive impact on reducing the drug traffic is one of the challenges. Scientists are making considerable efforts in solving issues related to selectivity and simultaneous detection from seized samples. Nanomaterials and biomimetic elements have the capacity to improve the selectivity, sensitivity and allowed the simultaneous detection. Additionally, electrochemical sensors could be used in field, and could be equipped with disposable sensors avoiding the contaminations.

This review emphasizes the latest technology based on the usage of nanomaterials and approaches based on aptamers and MIPs for the detection of illicit drugs. Despite a few limitations, their outcomes are very promising and could be used as field instruments to be routinely employed by police and policy makers in their investigations.
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The intensification of an electrochemical process by forced periodic operation was studied for the first time using the computer-aided Nonlinear Frequency Response method. This method enabled the automatic generation of frequency response functions and the DC components (Faradaic rectification) of the cost (overpotential) and benefit (current density) indicators. The case study, oxygen reduction reaction, was investigated both experimentally and theoretically. The results of the cost–benefit indicator analysis show that forced periodic change of electrode potential can be superior when compared to the steady-state regime for specific operational parameters. When the electrode rotation rate is changed periodically, the process will always deteriorate as the dynamic operation will inevitably lead to the thickening of the diffusion layer. This phenomenon is explained both from a mathematical and a physical point of view.

Keywords: forced periodic operation, silver rotating disc electrode, faradaic rectification, process intensification, cost–benefit indicator analysis, DC nonperiodic component, cNFR software, frequency domain


HIGHLIGHTS

- The DC component (Faradaic rectification) enables evaluation of the process intensification under the forced periodic regime in comparison to the steady-state regime.

- A routine for experimental determination of the DC component is given.

- The software for computer-aided Nonlinear Frequency Response method generates automatically all DC components of interest for the theoretical analysis.

- The cost–benefit indicator analysis was conducted by looking at the change of overpotential (cost) and current density (benefit indicator).

- The forced periodic change of electrode potential can intensify the oxygen reduction reaction process.

- The forced periodic change of just the electrode rotation rate will always deteriorate the oxygen reduction reaction process.



INTRODUCTION

Understanding of the dynamics of electrochemical processes is of great interest for different emerging applications in the context of intermediate energy storage of fluctuating renewable energies and electromobility. Furthermore, dynamic methods are widely used for the diagnosis of electrochemical devices such as fuel cells (Wasterlain et al., 2010) and batteries (Moss et al., 2008), and kinetic mechanism discriminations (Krewer et al., 2006; Bensmann et al., 2010). In this respect, linear dynamic methods like electrochemical impedance spectroscopy (EIS) have found broad application in investigations of different electrochemical systems. However, due to linearity constraints, they show low discriminative power toward transient processes with similar time constants (Krewer et al., 2006). EIS is based on a frequency response of the investigated electrochemical system obtained for input modulations with small amplitudes, which should ensure its linear behavior.

The Nonlinear Frequency Response (NFR) method, which is obtained for larger input amplitudes, can provide more information for discrimination (Bensmann et al., 2010). The NFR of a weakly non-linear system is expressed as:

[image: image]

where yqs is the system output (current or cell potential) after a periodic quasi-steady-state has been established, ys is the output value in a steady-state operation, DC is the nonperiodic term of the NFR, and hi (i = 1 – ∞) are the first- and higher-order harmonics of the NFR. Equation 1 is obtained when the system input (cell potential or current) is perturbed cosinusoidally around an established steady state. In the case of a linear system (small input amplitude), the DC component and higher-order harmonics in Equation 1 are equal to zero (Živković et al., 2020).

In electrochemical literature, the DC component was for the first time mentioned in the 1950s (Oldham, 1957) under the name Faradaic rectification (FR). In first applications, high-amplitude alternating current (A.C.) input signal was applied, and FR was referred to as a deviation of the average electrode D.C. potential from the steady-state potential value (Equation 1). The magnitude of the D.C. potential was found to be proportional to the square of the applied A.C. current and to be dependent also upon the rate constant and symmetry factor of the electrode reaction (Oldham, 1957). Therefore, the FR method was initially mainly considered for the determination of rate constants of fast electrochemical reactions.

Although the importance of nonlinear methods and FR was already at that time recognized, FR was for decades almost forgotten. In the late 1970s, the first applications related to corrosion research were reported. These studies were motivated by severe corrosion problems of underground power cables and a possible effect of A.C. on metal corrosion. Bertocci (1979) determined the amplitude and phase characteristics of harmonic components as well as FR and discussed their use for the determination of kinetic parameters of an electrode. He also concluded that under some conditions, A.C. would increase metal corrosion, but a proper choice of potential could minimize the effect. The method was revisited by Baranski and Diakowski (2006), who mainly concentrated on FR of the high-frequency region. They used high amplitude alternating potential as an input signal and observed that the average current value under forced periodic conditions deviated from its steady-state value. Baranski and Diakowski (2006) stated that it is not clear why researchers lost interest in the development and applications of FR techniques and assumed that the method was perhaps introduced too early. They conveyed that although FR measurements are easy to carry out, results are difficult to interpret, and data processing is very laborious. However, the authors expressed a strong belief that FR technique can be precious in modern electrochemical research, especially with respect to measurements of fast electrode kinetics.

All previous studies mainly concentrated on the determination of kinetic parameters of electrochemical reactions. These studies discussed FR theoretical backgrounds, but this was restricted to simple cases. Additionally, FR was treated (both in experiments and in theoretical derivations) separately from other parts of the nonlinear response (first- and higher-order harmonics). Furthermore, although FR is a nonperiodic term, it is dependent on frequency; therefore, it will have different values at different frequencies. This can be used 2-fold, (i) for discrimination of kinetic mechanisms based on the shape difference for different mechanisms, and (ii) for process intensification (Živković et al., 2020). Both aspects have not been significantly discussed in electrochemical literature. Concerning process intensification, the FR would indicate if the electrochemical process can be intensified or deteriorated by periodic operation (e.g., in terms of energy consumption and selectivity) when compared to the traditional steady-state regime. This aspect is of significant interest in the operation of electrochemical reactors under dynamic conditions.

In the present publication, the DC component (FR) is discussed in the context of NFR analysis, and experimental validation on an example of oxygen reduction reaction (ORR) under alkaline conditions is shown. The approach that we apply is based on the concept of higher-order frequency response functions (FRFs) (Bensmann et al., 2010). This concept was initially introduced through the NFR method in chemical engineering on examples like adsorption and chemical reaction systems (Petkovska, 2001; Petkovska and Seidel-Morgenstern, 2013). In the last decade, the NFR method was further developed on electrochemical examples like direct methanol fuel cell anode oxidation kinetics (Bensmann et al., 2010), ferrocyanide oxidation (Panić et al., 2011; Vidaković-Koch et al., 2011), and, recently, ORR kinetics (Kandaswamy et al., 2019). In these previous publications, the focus was on the analysis of nonlinearities contained in the higher-order harmonics, especially the second-order harmonic. Although we already introduced the DC component in these previous publications, we have not discussed it further.

To understand the DC component in the context of the NFR method, we recall shortly the general framework of this method (Marković et al., 2008). The NFR method is based on the Volterra series and the Fourier transform. For a cosinusoidal input modulation, the output can be expressed in the form of a Volterra series:
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where
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etc., with G(1) (ω) being the first-order FRF (EIS admittance in case of potential input), and G(2) (ω, ω) and G(2) (ω, −ω) being the second-order symmetrical and asymmetrical FRF, respectively. A is the relative amplitude of the input change (with values from 0 to 1) around input's steady-state value, with forcing frequency ω. The FRFs, shown in Equations 3 and 4, are not input dependent and can be defined as dimensionless (present analysis) or have units of A·m−2·V−n, where n is the order of the FRF (1 for the first-order FRF, 2 for the second-order FRF, etc.). The FRFs are related to the harmonics of the output defined in Equation 1, according to:

[image: image]

[image: image]

[image: image]

The experimental FRFs can be estimated from Equations 5–7, which was shown in previous publications (Panić et al., 2011; Kandaswamy et al., 2019) on the examples of the first- and second-order FRFs. As can be seen, the harmonics are influenced not only by the “main” FRF at the corresponding frequency but also by higher-order FRFs. For example, the first harmonic (Equation 6) contains contributions of G(3)(ω, ω, −ω) and the DC component (Equation 5) is influenced not only by the second-order asymmetrical FRF but also by higher-order asymmetrical FRFs. This aspect is of great importance for the experimental determination of FRFs. As we have shown previously (Panić et al., 2011; Kandaswamy et al., 2019), the amplitude of the input signal in an experiment has to be selected carefully to avoid contributions of the higher-order FRFs (similar holds for EIS, but with restriction to the linear part of the signal).

The FRFs that are shown in Equations 3–7 form the dynamic model of the investigated nonlinear system and are inherently related to its mechanism and parameters. In many cases, the shape of the second-order FRF enables mechanism discrimination, as was already demonstrated on an example of methanol oxidation kinetics by Bensmann et al. (2010). In general, this should also hold for the second-order asymmetrical function G(2)(ω, −ω), which is the main part of the DC component (FR). Additionally, this asymmetrical function shows if the process can be intensified or deteriorated by periodic operation, which is demonstrated further, by analyzing the second-order asymmetrical function G(2)(ω, −ω) for two different inputs (electrode potential and rotation rate). As already pointed out by Baranski and Diakowski (2006), the DC results are difficult to interpret without a theoretical background. Therefore, the experimental analysis has to be guided by theory.

The analytical expressions of the second-order asymmetrical FRF (the main part of DC component), as well as other FRFs, can be derived starting from a non-linear dynamic model of the investigated system based on the procedure that is well-established and documented in several publications (Petkovska, 2005; Petkovska and Seidel-Morgenstern, 2013). However, the derivation of these analytical expressions requires both time and specific mathematical skills from the user, thus making its application unappealing to beginners, especially for very complex mechanisms. Therefore, a software tool for automatic derivation of theoretical FRFs, a so-called computer-aided Nonlinear Frequency Response (cNFR) method, was developed by Živković et al. (2020). The feasibility of the cNFR method was already demonstrated in our previous publication (Kandaswamy et al., 2019), and this method will be discussed in more detail in the forthcoming publication (Živković et al., 2020). The cNFR method is a model-based tool that can be used on any stable system that can be mathematically described by equations with differentiable and continuous terms. The software for the cNFR method enables fast and automatic derivation of all analytical FRFs of interest, through a user-friendly modeling interface. Most importantly, cNFR-generated FRF files allow for smooth integration with existing numerical algorithms, the result of which can be fast parameter estimation for the competing reaction mechanisms, and optimization of the operating variables. In the present publication, this tool was used for the derivation of the second-order asymmetrical FRFs for two different inputs.



DETERMINATION OF THE THEORETICAL SECOND-ORDER ASYMMETRICAL FRF FOR ORR USING THE cNFR METHOD

The ORR under alkaline conditions is of high interest in many existing and emerging applications, e.g., in chloralkali electrolysis with oxygen-depolarized cathode or in metal/air batteries. Among different catalysts, silver seems to be quite promising material, catalyzing 4 e- at low overpotentials. In our previous publication (Kandaswamy et al., 2019), we studied ORR on silver under alkaline conditions using cNFR analysis. We have shown that a simple nonlinear kinetic model of ORR can describe ORR kinetics in low concentrated NaOH solution (0.1 M) very well. Shortly, the model includes a mass balance equation for the concentration of oxygen, c:
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where D is the diffusion coefficient of oxygen in the NaOH solution. The boundary conditions are determined by the ORR reaction rate, r, at the electrode interface and oxygen concentration in the bulk, cbulk:
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For the rotating disc electrode, diffusion layer thickness, δ, depends on the electrode rotation rate, ωr, according to the well-known dependence:
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where ν is the kinematic viscosity of the liquid solution.

The ORR model also contains the equation for the charge balance (Kandaswamy et al., 2019):
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where cdl is the double-layer capacitance, η is the electrode overpotential, F is Faraday's constant, and curr is current density, which is also the main output of interest. The overpotential is further defined as (Kandaswamy et al., 2019):
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where E and Eθ are the electrode and the reversible electrode potential, respectively, and RΩ is ohmic resistance.

The kinetics of the ORR is described with the help of Tafel equation assuming first electron transfer as a rate-determining step:
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where ke1 is the ORR kinetic constant, α is transfer coefficient, R is the universal gas constant, and T is the reaction temperature.

For the automatic derivation of the necessary FRFs, the mass balance equation (Equation 8) was discretized (please see Supporting Information) and the cNFR method was used by running the application described in detail by Živković et al. (2020). The FRFs can be derived for different combinations of the outputs (e.g., the overpotential, current density, reaction rate, diffusion layer thickness) and the inputs, or periodically changed variables (e.g., electrode potential and the rotation rate). For the analysis in this publication, primary outputs of interest were the current density, curr, as the benefit indicator in our process improvement and overpotential, η, as the cost indicator. The overpotential was considered as a most representative cost indication for the sole ORR process. If the investigation, and thus mathematical model, was extended on the reactor level, overall power would be a good cost indication. Our choice of cost and benefit indicators means that process will be considered intensified when the absolute value of the benefit indicator, i.e., curr, increases, and the absolute value of the cost indicator, i.e., η, decreases.

Two different inputs were considered, the electrode potential and rotation rate:
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where Es and ωr,s are the steady-state values of electrode potential and rotation rate, respectively, around which the forced periodic operation was performed with the frequency, ω, and the relative amplitude of change, A1 and A2.

In electrochemistry, electrical input variables (potential or current) are commonly considered. Additionally, nonelectrical inputs could be of interest, e.g., the concentration in the bulk or temperature, as they directly influence the reaction rate (Equation 14). The dynamic methods using nonelectrical inputs are also discussed in electrochemistry, but the theoretical analysis was restricted so far to the linear range as shown by Sorrentino et al. (2017) and others (Tokuda et al., 1975; Tribollet and Newman, 1983; Olivier et al., 1992). The cNFR method enables the full treatment of both electrical and nonelectrical inputs in the linear as well as nonlinear range, as it will be shown here on the example of the forced periodic change of electrode rotation rate and electrode potential. The periodic change of the electrode potential was covered in part by Kandaswamy et al. (2019). The electrode rotation rate is a good choice for RDE, since it is electrically modulated, and it directly influences oxygen concentration at the electrode surface through the thickness of the diffusion layer. It should be mentioned that in the linear range, the electrode rotation rate as an input was already introduced by Tokuda et al. (1975) and Tribollet and Newman (1983). The method was termed electro-hydro-dynamical impedance (Tribollet and Newman, 1983).



EXPERIMENTAL DERIVATION OF FRFs

All experiments were performed in a custom-made three-compartment Teflon half-cell with working electrode (WE) and counter electrode (CE) compartments separated by Nafion membrane and reference electrode connected to the WE compartment via a Luggin capillary. Both compartments were filled with 0.1 M NaOH electrolyte (sodium hydroxide monohydrate 99.99% Suprapur® Merck - B1491866739). The electrolyte solution was saturated with either argon (Linde plc, purity grade 5.0) or oxygen (Linde plc, purity grade 5.0) gasses without further purification. Polycrystalline sliver rotating disk electrode (E5TPK -AFE5T050XXPK, Pine Research Instrumentation, Inc.) was the WE, platinum wire (AFCTR5, Pine Research Instrumentation, Inc.) was the CE, and reversible hydrogen electrode (HydroFlex electrode from Gaskatel GmbH, Germany) was the reference electrode. The WE was connected to a modulated speed rotator (AFMSRCE, Pine Research Instrumentation, Inc.). Before measurement, WE was polished by 0.3 μm alumina suspension (AK POLISH Pine Research) followed by 2 min sonication in an ultrasonic bath (Sonorex RK31, Bandelin electronic GmbH & Co. KG). This procedure was repeated by polishing with 0.05-μm alumina suspension (AK POLISH Pine Research) and 2-min sonication. Before further experiments, the WE was electrochemically preconditioned by potential cycling between 0 and 1 V (30 cycles at a scan rate 200 mV s−1) in argon saturated electrolyte. After that, the electrolyte was saturated with oxygen and WE was cycled in the potential range between 0 and 1 V (10 cycles at a scan rate 50 mV s−1). The NFR measurements were performed at 1,600 rpm and the potential value of 0.8 V vs. RHE. For these measurements, the electrode potential input amplitude was 5.3% of the steady-state value, i.e., 42.4, or 30 mV RMS. Experiments were performed at each frequency of interest separately with Solartron Analytical EnergyLab XM potentiostat and its software. The number of frequencies in the input was chosen to be 1 and the option measure nonstimulated harmonics in the output was selected. Between two measurements at a single frequency, electrochemical preconditioning, including potential cycling and a potentiostatic step, was always introduced. The analysis of signals was performed with the help of Fast Fourier Transform (FFT). The frequency value of zero (nonperiodic contribution) was assigned to the sum of the steady-state value of the output variable and their corresponding DC component. In Figure 1A, a raw signal of the input, electrode potential, and output, the current density, can be seen. In Figure 1B, corresponding FFT diagrams of the input and output are shown. As expected, the input has only the first harmonic, hI, at the fundamental frequency (f = 50 Hz) and the nonperiodic part, which corresponds to steady-state potential value, Es. The output shows two harmonics, hI and hII, at the fundamental frequency (f = 50 Hz) and 2-fold of fundamental frequency, respectively (100 Hz). The higher-order harmonics are missing as the amplitude of input change was chosen so that their contributions are negligible (Figure 1B). The nonperiodic term corresponds to the sum of the current steady-state value and the DC component.


[image: Figure 1]
FIGURE 1. Experimental time-domain (A) and frequency-domain (B) signals of the electrode potential, and current density, for the forcing frequency f = 50 Hz, amplitude A1 = 0.053, and the steady-state electrode potential value Es = 0.8 V.


The values obtained by FFT are then used to calculate the experimental second-order asymmetrical FRF, which is the main part of the DC component according to the equation:

[image: image]

where DCE,curr is the nonperiodic term in the output (without the steady-state value currs) and Ad,1 is the dimensional amplitude change (42.4 mV) of the first input signal, potential, around its steady-state, Es. As can be seen, the experimental [image: image] is expressed in dimensionless form, as the theoretical FRF present in Equation 5.

In the present publication, only experimental validation of DC component determination for potential as an input has been demonstrated. The experimental validation of other FRFs derived with the cNFR method was shown by Kandaswamy et al. (2019). Here, for the first time, the cNFR method was used not for an experimental identification study but for a process intensification analysis of a forced periodic ORR process, which is an integral part of the ORR reactor.



RESULTS AND DISCUSSION


Analysis of the Asymmetrical Second-Order FRF

The calculated values of asymmetrical second-order FRFs for forced periodic change of different potentials and rotation rates are shown in Figures 2, 3. In Figure 2, the experimental data are shown for the steady-state electrode rotation rate of 1,600 rpm, and a potential of 0.8 V. The asymmetrical FRF for potential input changes continuously from high to low frequencies (Figure 2). At high frequencies, there is no deviation between the steady-state current value and the average value under forced periodic operation; therefore, the second-order asymmetrical FRF is zero at high frequencies. With an increase of frequency, the second-order asymmetrical FRF is increasing, reaching a broad maximum in the frequency range between ca. 10 and 100 Hz. At low frequencies (below 1 Hz), a plateau can be observed. The maximum is observed in the frequency range that is dominated by reaction kinetics (Kandaswamy et al., 2019), while the plateau lies in the region limited by mass transfer. The simulated data used parameter values determined in our previous publication (Kandaswamy et al., 2019), and no attempt of data fitting was carried out (the parameter values are provided in SI). The experimental validation in Figure 2 shows a good qualitative agreement of the averaged experimental data sets with the simulation of the automatically generated cNFR model.


[image: Figure 2]
FIGURE 2. Averaged experimental data (squares) and simulated cNFR results (line) of the second-order asymmetrical FRF for the potential, E, as the input, and current density, curr, as the output at the steady-state potential of 0.8 V and 1,600 rpm.



[image: Figure 3]
FIGURE 3. The simulated second-order asymmetrical FRFs for the current density, curr, as the output, and (A) electrode potential, E, as the periodically changed input, and steady-state rotation rate 1,600 rpm; (B) electrode rotation rate, ωr, as the periodically changed input, and steady-state potential 0.8 V.


In Figure 3A, the influence of steady-state potential value on simulated second-order asymmetrical FRFs is shown. As shown by Kandaswamy et al. (2019), the selected steady-state potential values cover a broad range of potentials, where the overall control of ORR kinetics changes from almost pure kinetic control (0.9 V) to mass transport control (0.5 V). As can be seen, for the potential of 0.5 V, there will be no process improvement in the whole frequency range as the sign of the FRF is negative. As the steady-state electrode potentials increase, the periodic process improvement is expected to be higher (increased positive [image: image] value) when compared to the steady-state operation. The process intensification will happen only if the forcing frequencies of electrode potential are below 1 kHz. The results show that the highest improvement is expected in the kinetically controlled region (0.9 V). At more negative potentials, the ORR is slowed down by mass transport. Therefore, the value of the second-order asymmetrical function is decreasing at more negative potentials, reaching negative values at 0.5 V (pure mass transport control).

Since we have seen that periodic change of electrode potential can especially intensify the electrochemical process under conditions of kinetic control, but it deteriorates the process under conditions of mass transfer control, we checked further how the change of mass transfer conditions induced by the periodic change of the electrode rotation rate influences the process.

Surprisingly, when electrode rotation rate, ωr, is forced to periodically change around its steady-state value, ωr, s, the second-order asymmetrical FRF gains a negative sign in the whole frequency range and at all studied rotation rate values. Consequently, the steady-state operation will be always superior to the forced periodic one (Figure 3B). This negative effect is more expressed at lower steady-state rotation rates (900 rpm), than at higher (4,500 rpm). The less expressed effect at higher steady-state rotation rates is expected since the overall kinetics at higher rotation rates is less influenced by mass transport.

From Equation 11, it can be seen that the rotation rate directly affects only the thickness of the diffusion layer. Therefore, to understand the effect of forced periodic change of rotation rate on ORR kinetics, it is instructive to investigate the second-order asymmetrical FRF for the diffusion layer thickness, δ. In this respect, Equation 11 is rewritten in a more general form as:
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where n is the power of the rotation rate. The cNFR-derived second-order FRF for the diffusion layer thickness is then expressed as:

[image: image]

From Equation 19, it follows that the second-order FRF for the diffusion layer thickness, δ, as the output, and electrode rotation rate, ωr, as the input, depends only on the power of the rotation rate, n. Therefore:

1. For n = 0 or n = 1: Equation 18 becomes linear as D and ν are constants. This results in [image: image] (Equation 19) being zero (no change in diffusion layer thickness when compared to the steady-state operation).

2. For 0 < n < 1: The sign of [image: image] will always be negative, meaning that the diffusion layer will be thinner in the forced periodic operation when compared to the steady-state one. The thinner layer would in return result in higher current densities and lead to process intensification.

3. For n < 0 or n > 1: The sign of [image: image] will always be positive, meaning that the diffusion layer will be thicker in the forced periodic operation when compared to the steady-state one. The thicker layer would in return give lower current densities and lead to process deterioration.

In the present case (Equation 11), n = −1/2, which corresponds to the third case scenario. As diffusion layer thickness is always inversely proportional (n < 0) to the electrode rotation rate (higher rates lead to thinner layers), [image: image] will always be positive, assuming constant values of the diffusion coefficient and the dynamic viscosity.



Cost–Benefit Indicator Analysis Using the Corresponding DC Components

In the previous section, the dimensionless second-order asymmetrical FRFs were discussed. For the cost–benefit indicator analysis of the periodic regime, the mean value of the overpotential, as the cost indicator, and the mean value of the current density, as the benefit indicator, will be compared with the corresponding steady-state regime values. In the case when electrode potential, E, is periodically changed around its steady-state value, Es, the mean value of the benefit indicator in the periodic regime is:

[image: image]

while for electrode rotation rate, ωr, as the forced variable, it becomes:

[image: image]

Analogously, mean output values of the overpotential, [image: image], are calculated using the DC components for the overpotential as the output, DCE, η and DCωr, η:

[image: image]

while for electrode rotation rate, ωr, as the forced variable, it becomes:

[image: image]

In Figure 4, the cost and benefit indicators are shown side by side when electrode potential is the forcing parameter. Data at two different steady-state potential values, 0.8 V (a) and 0.4 V (b), are represented. As can be seen, at Es = 0.8 V, the absolute mean current density, [image: image], shown with a solid line increases continuously from the high- to the low-frequency range (Figure 4A), following the form of the second-order asymmetrical FRF shown in Figure 2. At high frequencies, there is no process improvement when compared to the steady-state operation (dashed line). Likewise, the cost indicator (Figure 4A) also shows a decrease in the low-frequency range (the overpotential becomes more positive). At steady-state potential value in the region of dominant mass transfer control (Es = 0.4 V, Figure 4B), the absolute mean current density value is lower than under steady-state conditions, thus deteriorating the electrochemical process. All process indicators are worsened compared to the steady-state operation (overpotential is more negative than in the steady state, the process benefit is decreasing, and the cost indicator is increasing).


[image: Figure 4]
FIGURE 4. The mean current density and overpotential values (left side) for steady-state (dashed line) and dynamic regime (solid line), and the corresponding dynamic regime benefit and cost indicator increases relative to the steady-state regime (right side) when electrode potential is periodically changed with the amplitude of 5%, steady-state electrode rotation rate ωr,s = 2,500 rpm, and electrode potentials: (A) Es = 0.8 V and (B) Es = 0.4 V, in the frequency range of 10−2-105 Hz.


Further simulation results (Supplementary Figure 1) at the same steady-state potential values (0.6 V) but different steady-state rotation rates (1,600 and 3,600 rpm) show that the process intensification is more expressed at higher rotation rates (maximum benefit indicator is changing from 1.9% at 1,600 rpm to 2.3% at 3,600 rpm). The higher rotation rates lead to thinner diffusion layers, which reduce the influence of the mass transport on the mean values of current densities and overpotentials.

A similar analysis is done when the electrode rotation rate is the forcing parameter (Figure 5, Supplementary Figure 2). In the whole frequency range, the process deterioration will happen if the forced periodic regime is used. As explained, this is due to the thickening of the diffusion layer when the electrode rotation rate is periodically changed (Equation 19).


[image: Figure 5]
FIGURE 5. The mean current density and overpotential values (left side) for steady-state (dashed line) and dynamic regime (full line), and the corresponding dynamic regime benefit and cost indicator increases relative to the steady-state regime (right side) when electrode rotation rate is periodically changed with the amplitude of 5% around the value ωr, s = 2,500 rpm, and for steady-state electrode potentials: (A) Es = 0.8 V and (B) Es = 0.4 V, in the frequency range of 10−2-105 Hz.


However, as previously shown by Nikolić et al. (2015), when two inputs are simultaneously modulated with the correctly selected phase angle between them, the process intensification can be achieved even when the single-input change shows process deterioration. The multi-input periodic change analysis will be covered in our future publication.




CONCLUSIONS

The focus in the present publication was to demonstrate a possibility of ORR process intensification by the forced periodic operation. Two different periodic inputs were considered (potential and electrode rotation rate). Analytical expressions of the second-order asymmetrical FRFs were derived with the help of cNFR software for automatic derivation of FRFs and DC components (also known as Faradaic rectification and related to the second-order asymmetrical FRF). As shown, second-order asymmetrical FRFs (DC components) give valuable information about system dynamics in electrochemistry. No expensive and time-consuming numerical integration is needed to evaluate mean output variable values, which can be used as benefit and cost indicators in the process improvement analysis. In this paper, only single-input forced periodic operations were considered, with several important conclusions:

1. The ORR dynamic process will be intensified when compared to the steady-state regime if the electrode potential is forced to periodically change around its steady state under certain operating conditions.

Process intensification will happen at frequencies below 1 kHz with the maximum improvement in the kinetically controlled region (between ca. 10 and 1 kHz). The cost indicator, overpotential, will also decrease in this region. At high frequencies, there will be no change in process improvement when compared to the steady-state regime. At lower potential steady-state values, the ORR dynamic process will deteriorate.

2. The ORR dynamic process will inevitably deteriorate when compared to the steady-state regime if the electrode rotation rate is forced to periodically operate around its steady state.

Process deterioration will happen in the whole frequency region as the dynamic change of the electrode rotation rate will always lead to thicker diffusion layers, thus giving lower current densities when compared to the steady-state regime.

3. The cNFR method allowed for fast and easy analysis of different operational dynamic regimes with the automatic generation of FRFs and without the need to solve the systems of ordinary differential equations.

In this paper, the DC components of a complex system were analyzed according to the well-established NFR method and the concept of higher-order FRFs. This was possible thanks to the automatic derivation of FRFs and generated Matlab codes by the cNFR software. The codes were then used for experimental identification and subsequent simulations and quick cost–benefit indicator preliminary analysis. Only the single-input periodic change was considered in this publication, although the cNFR method gives information about the simultaneous change for different selected input combinations. As will be shown in the next publication, the process intensification analysis used here can be further extended to rigorous multi-objective optimization, for finding the optimal parameters that give the highest benefit and lowest cost indicator values.
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Zinc Oxide nanoparticles have been synthesized by two simple routes using Aloe vera (green synthesis, route I) or Cassava starch (gelatinization, route II). The XRD patterns and Raman spectra show that both synthesis routes lead to single-phase ZnO. XPS results indicate the presence of zinc atoms with oxidation state Zn2+. SEM images of the ZnO nanoparticles synthesized using Cassava starch show the presence of pseudo-spherical nanoparticles and nanosheets, while just pseudo-spherical nanoparticles were observed when Aloe vera was used. The UV-Vis spectra showed a slight difference in the absorption edge of the ZnO particles obtained using Aloe vera (3.18 eV) and Cassava starch (3.24 eV). The ZnO nanoparticles were tested as adsorbents for the removal of copper in wastewater, it is shown that at low Cu2+ ion concentration (~40 mg/L) the nanoparticles synthesized by both routes have the same removal efficiency, however, increasing the absorbate concentration (> 80 mg/L) the ZnO nanoparticles synthesized using Aloe vera have a higher removal efficiency. The synthesized ZnO nanoparticles can be used as effective and environmental-friendly metal trace absorbers in wastewater.

Keywords: zinc oxide, starch, aloe vera, copper ion, water treatment


INTRODUCTION

The fast growth of the human population and the further development of industries have direct consequences on the environment, leading to the depletion of natural resources, with an emphasis on freshwater resources. The disposal of industrial, agricultural and domestic waste often contains heavy metals that are toxic to humans and other living species with long-term intake. Among these, copper is one of the most abundant pollutants in wastewater (Ali et al., 2016), widely used in electroplating industries (Rafiq et al., 2014), welding processes, agricultural processes, plumbing material, and electrical wiring (Ali et al., 2016), its high consumption results in the presence of high amounts of this element in wasterwater. The toxic effects of this heavy metal, caused by bioaccumulation, can cause lung cancer, brain, liver, and kidney health problems, among others (Aksu and Işoǧlu, 2005; Saleh, 2017). Therefore, it is crucial for the protection of the environment and for human health to remove this metal from industrial wasterwaters before it is disposed of.

Different techniques for the removal of copper from wastewaters have being proposed (Fu and Wang, 2011), among them we can cite precipitation (Negrea et al., 2008), electrocoagulation (Dermentzis et al., 2011), filtration (Kebria et al., 2015) and ion exchange (Da̧browski et al., 2004). However, most of these methods are expensive and prove ineffective in removing heavy metals in trace concentrations. In this context, the adsorption method has stood out, due to its low-cost, ease of use (Pan et al., 2003; Rafiq et al., 2014; Ali et al., 2016) and the possibility of recycling the adsorbent. Considering the importance of treating wastewater with ion removal at trace levels, in this work, ZnO (Zinc oxide) nanoparticles were used as an adsorbent. ZnO nanoparticles have been reported as good adsorbent of positive metal ions in wastewater (Singh et al., 2011; Wang et al., 2013a). The Zinc oxide is a type-n material belonging to the semiconductor group of II-VI, has a band-gap of 3.37 eV. It is one of the most widely studied oxides due to its singular physicochemical properties, that include high chemical stability, and wide light absorption range. Zinc oxide has been announced as active material in a myriad of applications such as antifungal (Kavyashree et al., 2015; Sharma and Ghose, 2015), drug delivery (Yuan et al., 2010; Chen et al., 2013), antibacterial (Jones et al., 2008; Applerot et al., 2009), photocatalysts (Banerjee et al., 2012; Lee et al., 2016), gas sensors (Rai and Yu, 2012; Waclawik et al., 2012) and antioxidant (Kumar et al., 2014). Due to its interesting properties and high applicability, various techniques have been reported for the ZnO synthesis (Kolodziejczak-Radzimska and Jesionowski, 2014).

In this work, in addition to the use of ZnO nanoparticles as a copper ion adsorbent, it is described two low-toxicity routes to synthesize ZnO particles, which are easy to reproduce. The route I uses Aloe vera as an additive while route II uses Cassava starch. The use of these natural additives makes the synthesis more environmentally friendly, due to their high chemical reactivity and high combustion power, reducing the calcination temperature often used in the synthesis of the oxide, in addition, to act as complexing gelling. Aloe vera (Aloe barbadensis Miller) is a perennial plant belonging to the Liliaceae family, it consists mainly of glycoproteins, anthraquinones, saccharides, and others low-molecular-weight substances (Choi and Chung, 2003); inside the leaves, there is a mucilaginous gel produced by the parenchymatous cells. Cassava starch, however, is a polysaccharide of biological, non-toxic, inexhaustible biocompatible, and biodegradable source (Visinescu et al., 2011). The use of Starch and Aloe vera in the synthesis of ZnO nanoparticles has been reported (Sangeetha et al., 2011; Khorsand Zak et al., 2013; Thirumavalavan et al., 2013; Carp et al., 2015; Kavyashree et al., 2015), however, here we propose simple routes with fewer steps for the synthesis of ZnO nanoparticles.



EXPERIMENTAL


Materials

All the chemicals used were of analytical grade. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%) was purchased from Dynamic and copper nitrate trihydrate (Cu(NO3)2·3H2O, 99%) was purchased from Vetec (Sigma-Aldrich). All solutions were prepared with deionized water. Natural Cassava starch in the form of colloidal suspension was used as fuel. Aloe vera leaves were harvested in the São José region of Parana-Brazil. To obtain the extract of Aloe gel, about 200 g of Aloe vera leaves were washed with deionized water and the internal mucilaginous gel was extracted. Afterward, the mucilaginous gel was crushed using a pistil and a ceramic mortar to obtain the complete extract. Finally, the solution was washed, filtered and the resulting Aloe vera gel broth extract was stored under refrigeration (2°C).



Synthesis of Zinc Oxide

Two different routes, both easy to reproduce, were used for synthesizing Zinc oxide nanoparticles. In the route I (green synthesis), adapted from Sangeetha et al. (2011), Aloe vera (AL) gel broth extracts at the concentration (90%) were prepared with distilled water, the volume was made up to 100 ml. Subsequently, zinc nitrate (9.40 g) was dissolved in the aloe extract solution under constant magnetic stirring (120 min.) and left at rest for 12 h. The suspension was calcined in a muffle furnace at temperatures (750 °C) for 1 h. In the route II (gelatinization method): first starch (ST) was extracted from 100 g of natural Cassava starch in 300 ml of distilled water under mechanical stirring for 2 h. It was then sieved, and in the colloidal starch suspension was added 9.40 g of zinc nitrate. After 60 min of mechanical stirring (600 rpm), the suspension was calcined in a muffle furnace at a temperature of 750 °C for 1 h (Primo et al., 2019). The ZnO nanoparticles obtained were named Zn-AL (route I) and Zn-ST (route II).



Characterization Techniques

X-ray powder diffraction profile was performed at the Brazilian Synchrotron Light Laboratory (LNLS, using XRD1 beamline, 12 keV energy, λ = 1.033 Å, 2θ of 0°-80°) (Carvalho et al., 2016). Scanning electron microscopy images were recorded using a JEOL-JSM-7500F Field Emission Scanning Electron Microscope operated 15 kV, the spatial resolution was 2.5 nm. The Raman spectra were recorded using a Micro-Raman system, Senterra Bruker Optik GmbH), λ = 532 nm, laser power 5 mW, time 10 s, resolution 4 cm−1. The optical diffuse reflectance was measured (UV-VIS-NIR Spectrophotometer CARYb5G, Varian) in the range of 300–800 nm. Zeta potential was recorded using ZETASIZER NANO ZS90 (MALVERN), model ZEN 1,010 at 25°C. The zeta potentials of the nanoparticles were determined from their electrophoretic mobilities according to Smoluchowski's equation (O'Brien and Hunter, 1981); the pH of these nanoparticles was adjusted between 3 and 11 using HCl or NaOH solutions. The chemical composition was evaluated by X-ray photoelectron spectroscopy (XPS) (Versaprobe PHI 5,000 from Physical Electronics, equipped with a monochromatic Al Kα X-ray source). The XPS spectra were collected at a take-off angle of 45° with respect to the electron energy analyzer and the spot size was 200 μm. Pass energy (PE) of 20 eV was used for the high-energy resolution spectra (Zn 2p, O 1s, and C 1s). The spectra were analyzed using the CASA-XPS software.

The metal ion solutions were analyzed using a VarianTM SpectrAA® 220 Flame Atomic Absorption Spectrometer (FAAS). The FAAS was equipped with an air-acetylene burner. The hollow cathode lamp was set at 4 mA and the analytical wavelength was adjusted at 324.8 nm. The slit size was adjusted to 0.2 nm. The standard curve was drawn by using copper standard solutions. After the adsorption, the ZnO nanoparticles were characterized concerning their composition by energy dispersive X-ray spectrometer (EDX) from Shimadzu, model EDX-7000, containing a Rh tube, operating at 50 and 15 W. The crystalline phases were identified by powder X-ray diffraction (XRD) performed on a Bruker model D2 Phaser with Cu Kα radiation (λ = 1.5418 Å), with scan in 2θ from 10° to 90° and step rate of 0.2°/s. The zeta potential was recorded using ZETASIZER NANO ZS90 from MALVERN, model ZEN 1010. The electronic spectra of the powdered pigments samples were measured on the range of 400–900 nm with a UV-Vis Ocean Optics spectrophotometer model USB-2000.



Adsorption Measurements

To investigate the efficiency of the ZnO nanoparticles as adsorbents for the removal of copper metal ions from water, an adsorption test was performed. The parameters: contact time; initial pH and initial metal ion concentration were investigated. The adsorption experiments were carried out in conical flasks containing 25 mL of copper solution with an initial concentration ranging from 40 to 120 mg L−1. To this end, 250 mg of the ZnO particles were added, and the solutions were kept under continuous shaking for 240 min in a heating bath at 25°C. To study the adsorption kinetics and the pH parameters, 50 mg L−1 of a solution containing Cu (II) and the same amount of ZnO particles was prepared; its pH was adjusted using 0.1 HCl and 0.1 NaOH solutions. The resulting solutions were centrifuged at 1,200 rpm for 15 min. The ion concentration measurements were performed before the adsorption test without the presence of the adsorbent and after 4 h of adsorption in a flame atomic absorption spectrometer (FAAS).

The amount of Cu2+ ion adsorbed at the end of the adsorption experiment and the ion percentage removal (%) by the ZnO nanoparticles were calculated applying Equations (1, 2), respectively:
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where q is the amount of ion adsorbed by the adsorbent in mg g−1, Co is the initial ion concentration in contact with the adsorbent (mg.L−1), Cf is the ion concentration (mg.L−1) after the batch adsorption process, m (g) is the mass of adsorbent and V (L) is the volume of ion solution.



Test Leaching of Nanoparticles

To check the stability of the nanoparticles a method adapted from (Rafiq et al., 2014) was used. Thus, 50 mL of simulated sample was treated separately with 250 mg of ZnO synthesized. The initial pH of the experiment was 4 or 6 and the contents were allowed to remain in contact for 240 min while maintaining the temperature at 25°C. After centrifugation and filtration, the residue was washed with deionized water followed by oven drying at 60°C.




RESULTS AND DISCUSSION


Characterization of the Zinc Oxides Nanoparticles

Figure 1A presents the X-ray diffractograms of the zinc oxides nanoparticles obtained after heat treatment at 750°C for 60 min. The crystalline phase is identified by the presence of the characteristic peaks of the Wurtzite ZnO phase (Kisi and Elcombe, 1989), belonging to the compact hexagonal system with a space group P63mc to the crystallographic chart [JCPDS, #PDF01-070-8070]. Additional peaks were not detected, evidencing that the single-phase ZnO was successfully obtained regardless of the synthesis route used and the precursors were completely decomposed. The XRD patterns allowed to determine the average crystallite size of the ZnO nanoparticles, estimated by Scherrer's equation {D = 0.9λ/(B cosθ)} (Hedayati et al., 2015), with the average size of 43.3 nm for Zn-AL and 44.9 nm for Zn-ST. According to these results, the crystalline size is affected by the polysaccharide used in the synthesis, at the same calcination temperature.


[image: Figure 1]
FIGURE 1. (A) XRD pattern and (B) Raman spectrum of the ZnO samples.


Figure 1B shows the Raman spectra of the samples indicating the characteristic wurtzite phase peaks, corroborating with the XRD patterns. The predominant bands are at 99 cm−1 (mode E2low) and 437 cm−1 (mode E2high). The E2low mode is attributed to the vibrations of zinc sublattice in ZnO and E2high mode is assigned to the oxygen vibration (Cuscó et al., 2007; Stanković et al., 2012), the strong E2high mode indicates the high crystallinity of the oxide (Jothilakshmi et al., 2009), the same vibrational mode has been identified for the zinc oxide nanoparticles obtained via the Starch-assisted synthetic route, reported by Carp et al. (2015). The bands at 380 and 408 cm−1 correspond to the first-order optical modes A1(TO) and E1(TO), bands at 202 and 330 cm−1 are characteristic of second-order modes 2E2low and E2high—E2low, caused by multiphonon processes. The bands located at 573 and 584 cm-1 are assigned to A1(LO) and E1(LO) modes, these bands are associated to the presence of structural defects in the ZnO structure, being the E1(LO) mode strongly affected (Cuscó et al., 2007).

Figures 2A,B shows the SEM images for Zn-AL, which consists of pseudo-spheres, and non-uniform hexagonal particles. For Zn-ST, uniform spherical particles are formed (Figures 2C,D). The two samples show particle aggregation, related to the self-assembly effect (Khorsand Zak et al., 2013). The Zn-AL particles tend to agglomerate in plaques (Figure 2A), this was attributed to the Aloe vera gel acting as a sacrifice complexant in the formation of the ZnO nanoparticles during the combustion (Kavyashree et al., 2015). The two synthesis routes (Aloe vera and Cassava starch) have polysaccharides as fuel for the formation of ZnO nanoparticles; their formation mechanism can be described by the “egg-box” model (Kavyashree et al., 2015). Therefore, their difference in morphology can be associated with the complex polymeric network of each polysaccharide. Aloe vera gel consists of a combination of organic chains, such as soluble polysaccharides, monosaccharides, proteins, amino acids, among others (Choi and Chung, 2003). The colloidal suspension of Cassava starch is more homogeneous and less complex because it consists basically of amylopectin and amylose leading to the formation of uniform particles, since the Zn (II) ions occupy the “egg-box” more efficiently, with more regular distance. The Aloe vera gel presents a greater variation in its natural components than Cassava starch, affecting directly the shape and reproducibility of ZnO nanoparticles.


[image: Figure 2]
FIGURE 2. SEM image (A) 4,000x (B) 8,000x Zn-AL; and (C) 4,000x (D) 8,000x Zn-ST.


The chemical environment of the zinc and oxygen atoms were analyzed using X-ray photoelectron spectroscopy (XPS). The O 1s and Zn 2p XPS core-level spectra are shown in Figure 3. The binding energy of the XPS data was calibrated using the C 1s peak at 284.6 eV (Das et al., 2010). The O 1s spectrum was fitted with three components centered on 530.2 ± 0.1, 531.4 ± 0.6, and 532.3 ± 0.7 eV, for both samples (Figure 3A). The low binding energy component located at 530.2 ± 0.1 eV is attributed to O2− ions participating in the Zn-O bond in the wurtzite structure of the hexagonal Zn2+ ions of ZnO (Chen et al., 2000; Al-Gaashani et al., 2013). The component centered at 531.4 ± 0.6 is associated with photoelectrons emitted from O2− ions in oxygen-deficient regions in the matrix of ZnO (Chen et al., 2000). The high binding energy component located at 532.7 ± 0.7 is reported to be associated with oxygen species adsorbed on the surface of the ZnO, such a -CO3, H2O, or O2 (Sangeetha et al., 2011; Visinescu et al., 2011). The Zn 2p high-resolution XPS spectra show the 2p doublet (Figure 3B) with components centered at 1020.6 eV (Zn 2p3/2) and 1043.5 eV (Zn 2p1/2). For both samples, the binding energy difference between these core levels is 23.0 eV, reference value denoting the presence of zinc in Zn2+ oxidation state (Chen et al., 2000; Das et al., 2010), the chemical state is confirmed by the Zn LMM Auger data (Figure 3C).


[image: Figure 3]
FIGURE 3. XPS spectra of (A) O 1s. (B) Zn 2p and (C) Zn LMM Auger of the ZnO samples.


Figure 4 shows the optical characterization of the ZnO nanoparticles synthesized using Aloe vera (Route I) and Cassava starch (Route II). It can be observed in Figure 4A an increase in the reflectance at wavelengths larger than 380 nm, this can be attributed to the direct band-gap of ZnO due to the electron transitions from the valence band to the conduction band (O2p Zn3d) (Kavyashree et al., 2015), with a lower percentage of reflectance for Zn-AL (~65%). The band energy gaps (EGAP) of the samples were calculated using the Kubelka-Munk method (Cuscó et al., 2007), the EGAP were determined by linear extrapolation of the curve [F(R) x E]2 vs. energy (E) in (Figure 4B), with values: 3.24 eV (Zn-ST) and 3.18 eV (Zn-AL), similar values have been reported in (Khorsand Zak et al., 2013; Carp et al., 2015) for zinc oxides obtained with Starch. The variation in the optical gap of the ZnO nanoparticles can be associated with a variation in the average particle size and morphology. The synthesized ZnO nanoparticles exhibit a slight red shift in the absorption edge (Figure 4A), this increase in the response range toward the visible radiation region can be explored in the future as photocatalysts with visible light activity (Stanković et al., 2012).


[image: Figure 4]
FIGURE 4. (A) Diffuse reflectance spectra and (B) Kubelka-Munk curves of ZnO samples.




Copper Ion Removal by ZnO Particles
 
Zeta Potencial (ζ) vs. pH

Figure 5 shows the obtained ζ-potential values as a function of pH for Zn-AL and Zn-ST. The zeta potential allows evaluating if the particles in the colloidal state show chemical stability. A high ζ-potential generates electrostatic repulsion, preventing particles flocculation and aggregation (Rodrigues et al., 2020); this range of ζ-potential is located below −30 mV or above +30 mV. When the pH <6, the ZnO surface charge shows a strongly positive ζ potential value equal to + 30 ± 2 mV for Zn-ST and +24 ± 2 mV for Zn-ST. Increasing the pH, the point of zero charge (pHPZC) is reached at 8.8 and 9.4 for Zn-AL and Zn-ST, respectively. These values are in accordance with the values of the literature pHPZC for ZnO (Adair et al., 2001; Tso et al., 2010). By further increasing the pH ≥ pHPZC the ZnO nanoparticles exhibit negative surface charge values.


[image: Figure 5]
FIGURE 5. Zeta potential as a function of pH and point of zero charge (pHPZC) for the Zn-AL and Zn-ST samples.




Effect of pH on Adsorption

In the absorption study, the pH is an important factor that affects the surface charge of the adsorbent and the degree of ionization of the ions affects the adsorption capacity. The adsorption study was carried at different pHs (2–6), because the copper ion precipitates as Cu(OH)2 at pH ≥ 6 (Bagheri et al., 2014). The effect of the pH in the adsorption of the heavy metal by the ZnO is shown in Figure 6. The removal of the Cu (II) ions is strongly dependent on pH, with percentage of removal > 95% for all evaluated pH, reaching the maximum adsorption at pH of 4 for Zn-AL.


[image: Figure 6]
FIGURE 6. Effect of the pH on the adsorption of the Cu (II) ions by the Zn-AL and Zn-ST oxides.


The removal of Cu (II) on surface of ZnO, can be explained in terms of the adsorbent pHPZC (point zero charge), for values of the pH < pHPZC the adsorbent surface is protonated and positively charged, while for pH > pHPZC the active sites are deprotonated and the charge is negative (Kikuchi et al., 2006; Bagheri et al., 2014). Thus, increasing the pH, the competition between H+ and Cu2+ decreases by the reduction of the repulsive force. However, in this study, the adsorption at pH < pHPZC was observed (Figure 5), indicating that, the adsorption of metallic ions on the surface of ZnO may occur via non-electrostatic interaction. When the ZnO particles are exposed in water, hydroxyl groups will be formed (Wang et al., 2010; Le et al., 2019), becoming adsorptive active sites removing metal ions by reacting with OH− on the ZnO surface (Bagheri et al., 2014). Thus, the mechanism of ion adsorption can be explained by the model of complexing of ion adsorption in hydrated solids (Faur-Brasquet et al., 2002; Bagheri et al., 2014), in which the Cu (II) ions interact with the active groups (OH−) on the oxide surface:

[image: image]

Therefore, with an increase in the pH of the solution, the amount of active sites on the ZnO surface increases, becoming more favorable to the adsorption of the metallic ion, thus resulting in a greater removal efficiency. The decrease in the removal of Cu (II) ions at pH 6 (Figure 6), can be associated to their precipitation occurring from pH ≥ 6, and thus forming complexes that are not adsorbed by the ZnO adsorbents.

The isotherm and adsorption kinetics studies were performed without pH (pH ~ 6) adjustment. The stability of ZnO nanoparticle was checked after the adsorption experiment at pH 4 and 6. For pH4 the dried samples weight 253.2 mg and 252.8 mg, and for pH6 they weight 252.4 mg and 252.1 mg for Zn-AL and Zn-ST, respectively. The small increase in the weight compared to the initial one (250 mg) can be associated to the absence of adsorbent leaching.



Effect of Initial Metal Ion Concentration

Figure 7 shows the effect of the initial metal concentration on the percentage of the Cu (II) removal. The studies were carried out at optimized contact time and temperature at 25oC. The results show that the percentage of removal decreases for increasing the initial concentration for both Zn-AL and Zn-ST. At low concentrations the metal ions are adsorbed by specific sites, with the increase in the concentration of Cu (II) ion occurs a saturation of these active sites, and the exchange sites are filled (Rafiq et al., 2014). Conversely, the amount of copper adsorbed per gram of adsorbent (qe) increased with the increase in the initial concentration of Cu ions, due to the Cu (II) ion adsorption capacity on the available adsorbent.


[image: Figure 7]
FIGURE 7. Effect of initial concentration on adsorption and equilibrium amount adsorbed of Cu (II) ion in Zn-AL and Zn-ST.




Adsorption Isotherms

The Cu (II) ion adsorption isotherms of Zn-AL and Zn-ST are presented in Figure 8. The results show that in the Zn-AL the saturation was not effectively reached, while the Zn-ST shows saturation when the initial concentration of 100 mg L−1 and 120 mg L−1 were investigated.


[image: Figure 8]
FIGURE 8. Adsorption of Cu (II) ions into ZnO samples at 25 °C.


Adsorption of Cu (II) ions into Zn-AL and Zn-ST data were adjusted according to the Langmuir and the Freundlich isotherm models and their correlation parameter are presented in Table 1. The Langmuir model is applicable in systems with ideal homogeneous surface adsorption (Azizian and Bagheri, 2014; Jing et al., 2018). This isothermal model is generally defined as monolayer saturation capacity and the maximum adsorption capacity of the adsorbent for a particular adsorbate (Jaerger et al., 2015). The Freundlich model, on the other hand, reproduces better a heterogeneous system (Jaerger et al., 2015). The Langmuir isotherm in the linear form is given as (Equation 3):

[image: image]

where qe (mg g−1) is the amount of ions adsorbed per unit mass of ZnO at equilibrium; KL (L mg−1) is the Langmuir constant related to the affinity of the binding sites; qmax (mg g−1) is a parameter related to the maximum amount of Cu (II) per unit weight of ZnO.


Table 1. Parameters of the Langmuir isotherms and the Freundlich for adsorption of Cu (II) ions into ZnO samples.
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The Freundlich isotherm is an empirical model and is commonly used for low concentrations of adsorbate (Jaerger et al., 2015). The linearized form of the Freundlich isotherm is given as (Equation 4):

[image: image]

where KF (mg L−1) is the Freundlich constant; n is a parameter related to the intensity of adsorption and the system heterogeneity. KF and n are the Freundlich constants determined from the intercept and slope of the straight line of the plot lnqe vs. lnCe.

The correlation coefficients (r2) obtained by the Langmuir isothermal model were well-fitted as shown in Table 1. The adsorption process consists of monolayer adsorption of Cu (II) ions at the ZnO nanoparticles surface, this is observed for the nanoparticle synthesized by both routes. Another important property obtained analyzing the Langmuir isothermal is the maximum adsorption capacity (qmax). The values of qmax for Zn-AL and Zn-ST were 20.42 and 10.95 mg g−1, respectively. The maximum adsorption values obtained in this study are relatively low compared with data reported in the literature (Table 2) (Azizian and Bagheri, 2014; Jing et al., 2018). However, in the present study, the interest is in the removal of low concentrations, and saturation was not observed for both Zn-AL and Zn-ST as adsorbent. The ZnO nanoparticles produced by both routes have good characteristics as Cu (II) ion adsorbent showing a percentage of removal near to 98% for low metal concentration (Figure 7) indicating that the synthesized nanoparticles are potential adsorbent of metal traces in wastewater.


Table 2. Reported adsorption capacities (mg g−1) of copper using Zinc Oxide as adsorbent.
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Effect of Contact Time

Figure 9 shows the effect of contact time on the Cu (II) adsorption. The adsorption of copper by ZnO nanoparticles was investigated as a function of contact time in the range between 5 min and 240 min with 50 mg L−1 initial ZnO concentration. The value of the copper removal gradually increases with the time until the equilibrium is reached within 120 min. No significant increase occurred between 180 and 240 min until the adsorption equilibrium was reached. Both Zn-AL and Zn-ST reached the Cu (II) ion adsorption equilibrium at 150 min. The pseudo-first-order model is widely used in solute adsorption in a liquid solution and is represented by Equation (5):
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where qt (mg g−1) is the amount of Cu (II) adsorbed at time t (min) and k1 is the rate constant of the pseudo-first-order adsorption (min−1). The pseudo-second-order kinetics equation is based on the adsorption capacity and is represented in Equation (6):

[image: image]

where k2 (g mg−1 min−1) is the pseudo-second-order adsorption rate constant.


[image: Figure 9]
FIGURE 9. Progressive removal of Cu (II) ions from aqueous solutions using Zn-AL and Zn-ST as adsorbent.


Table 3 shows the values of the kinetic parameters obtained for the removal of Cu (II) ions in Zn-AL and Zn-ST. As observed (Figure 10 and Table 3), the adsorption data adjusted better to the pseudo-second-order kinetic model, since the linear correlation coefficients [image: image] are above 0.99 for all Cu (II) ion solutions at 25oC. The qe data obtained experimentally are closer to those obtained by the pseudo-second-order model, this fact indicates that the adsorption process is dependent on both the quantity of Cu (II) ions and ZnO sites available (Almeida et al., 2010; Jaerger et al., 2015). These results agreed with the report on the adsorption of metals in ZnO by Rafiq et al. (2014) and Kumar et al. (2013).


Table 3. Kinetic parameters for Cu (II) removal using Zn-AL and Zn-ST as adsorbent.
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[image: Figure 10]
FIGURE 10. Kinetic parameters for Cu (II) removal using Zn-AL and Zn-ST as adsorbent.


Equation (7) describes a model of the effect of the intraparticle diffusion on adsorption based on the theory proposed by Weber and Morris:

[image: image]

where ki is the rate constant (mg g−1 t−0.5) and values of Ci give information regarding the thickness of the boundary layer.

When the adsorption mechanism follows the intraparticle diffusion process ki can be obtained from qt vs. t0.5 plot. In this study, the data displayed multilinear graphs, governed by two steps as shown in Figure 11. This fact indicates that the adsorption process involves more than one mode in the adsorption of the Cu (II) ion by the ZnO nanoparticles. The linear segment of the adsorption curve is attributed to the immediate adsorption occurring at sites available on the oxide surface. While the second linear portion refers to the adsorption in the final stages of the adsorption equilibrium, where the intraparticle diffusion process begins to decrease and reach a plateau due to the low concentration of remaining Cu (II) ions or because the maximum adsorption by the adsorbate is achieved (Rafiq et al., 2014; Jaerger et al., 2015). The results of the intraparticle diffusion for Cu (II) ions in both Zn-AL and Zn-ST oxides suggest that the adsorption is controlled initially by the external mass transfer, followed by the mass transfer by the intraparticle diffusion until reaching equilibrium (Almeida et al., 2010; Jaerger et al., 2015). These steps agree with the decrease in the diffusion rate going from ki1> ki2 corroborating with the increase in the thickness of the limit layer Ci1 < Ci2 (Rafiq et al., 2014) as observed in Table 4.


[image: Figure 11]
FIGURE 11. An intraparticle diffusion model for Cu (II) removal using Zn-AL and Zn-ST as adsorbent.



Table 4. Intra-particle diffusion constants for Cu (II) removal using ZnO as adsorbent.
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Characterization of Cu/ZnO Nanoparticles

After the adsorption assay, the samples at pH 4 and 6 were dried at 60 °C in an oven-dry for 12 h and characterized. The chemical composition data (EDXRF) evince the incorporation of the Cu (II) ions in both Zn-AL and Zn-ST nanoparticles following their surface adsorption (Table 5).


Table 5. Compositional chemical analysis data by EDXRF (% element).

[image: Table 5]

Figure 12 shows the XRD patterns recorded on the ZnO nanoparticles before and after the Cu (II) metal ions removal. It can be seen that the diffraction peaks recorded on the samples after the adsorption correspond to the majority of peaks of the ZnO hexagonal Wurtzite crystal phase (XRD recorded on the Zn-AL and Zn-ST samples before adsorption). However, in the XRD patterns recorded after adsorption, the CuO phase can be observed in both routes (I and II) samples and for different pHs. The diffraction peaks of CuO were indexed to the monoclinic Tenorite crystal phase of CuO (JCPDS, #PDF 96-901-6327). Moreover, similar to the CuO Bragg peaks the ZnO peaks slightly shift to lower diffraction angles compared to that of the ZnO recorded before adsorption, indicating the substitution of Zn2+ by Cu2+ ions in the crystal lattice (Mukhtar et al., 2012). According to (Wang et al., 2010), the hydrated Cu (II) or [image: image] can react with the OH− groups and form Cu-O weak bounds through a Lewis interaction, in addition, the adsorbed copper ions can partially hydrolyze leading to the formation of Cu-OH and, consequently, the formation of Cu-O-Cu on the surface of ZnO, thus denoting the Tenorite phase of CuO formed on the surface of ZnO. The crystallite sizes after the adsorption were calculated using Scherrer's equation (Hedayati et al., 2015), the obtained value were: 16.31 nm (Zn-AL, pH 4), and 36.22 nm (Zn-AL, pH 6); and 20.18 nm (Zn-ST, pH 4), and 31.89 nm (Zn-ST, pH 6).


[image: Figure 12]
FIGURE 12. XRD pattern before adsorption of copper solution 50 mg L−1, pH 4, and 6: (A) Zn-AL and (B) Zn-ST.


Figure 13 shows the UV-Vis absorbance spectra of ZnO samples before and after Cu (II) adsorption. A broad peak in the visible region centered at 720 nm can be observed after the adsorption of copper. This peak can be assigned to the Cu (II) d-d transition (Li et al., 2013), indicating, the adsorption of Cu (II) ions by the ZnO nanoparticles (Zn-ST and Zn-AL), verifying the XRD results.


[image: Figure 13]
FIGURE 13. Electronic absorption spectra (visible) of ZnO before the adsorption of copper solution 50 mg L−1, pH 4 and 6: (A) Zn-AL and (B) Zn-ST.





CONCLUSIONS

ZnO nanoparticles have been successfully synthesized by an eco-friendly procedure based on a polysaccharide, without using any surfactant, organic solvent and at low calcination temperature. The type of polysaccharide used as fuel influences on the morphology and optical property of the synthesized nanoparticles (Zn-AL and Zn-ST). Cu (II) adsorption tests showed a low experimental (qmax) value, however saturation was not observed on both synthesized (route I and route II) ZnO adsorbents in the 4 h study period. For both samples (Zn-AL and Zn-ST) at a concentration of 40 mg L−1 of copper ions, there was a high removal value of R%>95% indicating that the synthesized nanoparticles have the potential to be used in the treatment of wastewater, especially in the removal of metal ions at low concentrations. The XRD analysis of the samples after Cu (II) adsorption indicates the formation of the Tenorite phase on the ZnO nanoparticles surface regardless of the pH used in the adsorption experiment, denoting the formation of a secondary phase in the ZnO structure. Accordingly, the two ZnO synthesis routes favor controlling the surface charge, phase, crystallite size, modulating solids for specific applications (photocatalysis, sensor, pigments).
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NiAl Layered Double Hydroxide (LDH) alginate bionanocomposites were synthesized by confined coprecipitation within alginate beads. The NiAl based bionanocomposites were prepared either by impregnation by divalent and trivalent metal cations of pre-formed calcium cross-linked alginate beads or by using the metal cations (Ni2+, Al3+) as crosslinking cationic agents for the biopolymer network. The impregnation step was systematically followed by a soaking in NaOH solution to induce the LDH coprecipitation. Powder x-ray diffraction (PXRD), infrared spectroscopy (FTIR), energy dispersive X-ray analysis (EDX), thermogravimetry analysis (TGA), electron microscopies (SEM and TEM) confirmed the biotemplated coprecipitation of LDH nanoparticles ranging from 75 to 150 nm for both strategies. The drying of the LDH@alginate beads by supercritical CO2 drying process led to porous bionanocomposite aerogels when Ca2+ cross-linked alginate beads were used. Such confined preparation of NiAl LDH was extended to bionanocomposite films leading to similar results. The permeability and the electrochemical behavior of these NiAl@alginate bionanocomposites, as thin films coated on indium tin oxide (ITO) electrodes, were investigated by cyclic voltammetry, demonstrating an efficient diffusion of the K4Fe(CN)6 redox probe through the LDH@alginate based films and the improvement of the electrochemical accessibility of the Ni sites.

Keywords: layered double hydroxides, alginate, confined coprecipitation, bionanocomposites, electrochemical behavior, permeability


INTRODUCTION

Layered double hydroxides (LDH), also termed anionic clays belong to clay minerals (Forano et al., 2013) with a brucite like layered structure and a general formula [image: image], where M2+ and M3+ are divalent and trivalent cations, and An− interlayered anions. Although they are rarely observed in the natural state, this family of materials can be easily prepared in the laboratory by different methods such as coprecipitation using NaOH, urea hydrolysis, sol-gel, and epoxide methods (Tokudome et al., 2016; Prevot and Tokudome, 2017; Tichit et al., 2019). Based on fine control of the synthesis conditions, matrices with a tunable chemical composition are prepared by varying the nature of M2+ and M3+, their ratio and the type of anion intercalated which can range from simple inorganic anions, polyoxometalates (Liu et al., 2020) and organic or even bioorganic anions bearing carboxylate, sulfonate, or phosphonate groups (Taviot-Guého et al., 2018). Thanks to their unique properties, LDH are emerging as an important class of layered materials with potential applications as adsorbents in water treatment (Zhang R. et al., 2020), nuclear waste storage materials (Gu et al., 2018), electro-photo-catalysts for organic molecule conversion (Fan et al., 2014; Xu and Wei, 2018; Cai et al., 2019; Liu et al., 2020) or pollutant degradation (Zhang G. et al., 2020), energy storage and conversion (Patel et al., 2018; Cai et al., 2019; Xie et al., 2019; Yang et al., 2019), electrode materials for detection (Mousty and Prévot, 2013) and biocompatible inorganic matrices for drug delivery system development (Choi et al., 2018a,b) or biomedical imaging (Jin and Park, 2019).

Recently, the association of LDH particles with biopolymer matrices has gained increasing attention, as the formed bionanocomposites are capable, due to a synergic effect, of providing enhanced multifunctional properties for potential uses in environmental remediation and monitoring, agronomy, biocatalysis, and biomedical applications (Chatterjee et al., 2019). Special attention has been paid to LDH based bionanocomposites involving alginate, which is a large polysaccharide extracted from brown seaweeds consisting of linked α-L-guluronic acid and 1, 4 linked β-D-mannuronic acid residues (Yang et al., 2011). When intercalated within a ZnAl LDH structure, alginate was reported to provide enhanced thermal stability to the assembly and to allow the development of both potentiometric sensors and amperometric polyphenol oxidase based biosensors to determine Ca2+ and phenol concentration, respectively (Leroux et al., 2004; Darder et al., 2005; Sanchez-Paniagua Lopez et al., 2010). The alginate LDH assembly can also be obtained in a layer by layer approach leading to a nacre-like film with an ordered layered structure, good flexibility, and high strength (Liang et al., 2017). Interestingly, this latter approach can be applied to 3D porous support such as polyurethane foam and cotton fabrics to improve their thermal stability, flame retardancy, and smoke suppression (Liu et al., 2015; Pan et al., 2016). Another strategy to develop alginate-based bionanocomposites consisted of dispersing LDH particles in the biopolymer solution and subsequently form beads or films. Pristine LDH and calcined LDH embedded into alginate beads and magnetic alginate beads containing iron oxides displayed interesting adsorption properties toward for instance fluoride (Gao et al., 2014), phosphate (Lee and Kim, 2013; Kim, 2014), Cd2+, Pb2+, Cu2+ and [image: image] (Lee and Kim, 2013; Sun et al., 2018) with enhanced maximum adsorption capacity. Alginate-based drug delivery systems, developed with LDH particles intercalated with molecules such as ciprofloxacin, diclofenac, or ibuprofen (Alcantara et al., 2010; Zhang et al., 2010; Rezvani and Shahbaei, 2015), displayed an improved controlled release behavior which was explained by a limited mobility of the alginate chain due to electrostatic interactions with LDH particles, a slow-down swelling, and dissolution rates. Biohybrids based on LDH and proteins or enzymes assembly were also embedded in alginate beads to produce systems of interest for oral protein delivery and biocatalysis (Mahkam et al., 2013; Mahdi et al., 2015; Yu et al., 2019).

In parallel, an alginate assisted method was described in the literature to prepare inorganic nanoparticles, taking advantage of the alginate ability to form gels in the presence of divalent and trivalent metal cations due to their interaction with the carboxylic group on the G block of alginate forming “egg-box” like structures (Agulhon et al., 2012, 2014). Inspired by biomineralization, the confined metal cations can easily be converted either in metallic nanoparticles by a reduction step or in metal oxides nanoparticles on simple calcination under an ambient atmosphere. Pd, magnetic Co and Ni, Au metallic nanoparticles (Brayner et al., 2007; Jaouen et al., 2010; Chtchigrovsky et al., 2012), CeO2, NiO, TiO2 metal oxides, and Prussian blue type nanoparticles for instance (Primo et al., 2011; Kimling and Caruso, 2012; Tokarev et al., 2012; Wang et al., 2012), were prepared by this alginate-assisted method. The metal cations being well-distributed within the biopolymer network, it limits the crystal growth, suppresses the particle aggregation and preferentially leads to nanoparticle formation.

In this study, the alginate templating method was applied for the synthesis of NiAl LDH nanoparticles following two strategies (Figure 1) which involve either pre-formed calcium alginate beads or ion-exchanged nickel and aluminum alginate beads. The structures of the NiAl nanoparticles formed within the biopolymer beads, by soaking in NaOH, have been analyzed after CO2 supercritical drying, using PXRD, FTIR, and EDX to obtain a deep insight into the structure of the bionanocomposite aerogels. The morphology of both the aerogel beads and confined LDH nanoparticles were characterized by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) and described in the following sections. Finally, such confined NiAl LDH coprecipitation was also extended to the preparation of bionanocomposite thin films to investigate the influence on the film permeability and the electrochemical properties of the NiAl nanoparticles formed.


[image: Figure 1]
FIGURE 1. Scheme of preparation of NiAl nanoparticles confined in Alg beads using either Ca-Alg as a template for confined LDH coprecipitation (Strategy 1) or alginate cross-link by NiCl2 and AlCl3 metal salt solution (Strategy 2). For both strategies, the LDH coprecipitation was induced by soaking in a NaOH (1 M) solution and bionanocomposite beads were dried in CO2 supercritical conditions.




EXPERIMENTAL SECTION


Materials and Synthesis

For all preparations, sodium alginate, NiCl2.6H2O, and AlCl3. 9H2O salts were of analytical grade. All other solvents and reagents were of commercial-grade (Aldrich, Acros Organics, Merck, Fluka). For comparison purposes, NiAl-CO3 and hybrid NiAl-Alg were prepared by the coprecipitation method as previously reported (Leroux et al., 2004; Faour et al., 2012). Typically, a 1 M solution of Ni and Al chloride salts (NiII/AlIII = 2) was added under stirring and nitrogen atmosphere to a reactor containing the anion to be intercalated in a stoichiometric excess of 2 and 4 for carbonate anions and alginate, respectively. The pH of the solution was systematically maintained at 10.0 by the simultaneous addition of a 1 M NaOH solution. After addition, the suspension was allowed to stir for 24 h and then the precipitate was recovered by centrifugation, washed three times with deionized water and allowed to dry at room temperature.

For the microsphere preparation, two different strategies were followed, both using a 2 %(w/w) aqueous solution of sodium alginate. In strategy 1 (Figure 1), the polymer solution was added dropwise at room temperature to a stirred CaCl2 (Aldrich) solution (10 %) using a syringe with a 0.8 mm diameter needle. The formed millimeter microspheres were cured in the gelation solution for 20 min. Then, the alginate beads were soaked in a Ni and Al metal salts solution (ratio NiII /AlIII = 2 and [NiII + AlIII] = 1 M) for 24 h. The alginate beads were filtrated and deeply rinsed with deionized water before to be soaked in a NaOH solution (1 M, 6 h). Finally, the beads, noted NiAl@Alg-Ca, were filtrated, washed, and keep in suspension before to be dried. In strategy 2, the biopolymer solution was directly added dropwise at room temperature to a stirred 1 M solution of Ni and Al metal salts using a syringe with a 0.8 mm diameter needle, and the beads were let in the solution for 24 h. Then as described for strategy 1, the beads, noted NiAl@Alg, were soaked in NaOH solution (1 M, 6 h), filtrated, washed, and keep in water.

The microspheres prepared by both strategies were dried by CO2 supercritical. Since liquid CO2 is not miscible with water, ethanol was used as an intermediate solvent. The microspheres were dehydrated by immersion in a series of successive ethanol-water baths at an increasing alcohol concentration (10, 20, 50, 80, 90, and 100%) for 15 min each. Finally, the microspheres were dried in an autoclave under supercritical CO2 conditions (105 bar, 45°C) in a Top Industry apparatus. After 6 h, the pressure was slowly decreased at constant temperature and then the autoclave was cooled down before to be opened.



Preparation of Modified Electrodes

NiAl LDH thin films were prepared on indium tin oxide electrodes (ITO, 1 cm2) as conductive substrates. Before use, the ITO electrodes were cleaned by sonication (5 min) in acetone, ethanol, and deionized water, successively, and finally dried under N2 flow. Confined preparation of NiAl-LDH was adapted to alginate films coated on these ITO electrodes. Between each step of the preparation, the electrode was rinsed in water. The electrode was first soaked in an alginate aqueous solution (0.2 w/w) for 3 h at 60 °C, rinsed in water, and then transferred into a CaCl2 solution (2.75% w/w) for 15 min. This Alg-Ca/ITO modified electrode was immersed in a Ni and Al metal salt solution (1 M, Ni/Al = 2) for 24 h and then in a 0.1 M NaOH solution for 6 h. This modified electrode is referred as NiAl@Alg-Ca/ITO. The same procedure was repeated to prepare the NiAl@Alg/ITO modified electrode. In this case, the soaking step in the CaCl2 solution was skipped. Two other reference electrodes were prepared with 100 μL of overnight stirred 2 mg/mL NiAl-CO3 or NiAl-Alg suspensions deposited onto ITO electrodes and dried in air for 4 h.



Instrumentation and Electrochemical Characterization

NiAl@Alginate bionanocomposites were characterized using different analytical techniques. X-ray diffraction patterns were recorded with a Philips X'Pert automated X-ray diffractometer using CuKα radiation (λ = 0.154051 nm), over the 2–70° (2θ). FTIR spectra were recorded with a Nicolet 5,700 spectrometer from Thermo Electron Corporation using the KBr pellet technique. Thermogravimetric analyses (TGA) were performed using a Setaram TGA92 thermogravimetric analyzer in the temperature range of 25–1,050°C, with a heating rate of 5°C min−1, under air atmosphere. SEM characteristics of the samples were imaged by a Zeiss supra 55 FEG-VP operating at 3 keV combined with an energy dispersive X-ray (EDX) analyzer. Specimens were mounted on conductive carbon adhesive tabs and imaged after Au sputter coating to make them conductive. N2 adsorption/desorption isotherms were collected in a Micromeritics ASAP2020 analyzer at −196°C. Before measurements, the samples were degassed at 80°C for 12 h. The surface area measurements were performed using the Brunauer-Emmet-Teller (BET) method. The film thicknesses were measured with an Alpha-step IQ surface profiler (KLA 134Tencor). Electrochemical measurements were made with a BioLogic Science Instruments SP-150 using a three-electrode cell, including a saturated calomel electrode (SCE) as a reference electrode, a platinum auxiliary electrode and the NiAl LDH/ITO modified electrodes as working electrodes. Cyclic voltammograms were recorded in 1 mM K4Fe(CN)6 dissolved in Tris buffer (0.1 M pH 7) and 0.1 M NaOH solution, respectively.




RESULTS AND DISCUSSION


Confined NiAl LDH Coprecipitation

NiAl LDH nanoparticles were prepared via template-assisted coprecipitation within an alginate (Alg) matrix thanks to soaking in mixed metal salt solution and concentrated sodium hydroxide solution (Figure 1). Such confined LDH coprecipitation by successive impregnations was previously described by our group to successfully lead to three-dimensional macroporous LDH using polystyrene colloidal crystal as a sacrificial hard template (Géraud et al., 2008). In a first strategy, Ca-alginate beads, obtained by alginate ion cross-link in a calcium chloride solution, were submitted to a solvent exchange process to introduce Ni2+ and Al3+ in the hydrogel network. The infiltration of the metal cation solution was traduced by the color change of the beads from white to light green (Figure 1), demonstrating the efficient diffusion of the solution within the biopolymer network. Since the pH of the infiltrated metal salt solution is ~3.0, Al3+ and Ni2+ are the main infiltrated species, although the presence of Al(OH)2+ and [image: image] cannot be excluded. No modification of the bead size and aspect was observed during infiltration and subsequent soaking in sodium hydroxide solution. To be able to characterize the Alg-Ca bionanocomposites by solid-state techniques, the beads were dried. While drying in a stove at 40°C let to a net diminution of the bead size due to an important shrinkage of the alginate network, the drying using supercritical CO2 (CO2 SC) conditions allowed to preserve the sphericity of the beads and limit the size decrease. TGA analyses (Supplementary Figure 1) of the sodium alginate used as a precursor and the Alg-Ca beads dried by the two different ways revealed that systematically the thermal decomposition occurred in four steps around 120°C, 200–240°C, 510–600°C and 675–1,010°C, leading to a total mass loss comprised between 93.5 and 88.1% (Table 1 and Supplementary Table 1). The decomposition steps can be attributed according to the literature (dos Santos Araújo et al., 2019) to the dehydration of the matrix, the biopolymer decomposition, the corresponding carbonate salt formation (Na2CO3 and CaCO3) and at higher temperature their decomposition. Note that the thermal profiles below 200°C, corresponding to the dehydration step, showed a net difference in the water amount into the beads with 14.7 and 44.3% of mass loss for the Alg-Ca beads dried in the stove and CO2 SC conditions, respectively. This can be attributed to the ability of CO2 SC conditions to better maintain the hydration rate into the aerogel network. Since the dehydration step occurred at a lower temperature, the CO2 SC conditions seem also to favor the diffusion and the mass transfer in the biopolymer network.


Table 1. Main structural characteristics of the LDH and alginate-based bionanocomposites.

[image: Table 1]

Then, in the following the biopolymer beads were systematically dried using this latter technique leading to beads with the size of the order of a millimeter. SEM images of a NiAl@Alg-Ca aerogel (Figures 2A–D) showed their morphology was similar to the one observed for Alg-Ca precursor beads (Supplementary Figure 2) with a well-defined smooth surface, while images at higher magnification revealed a nested network based on small filaments, characteristic of biopolymer hydrogel. The presence of NiAl particles within the network was very difficult to be distinguished. In a second strategy, the biopolymer network was directly cross-linked by the addition of the sodium alginate solution in the Ni2+ and Al3+ chloride solution.


[image: Figure 2]
FIGURE 2. SEM images of (A–D) NiAl@Alg-Ca beads and (E–H) NiAl@Alg beads dried upon CO2 supercritical conditions.


It is known that not only Ca2+ displays the ability to interact with the G blocks of the alginate to form an egg-box structure and ionotropic gelation, other divalent and trivalent cations, such as Cu2+, Ba2+, Co2+, Ni2+, and Zn2+, can also be used (Agulhon et al., 2012, 2014), even if their affinity toward alginate can differ. Following this approach and subsequent soaking in NaOH, NiAl@Alg beads were formed with a size slightly higher compared to the NiAl@Alg-Ca, which can be attributed to a lower affinity of the cations Ni2+ and Al3+ for alginate compared to Ca2+, leading to a less reticulated and dense gel. Such properties of the beads induced after the CO2 SC drying, a more pronounced shrinkage of the NiAl@Alg aerogel beads displaying an average size below one millimeter. As previously described for NiAl@Alg-Ca, the SEM images showed the morphology of the beads with a smooth surface and in the inner a network characteristic of a biopolymer (Figures 2E–H). To get further insight on the NiAl LDH coprecipitation within the two kinds of alginate beads (Strategy 1 and 2), PXRD and FTIR analyses were carried out (Figure 3).


[image: Figure 3]
FIGURE 3. (A) PXRD patterns and (B) FTIR spectra of (a) NiAl@Alg-Ca beads and (b) NiAl@Alg beads dried upon CO2 supercritical conditions.


Compared to the amorphous structure of the Alg-Ca beads (Supplementary Figure 3A), the PXRD patterns of the NiAl@Alg-Ca and NiAl@Alg beads (Figure 3A) displayed the characteristic diffraction lines of hexagonal LDH structure, which crystallizes in an R-3m space group, with especially the 003 and 006 reflections, traducing the stacking in the layered structure and the 110 reflections related to the octahedral sheets and the interatomic distance. Such diagrams for the beads revealed as expected, the NiAl LDH formation within the biopolymer network for both strategies. In all the case, the width of the diffraction lines appeared wide reflecting small coherent domains for both D006 and D110 (Table 1) and a low level of crystallinity comparable to the coprecipitated NiAl-CO3 phase.

The interlayer distance observed (Table 1) is in good agreement with the presence of carbonate anions in between the LDH layer since carbonate anions displayed a high affinity toward LDH matrices and no precaution was taken during the coprecipitation.

Noticeably, the conditions used in this work were not in favor of alginate intercalation described when LDH was coprecipitated in a sodium alginate solution (Leroux et al., 2004), which lead to an interlayer domain expansion and an interlamellar distance of 1.27 nm (Supplementary Figure 4). The anionic carboxylic groups being already involved in the egg box alginate structure; we can hypothesize that they were no more available to compensate the positive charge of the NiAl LDH layer during the coprecipitation. Further evidence of the presence of carbonate anions was provided by FTIR spectroscopy (Figure 3B) due to the presence of a band at 1,371 cm−1 corresponding to the stretching band of the carbonate anions. In the same area, the νas and νs of the carboxylate group of the alginate can also be observed at 1,589 and 1,417 cm−1. Note that in the case of NiAl@Alg beads, even if it was difficult to distinguish between the two bands νs COO− and the νCO3 which appeared as one single large band, the change in νas/νs intensity ratio compared to sodium alginate reference spectrum (Supplementary Figure 5B) is in favor of the carbonate presence. It is noteworthy that in addition to the alginate and carbonate bands, the LDH lattice vibrations (νM−O and νO−M−O) were observed on the spectra below 900 cm−1.

The chemical composition and particularly the Ni/Al ratios of the different beads were obtained by EDX (Supplementary Figure 6). The slight difference for the Ni2+/Al3+ ratio was observed compared to the ratio of 2 used in the precursor solution. Systematically higher ratios (Table 1) were measured which may be due to either a preferential infiltration and affinity of Ni2+ within the polymer network compared to Al3+ or the high pH used for the LDH formation during the soaking process in concentrated 1 M NaOH, which could favor the formation of [image: image] species in solution rather than its precipitation within the LDH layers. Interestingly, EDX mapping showed a homogeneous repartition of the Ni2+ and Al3+ elements within the beads (Figure 4), traducing that the alginate template-assisted coprecipitation induced a good repartition of the LDH particles within the biopolymer network without segregation.


[image: Figure 4]
FIGURE 4. Energy dispersive X-ray (EDX) mapping analysis of NiAl@Alg-Ca.


The observation by TEM of ultra-thin section obtained from the wet NiAl@Alg-Ca beads included in a resin (Figures 5A,B) showed the presence of a dense biopolymer network, in good agreement with the SEM images. At higher magnification, dispersed well-defined hexagonal LDH platelets were observed which seemed to be embedded within the biopolymer. These observations strongly contrast with the images obtained from NiAl@Alg beads (Figures 5 C,D) which indicated a much-opened network for alginate which may be correlated to the lower affinity of alginate for Ni2+/Al3+ compared to Ca2+ as previously discussed. Moreover, a completely different LDH particle shape was observed for the NiAl@Alg beads. The NiAl- nanoparticles strongly interacted with the biopolymer chains and were mainly observed on the edge. Such morphology is to be related to the use of Ni2+ and Al3+ as cross-linking ions in the second strategy which imposes a strong interaction between the biopolymer molecular chain and the metal cations to be involved in the LDH layers.


[image: Figure 5]
FIGURE 5. TEM images of ultrathin sections obtained by ultramicrotomy from wet (A,B) NiAl@Alg-Ca beads, and (C,D) NiAl@Alg beads.


The choice of the strategy followed also impacted strongly the textural properties of the dried bionanocomposite beads, as highlighted by the N2 adsorption-desorption isotherms (Figure 6A). The two isotherms displayed the same characteristic shape (Type IV with hysteresis loop is H3) of a mesoporous material, also observed for Alg-Ca beads (Supplementary Figure 3). However, successive infiltrations of pre-formed Alg-Ca beads (Strategy 1) led to more porous NiAl@Alg-Ca beads with a high BET surface area of 423 m2 g−1 with a pore volume of 0.81 cm3/g. The pore size distribution showed well-defined mesopores with a size centered at 3.5 nm mainly distributing from 2.0 to 5.0 nm (Supplementary Figure 7). We assumed that the shrinkage observed during drying for strategy 2 strongly reduced the beads' porosity (Table 1).


[image: Figure 6]
FIGURE 6. (A) N2 adsorption-desorption isotherms and (B) TGA curves of (a) NiAl@Alg-Ca beads and (b) NiAl@Alg beads dried upon CO2 supercritical conditions.



[image: Figure 7]
FIGURE 7. Cyclic voltammograms of 1 mM K4Fe(CN)6 in 0.1 M Tris buffer (pH 7) recorded at (a) NiAl@Alg-Ca/ITO and (b) NiAl-CO3/ITO (v = 50 mVs-1).


In parallel, the presence of the LDH nanoparticles within the biopolymer networks had an important influence on the thermal behavior of the materials (Figure 6B and Table 1). On one hand, the decomposition process of the NiAl@Alg aerogel beads occurred at a lower temperature compared to NiAl@Alg-Ca aerogel, which may be explained by biopolymer combustion favored by the proximity with the NiAl LDH nanoparticles and the derived NiAl LDH mixed oxides formed at the intermediate temperatures. However, systematically the presence of NiAl LDH nanoparticles delayed the decomposition in the low-temperature range (Supplementary Figure 1). On the other hand, for both types of bionanocomposite beads, the TGA curves showed a complete decomposition at 500°C with a fairly similar total mass loss close to 50% and very different thermal profiles from that observed for pure Alg-Ca beads (Supplementary Table 1 and Supplementary Figure 1). The decomposition steps of the biopolymer and the inorganic matrix (dehydration/dehydroxylation/decarbonation) are overlapped preventing a clear description of the decomposition. The net decrease of the total mass loss compared to Alg-Ca beads (Table 1) allowed to estimate the amount of NiAl within the bionanocomposites at ~80% in mass. These results highlighted that the alginate hydrogels were efficient to confine the coprecipitation of a large amount of NiAl nanoparticles.



Toward 2-D NiAl@Alginate Modified Electrodes

The relevance of Ni-based LDH in electrochemical applications, such as electrochemical analysis (Tonelli et al., 2013), energy storage (Patel et al., 2018), electrocatalytic oxygen evolution (OER) (Anantharaj et al., 2017) or electrochromism (Mondal and Villemure, 2012; Martin et al., 2016), has been widely described in the literature. NiAl LDH modified electrodes were prepared by different procedures, for instance by the solvent casting of aqueous suspensions of LDH prepared by the coprecipitation (Vialat et al., 2013; Taviot-Gueho et al., 2016) or the polyol method (Faour et al., 2012) and by the direct electrodeposition on the electrode surface (Scavetta et al., 2007; Tonelli et al., 2013; Mousty and Walcarius, 2015). All these cited works describe the importance of the particle size, the aggregation state of LDH particles, and the presence of structural defects on the electrochemical activity of nickel sites. The confined coprecipitation of NiAl LDH described previously was therefore extended to alginate films coated on ITO electrodes to characterize the electrochemical accessibility of Ni sites in these bionanocomposite materials.

Thin films of alginate, reticulated or not with Ca2+, were prepared on ITO as described in the literature (Yang et al., 2010) (see the experimental part). An ITO electrode was chosen to improve the adhesion of the biopolymer in comparison to a Pt surface. These homogeneous films, as shown in SEM images (Supplementary Figure 8), have a thickness of 1.1 and 0.62 μm, respectively, before and after the reticulation step. The NiAl@Alg-Ca/ITO and NiAl@Alg/ITO electrodes were prepared by impregnation of these as-prepared alginate films by a Ni and Al metal salt solution, as previously described for the alginate beads. The formation of the confined NiAl LDH phase was confirmed by PXRD leading to a similar diagram to the one described previously (Supplementary Figure 8 and Figure 3). The formation of the NiAl LDH phase within the alginate films caused a decrease of the film thickness (Table 2) and some cracks appear in the films (Supplementary Figure 8). For comparison, two other electrodes, namely NiAl-Alg/ITO and NiAl-CO3/ITO, were prepared by the deposition of 200 μg/cm2 of LDH suspensions. The thicknesses of these films were slightly higher (Table 2).


Table 2. Characterization of the NiAl LDH/ITO modified electrodes.

[image: Table 2]

The permeability of the NiAl@Alg and NiAl@Alg-Ca thin films was investigated with potassium ferrocyanide as an electroactive probe, showing a reversible signal in cyclic voltammetry (CV) (Supplementary Figure 9). Based on the variation of the anodic current (ipa/A) as a function of square root of the scan rate (v1/2), apparent diffusion coefficients (Dapp) were calculated from Randles-Sevcik equation: ip = 2.69 × 105 n3/2 A.C v1/2 D1/2, where n = 1e− transfer, C = 1 × 10−6 mol cm3, A = electrode surface (1 cm2). The calculated values of Dapp are compared to those obtained with the NiAl-Alg and NiAl-CO3 modified electrodes (Supplementary Figure 9 and Table 2). The diffusion of the electroactive probe through the NiAl@Alg composite films was not perturbed, with a linear variation of the Ipa fct √v over the whole investigated scan rate range (Figure 8 and Supplementary Figure 9). However, with the NiAl-CO3/ITO, the electron transfer became slower with an increase of ΔEp and smaller peak intensities. In this case, the origin of the straight line differed from zero and the calculated Dapp value was very small, suggesting the possible accumulation of the redox probe [image: image] and the hindrance of its diffusion within the film. It should be noted that the film was thicker in this latter case. With the NiAl-Alg, the situation seems to be intermediate with a possible accumulation of the probe in the film but with higher mobility. We assumed that the confined coprecipitation of the NiAl LDH nanoparticles within the porous network of the biopolymer favor the diffusion and the film permeability as illustrated in Figure 8.


[image: Figure 8]
FIGURE 8. Schematic representation of the NiAl@Alg-Ca/ITO and NiAl-Alg/ITO.


The electrochemical behavior of NiAl LDH in an alkaline medium is characterized in cyclic voltammetry by a quasi-reversible one-electron transfer Ni(II)/Ni(III), defined by an anodic peak and its corresponding cathodic peak situated between 0.40 and 0.80 V/SCE. In a previous study, we have shown that the peak position and intensity depend on the pH of the electrolyte solution and the nature of the alkali cations; the best signal being obtained in NaOH (Vialat et al., 2013; Taviot-Gueho et al., 2016). NiAl-CO3/ITO displayed a typical CV signal corresponding to the oxidation of the Ni sites in the LDH layer (Figure 9A). It should be noted that the electron transfer seems to be slightly slowdown at the ITO interface, with a higher ΔEp compared to that generally observed at a Pt electrode (Vialat et al., 2015). With NiAl-Alg/ITO, the electrochemical signal seems to be slightly enhanced, probably due to the better permeability of the film which allows better diffusion of the electrolyte ions. Interestingly, the NiAl@alginate bionanocomposites displayed more intense signals (Figure 9B), with a particularly high anodic current for the NiAl@Alg-Ca/ITO (Table 2). Indeed, this current density, recorded at 50 mVs−1 in 0.1 M NaOH (5.3 mA cm−2), is two times larger than the value (2.5 mA cm−2) we previously found with a Pt electrode modified with a NiAl-CO3 compound, prepared by a glycine-assisted hydrothermal method, where the presence of 2H1 stacking motifs in the 3R1 LDH lattice results in an enhanced electrochemical signal (Faour et al., 2012). This shows that Ni sites in LDH nanoparticles obtained by template-assisted coprecipitation in the alginate matrix are more accessible for an electron transfer.


[image: Figure 9]
FIGURE 9. Cyclic voltammograms recorded in 0.1 M NaOH (v = 50 mVs−1) using (A) NiAl-CO3/ITO (curve a) and NiAl-Alg/ITO (curve b) modified electrodes prepared by solvent casting; (B) NiAl@alginate composite electrodes prepared by impregnation (a) NiAl@Alg-Ca/ITO and (b) NiAl@Alg/ITO.





CONCLUSION

In this paper, we reported that the bioinspired alginate-assisted coprecipitation of NiAl LDH nanoparticles was possible using two different strategies. The first one based on successive impregnations of alginate beads formed by extrusion in a CaCl2 solution allowed the formation of well-defined carbonate intercalated NiAl nanoparticles distributed within the biopolymer network. The beads dried in CO2 supercritical conditions displayed high surface area and were stabilized in the low-temperature range. The second strategy involved ion cross-linking of the alginate directly by the metal cations expected to coprecipitate and form the LDH layers. In this case, the hydrogel was less reticulated and the formed NiAl nanoparticles strongly interacted with the biopolymer chains. For both strategies, the bionanocomposite aerogels contained ~80% by mass of LDH, which demonstrated the efficiency of the coprecipitation process carried out by successive impregnations. Interestingly, we showed these confined approaches can be extended to the preparation of thin bionanocomposite films which were evaluated as modified electrodes. Our results indicated that a better diffusion was achieved for the NiAl nanoparticles formed into the hydrogel compared for instance to the NiAl phases intercalated by anionic alginate. Moreover, the synthetic conditions used enhanced the accessibility of the Ni sites within the LDH layers. These template-assisted strategies can be considered as a simple, low cost and environmentally-friendly route to prepare LDH which can be extended to other hydrogels and LDH chemical compositions opening the way to new LDH based bionanocomposite materials.
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Hyaluronic acid (HA) is a ubiquitous biopolymer involved in many pathophysiological roles. One HA receptor, the cluster of differentiation CD44 protein, is often overexpressed in tumor cells. As such, HA has attracted considerable interest in the development of drug delivery formulations, given its intrinsic targetability toward CD44 overexpressing cells. The present study is focused on examining the correlation of HA molecular weight with its targetability properties. A library of conjugates obtained by linking the amino group of the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) to the carboxylic residues of HA of different molecular weight (6.4, 17, 51, 200, and 1,500 kDa) were synthesized and fully characterized. The HA-DMPE conjugates were then used to non-covalently functionalize the highly hydrophobic single-walled carbon nanotubes (CNT), and further encapsulate the anticancer drug doxorubicin (DOX). Our results show that the complexes DOX/CNT/HA-DMPE maintain very good and stable dispersibility. Drug release studies indicated a pH-responsive release of the drug from the nanocarrier. Cell viability tests demonstrated that all HA modified CNTs have good biocompatibility, and specific targeting toward cells overexpressing the CD44 receptor. Among all the molecular weights tested, the 200 kDa HA showed the highest increase in cellular uptake and cytotoxic activity. All these promising attributes make CNT/HA200-DMPE a “smart” platform for tumor-targeted delivery of anticancer agents.

Keywords: carbon nanotubes, hyaluronic acid, targeted drug delivery, cancer, phospholipids, CD44 receptor, nanocarrier


INTRODUCTION

Hyaluronic acid (HA) is a linear polysaccharide consisting of repeating β-1,4-D-glucuronic acid and β-1,3-N-acetyl-D-glucosamine disaccharide units. The disaccharide unit can repeat thousands of times, achieving high molecular weights (MW) of over 5,000 kDa. HA represents the main component of the extracellular matrix and is ubiquitously distributed in vertebrate tissues. In the human body, predominantly in the skin, the total HA is about 15 g, with a rapid daily turnover achieved through the activity of hyaluronidases (Stern, 2004). Regarding the HA physiologic role, it plays both a structural role, for example, in the skin due to unique hydrodynamic properties, as well as cell signaling role, for example, during the dynamic cell processes of morphogenesis and inflammation. A large amount of HA in the extracellular matrix of the central nervous system contributes to brain hydration (Perkins et al., 2017). In the lungs, it contributes to the mechanical properties of tissues, such as elasticity, while in the cardiovascular system, HA is involved in several pathophysiological conditions (Fischer, 2019).

To exert its biological properties, HA requires specific interactions with several cell receptors, such as CD44, RHAMM, HARE, and LYVE-1, to trigger specific signaling pathways inside cells. The more representative cell-binding receptor of HA is the cluster of differentiation protein CD44. The interaction of HA with this protein is involved in physiological and pathological processes, particularly in repair mechanisms. Nevertheless, the CD44 receptor is also associated with human cancer, particularly during tumor invasion and metastasis (Toole, 2009). Different therapeutic treatments exploit HA, such as in regenerative, aesthetic, and orthopedic medicine. Due to its intrinsic properties, HA attracts interest in the development of drug delivery agents (Dosio et al., 2016; Passi and Vigetti, 2019). This natural polymer combines useful aspects suitable for a drug delivery nanocarrier, such as its high-water solubility, non-immunogenicity, biocompatibility, and biodegradability.

Furthermore, the functional groups of HA can be easily modified by chemical reactions as its structure is based on the presence of β linkages, which allow for the bulky groups (the hydroxyls, the carboxylate moiety, and the anomeric carbon on the adjacent sugar) to be in sterically favorable equatorial positions. As such, HA can be easily functionalized with other materials, inferring new properties, and improving the existing aspects of the biopolymer. For instance, fluorescence properties can be introduced to HA by functionalizing the polymer with a fluorophore tag. HA could also be used to functionalize carbon nanoparticles, improving their dispersibility properties (d'Amora et al., 2020). Moreover, by exploiting specific enzymatic reactions, HA with precise different molecular weight and properties can be obtained (Valcarcel et al., 2020).

Among the inorganic nanomaterials, carbonaceous nanomaterials are attracting interest due to their excellent mechanical, thermal, and optical properties. Their inert composition is highly beneficial, making them biocompatible and thus highly desirable for biological applications, although with poor aqueous dispersibility (Saleem et al., 2018). Among the carbon-based materials, the nanotubes (CNTs) (Movia and Giordani, 2012; Chen et al., 2017; Mahajan et al., 2018) have demonstrated biocompatibility and they possess a hollow construction and tunable chemistry that provide interesting opportunities for use as delivery systems. The drugs can be loaded onto the CNT surface by a covalent bond, through a cleavable linker or complexation via π-π interactions and adsorption of charged surfactants (Szleifer and Yerushalmi-Rozen, 2005). Many anticancer drugs have been linked with CNTs, such as epirubicin, doxorubicin, methotrexate, quercetin, paclitaxel, gemcitabine, irinotecan, and porphyrins (Bianco et al., 2008; Wong et al., 2013). In an attempt to reduce the high aggregation tendency of pristine CNTs and to improve water and biological media dispersibility, several coating strategies have been developed. From collagen to proteins, polymers, pegylated lipids, and block copolymers have shown to serve as excellent wrapping materials for the non-covalent functionalization of CNTs as a result of π-π stacking and van der Waals interactions. Among these wrapping strategies, HA has demonstrated very beneficial results in dispersing CNTs loaded with doxorubicin (Datir et al., 2012; Cao et al., 2015) and gemcitabine (Prajapati et al., 2019). Given the aforementioned modifiability of the polymer, HA can be coupled to various surfactants, such as 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), which could further improve its dispersibility properties, allowing for increased dispersion of CNTs (Di Crescenzo et al., 2011a,b).

It has been found that the MW of HA regulates its diverse physio-pathological functions (Misra et al., 2015). A similar relationship has also been observed in nanostructures decorated with HA, where MW affected the targeting efficiency; the impact of HA MW on grafted liposomes have been reported by several authors (Arpicco et al., 2013; Mizrahy et al., 2014; Qhattal et al., 2014; Zhong et al., 2019) where the liposomal cellular uptake was improved with increasing of HA MW (5–8 <10–12 <175–350 kDa). Consequently, improved cytotoxic and in vivo activity against cancer models have been observed. Li et al. demonstrated that iron oxide nanoparticles coated with 31 kDa HA showed a better targeting ability than lower MW (Li et al., 2014).

Nevertheless, a systematic evaluation of the role of HA MW in increasing dispersibility and imposing targeting activity on CNTs has not yet been investigated. In the present study, we investigate the relationship of HA MW on dispersibility and specific targeting effect of functionalized CNTs, in order to provide a useful guideline for designing similar and other carbon-based HA-decorated nanostructures.

Based on our previous studies, HA-phospholipids conjugates made with five different MW HA were prepared and characterized. Exploiting the strong interaction of phospholipid acyl chains with the surface of CNTs, stable and dispersible derivatives have been obtained. Then, the cationic anthracycline antibiotic doxorubicin was loaded onto the nanotubes via a π-π stacking interaction. Furthermore, the different nanostructures have been investigated for their physiochemical and pharmaceutical properties, evaluating their cellular active targeting efficacy on CD44+ and CD44− cell lines.



MATERIALS AND METHODS


Materials
 
Single-Walled Carbon Nanotubes

Single-walled carbon nanotubes (CNTs), 100–1,000 nm in length and 0.8–1.2 nm in diameter, were obtained from Unidym Inc. (CA, USA).



Phospholipids

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) were provided by Avanti Polar Lipids, distributed by Sigma-Aldrich S.r.l. (Milan, Italy).



Sodium Hyaluronate

Sodium hyaluronate (HA) of different molecular weights: 6.4 kDa (HA6.4), 17 kDa (HA17), 51 kDa (HA51), 200 kDa (HA200), and 1,500 kDa (HA1500), was purchased from Lifecore Biomedical (MN, USA).



Other

Doxorubicin (DOX) hydrochloride was purchased from APAC Pharmaceutical (MD, USA). Fluoresceinamine, isomer I, 1-ethyl-3-[3-(dimethylamino)-propyl]-carbodiimide (EDAC), Fetal Bovine Serum (FBS), Dulbecco's Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640 Medium, and all other chemicals, cell culture media, and supplements were sourced from Sigma-Aldrich S.r.l.




Synthesis and Functionalization
 
Preparation of HA-DMPE and HA-DPPE

The HA-DMPE and HA-DPPE conjugates were prepared following our previously described method (Surace et al., 2009), with slight modifications. Briefly, a mixture of 20 mg of HA and 10 mg of EDAC was dissolved in 5 mL of distilled water. The pH was adjusted to 4 with 0.1 N HCl, and the solution was stirred for 2 h at 37°C. The activated HA was then added to a lipid film of DMPE or DPPE (the phospholipid molar excess was ×25 for HA6.4, HA17, and HA51; ×50 for HA200; and ×70 for HA1500). The pH was adjusted to 8.4 with a 0.1 M borate buffer (pH 9.5), and the suspension was sonicated at 37 kHz for 30 min. The mixture was stirred for 24 h at 37°C and then centrifuged at 6,000 rpm for 10 min. The precipitate was eliminated, and the supernatant was collected and purified by dialysis for 48 h at 4°C against distilled water using a Spectra/Por® regenerated cellulose membrane (Spectrum, Breda, The Netherlands) with molecular cut-off (MWCO) of 3,500 Da (for HA6.4) and 12,000–14,000 Da (for remaining HA MWs) to remove unreacted phospholipids, EDAC, and other by-products. The conjugation reactions were monitored by thin-layer chromatography (TLC) on F245 silica gel pre-coated sheets (Merck, Milan, Italy). The purification was confirmed by TLC using chloroform/methanol (70:30 v/v); after migration of the mobile phase, the sheets were exposed to iodine vapors, a solution of molybdenum blue, and ninhydrin (2,2-dihydroxyindene-1,3-dione) solution (2% in ethanol). The conjugates were lyophilized and analyzed by 1H nuclear magnetic resonance (1H-NMR). The amount of phospholipid linked to HA in the different conjugates was quantified after resuspension in distilled water by a phosphate assay after disruption with perchloric acid (Bartlett, 1959).



Preparation of f-HA and f-HA-DMPE

Labeling of HA with fluoresceinamine (f-HA) was carried out as previously described, with minor modifications (de la Fuente et al., 2008). Briefly, a solution composed of 12.5 mg of fluoresceinamine in 0.25 mL of DMSO, 12.5 μL of acetaldehyde and 12.5 μL of cyclohexyl isocyanide was added to a solution of 25 mg HA in 20 mL of deionized water and 20 mL of DMSO, and the pH was adjusted to 4.5 with 0.1 N HCl. Then, the reaction was stirred at room temperature in darkness for 12 h. The f-HA was precipitated with a saturated solution of NaCl and ice-cold ethanol, collected by centrifugation, suspended in and extensively dialyzed against deionized water, lyophilized, and stored at −20°C in the dark before use. The f-HA was used to prepare f-HA-DMPE following the same procedure described for the preparation of HA-DMPE. Fluoresceinamine labeled HA-DMPE conjugates were used to functionalize CNT for the further cellular uptake experiments.



Preparation of DOX/CNT and DOX/CNT/HA-DMPE

DOX was non-covalently loaded onto the CNT and CNT/HA-DMPE to make DOX/CNT and DOX/CNT/HA-DMPE, respectively. In this regard, 1 mg of CNTs were suspended in 2 mL of the different MW HA-DMPE conjugates solutions (1 mg/mL in PBS pH 7.4) and bath sonicated for 3 h. Then, a range of 0.5–1.5 mL of DOX solutions (1 mg/mL in PBS pH 7.4) was added in order to determine the appropriate amount of drug that can be loaded onto the CNT. The mixture was then bath sonicated for 2 h at 37°C and the DOX/CNT/HA-DMPE were purified by repeated filtering and washing with PBS (Centrisart® I, MWCO 100 kDa, Sigma-Aldrich) to remove the unbound products. To remove the excess HA-phospholipids obtained starting from HA200 and HA1500, the suspension was centrifuged at 11,000 rpm for 30 min, and the pellet was recovered. The amount of unloaded DOX was quantified by measuring the absorbance of the supernatants at 480 nm (Beckman 730 spectrophotometer Beckman Coulter, Milan, Italy). The percentage of HA associated with the CNTs was determined by the carbazole assay (Bitter and Muir, 1962).




Chemico-Physical Characterization
 
Nuclear Magnetic Resonance

1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 300 spectrometer (Karlsruhe, Germany) operating at 7T. Samples were dissolved in D2O.



Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were recorded with a JEM 3010 ultrahigh-resolution analytical electron microscope (JOEL) at an accelerating voltage of 300 kV. TEM grids were prepared by spreading a droplet of the sample solution in deionized water on a copper grid coated with a lacey carbon film.



Thermogravimetric Analysis

Thermal gravimetric analysis (TGA) was carried out on a TGA 4000 System (PerkinElmer, Waltham, MA, USA). The sample was heated in argon from 50 to 800°C at a rate of 10°C/min.



Zeta Potential

The zeta potential (ZP) of all materials was investigated using a Nanosizer Nano Z (Malvern, UK). Measurements were taken in triplicate at 25°C, and the Smoluchowski equation was applied.



UV-Vis Absorption Spectroscopy

Absorption spectroscopy analyses were performed on a Shimadzu UV-1800 spectrophotometer using 1 cm path-length quartz cuvettes. Solutions at 1 mg/mL of all the analyzed samples (DOX, HA-DMPE and DOX/CNT/HA-DMPE) were diluted in deionized water to achieve a final concentration of 100 μg/mL. After sonication for 15 min at 37 kHz, solutions at 10, 20, and 50 μg/mL were prepared for the analyses.



Fluorescence Spectroscopy

Fluorescence spectroscopy analyses were conducted on an LS-55 spectrofluorometer (PerkinElmer). Sample solutions were prepared at 1 mg/mL and diluted in deionized water to achieve a final concentration of 100 μg/mL. After sonicating the sample for 15 min at 37 kHz, 10 and 20 μg/mL solutions were prepared for the analysis.



Stability Studies

The stability of DOX/CNT and DOX/CNT/HA-DMPE at different HA MW was assessed in different biological media. The media used to perform this experiment were commercially available, and included: deionized water, PBS, RPMI 1640, 1640 + 10% FBS, DMEM, and DMEM + 10% FBS, For each nanomaterial, 1 mg was dispersed in 2 mL of each medium (500 μg/mL) by sonicating at 37 kHz for 1 h. The dispersions were photographed immediately after sonication, and then kept at 4°C for 3 months, at which point they were photographed again. A 1:10 dilution (50 μg/mL) was also prepared and the stability was evaluated over 25 days period.



Drug Release Studies

The in vitro DOX release from the CNT/HA-DMPE materials was evaluated at 37°C in PBS (pH 7.4) and acetate buffer (pH 5.5) by the dialysis method. Four milligram of each DOX/CNT/HA-DMPE material (HA MW 6.4, 17, 51, 200, and 1,500) was dispersed in 4 mL of PBS and transferred into dialysis bags (MWCO 3,500 Da) that were immersed in 35 mL of the release medium. At predetermined time intervals (0, 1, 3, 5, 24, 48, 72 h), 1 mL was taken and analyzed by UV-Vis spectroscopy to determine the amount of released DOX. The solution abstracted for UV-Vis analysis was immediately replaced with an equal volume of fresh medium.




Biological Studies
 
Tumor Cell Lines and Cell Culture

The cell lines used were MDA-MB-231 (human breast adenocarcinoma) and A2780 (human ovarian carcinoma). MDA-MB-231 cells were grown in DMEM supplemented with 10% FBS, 0.03% L-glutamine, 2% penicillin and streptomycin. A2780 cells were maintained in RPMI 1640 containing 10% FBS, 0.03% of L-glutamine, 2% penicillin and streptomycin, and 50 μg/mL of gentamicin sulfate. Cells were maintained in a humidified incubator at 37°C in 5% CO2.



Cellular Uptake

A quantitative analysis of CNT/f-HA-DMPE cellular uptake was carried out on a C6 Flow Cytometer System (Accuri™ Cytometers, Milan, Italy). Briefly, MDA-MB-231 and A2780 cells were plated in 6-well culture plates (5 × 105 cells/well) and incubated with CNT/f-HA-DMPE (10 μg/mL in PBS) for 3 and 24 h. Cells were washed twice with PBS, detached after each incubation period using a 0.05% trypsin−0.02% EDTA solution, and re-suspended in 500 μL PBS. They were then run on the flow cytometer, which considered 10,000 events, using 488 nm excitation to measure the intracellular CNT/f-HA-DMPE fluorescence (FL-1 channel, λex: 488 nm, λem: 530 nm). Cell-associated fluorescence is expressed as integrated mean fluorescence intensity (iMFI); the product of the frequency of cells that are positive to CNT/f-HA-DMPE and the mean fluorescence intensity of the cells. Results are expressed as a ratio between the iMFI of treated and untreated cells.



Cell Proliferation Assay

The effect on cell growth inhibition was evaluated by the sulforhodamine B colorimetric proliferation assay (SRB) modified by Vichai and Kirtikara (Vichai and Kirtikara, 2006).

MDA-MB-231 and A2780 cells, maintained in culture as described above, were seeded at 3 × 104 cells/well in 96 wells microtiter plates and incubated overnight to allow cellular adhesion. Various dilutions of DOX/CNT/HA-DMPE (expressed as drug concentration) and unloaded CNTs (expressed as CNTs concentration) were added in triplicate and incubated for 24, 48, and 72 h.





RESULTS AND DISCUSSION


Synthetic Strategy

HA of different MW (6.4, 17, 51, 200, and 1,500 kDa) was used to prepare a small library of conjugates with DMPE. After purification and characterization, the conjugates were used to functionalize CNTs with the aim of increasing their water dispersibility and biocompatibility, and to confer targeting ability toward CD44+ cells. The linkage between phospholipids and HA was obtained through amide formation mediated by the water-soluble carbodiimide derivative EDAC (Figure 1). In these conjugates, the phospholipid amino group is randomly linked to the carboxylic residues of HA, as previously reported (Surace et al., 2009; Cosco et al., 2017).


[image: Figure 1]
FIGURE 1. Schematic representation of the preparation of the HA-DMPE conjugate. The preparation of the HA-DPPE conjugate follows an identical procedure, with the exception that DPPE is used instead of DMPE.


Conjugates were also prepared using DPPE instead of DMPE. Both conjugates permitted the functionalization of CNTs, confirming that the length of the phospholipid acyl chain does not influence the CNTs modification, as previously observed (Dvash et al., 2013). On the other hand, the different chemico-physical characteristics of the two phospholipids affected the reaction yield. Only the conjugates obtained with DMPE were used for further studies since they contained a higher amount of phospholipid linked to HA.

After purification by centrifugation and dialysis, the conjugates were lyophilized; 1H-NMR analysis (Supplementary Figure 1) confirmed the covalent linkage between DMPE and HA of different MW as previously reported (Cosco et al., 2017).

The amount of DMPE linked to HA was determined through a phosphorus assay. The degree of substitution (DS = mol DMPE/mol repeating unit × 100) ranged from 0.46 to 0.98%.

CNT/HA-DMPE systems were prepared through the non-covalent functionalization of CNTs with HA-DMPE conjugates of various HA MW. This improved the water dispersibility and biocompatibility of the CNTs. Then, the cationic anthracycline antibiotic DOX was loaded onto the CNT/HA-DMPE (Figure 2) via a π-π stacking interactions between the aromatic DOX and the sidewall of the CNTs, and van der Waals and hydrophobic interactions (Datir et al., 2012; Mehra et al., 2014; Wang and Xu, 2015).


[image: Figure 2]
FIGURE 2. The non-covalent approach for the functionalization of CNTs with the HA-DMPE conjugate (orange helix) and DOX (red) to make a DOX/CNT/HA-DMPE system.


Thus, CNTs were added to PBS suspension of the previously prepared HA-DMPE conjugates and sonicated for 3 h, then DOX was added, and the mixture was sonicated for a further 2 h. We preferred to add DOX in the second step of the reaction in order to reduce the risk of drug degradation related to a prolonged sonication time. The mixture was then purified by ultrafiltration in order to remove the unbound compounds. We have observed that a DOX: CNT/HA-DMPE ratio of 2:1 w/w allowed the complete drug loading in all the CNTs functionalized with the different HA-phospholipid conjugates previously prepared. On the other hand, when the amount of DOX was increased, unbounded drug was recovered during ultrafiltration. There was no linear correlation between the amount of unbounded DOX and the MW of the HA-DMPE conjugate; only in the case of non-functionalized CNTs, the amount of DOX loaded was doubled; a similar behavior was also observed by Yao et al. (2016).

A carbazole assay determined the quantity of HA non-covalently bound to the CNTs, for all HA-functionalized CNT materials. The results indicated that it was identical to the quantity added in the functionalization reaction, meaning that all of the conjugate was adsorbed onto the CNT surface in each case.



Chemico-Physical Characterization
 
Transmission Electron Microscopy

The structure and morphology of the functionalized CNTs was analyzed by TEM. Representative TEM images of pristine CNTs and CNT/HA-DMPE are depicted in Figure 3. The graphitic structure of the nanotube is evident, indicating that the process of coating CNTs with the HA-DMPE conjugate does not affect the structural integrity of the nanomaterial. The CNTs are clearly visualized. The polymeric material on the CNT surface in the nanocarriers HA-DMPE cannot be readily seen as it is in an amorphous form. Compared to the pristine CNTs, the CNT/HA6.4-DMPE and CNT/HA200-DMPE did not exhibit appreciable differences in morphology or aggregation.


[image: Figure 3]
FIGURE 3. Representative TEM images at x300K magnification of pristine CNTs (left); CNT/HA200-DMPE (middle); and CNT/HA6.4-DMPE (right).




Thermogravimetric Analysis

TGA was used to characterize CNT, DOX/CNT, CNT/HA-DMPE, and DOX/CNT/HA-DMPE, as well as HA-DMPE and HA for comparative purposes (Figure 4).


[image: Figure 4]
FIGURE 4. TGA profiles of (A) CNT/HA-DMPE; (B) DOX/CNT/HA-DMPE; (C) HA; and (D) HA-DMPE analyzed at different chain lengths of HA, including 6.4, 17, 51, 200, and 1,500 kDa. The TGA profiles of CNT and DOX/CNT have been included in both (A,B) for reference.


Pristine CNTs show a typical, low weight loss, which is associated with the defects and oxidized functional groups present on the surface.

In contrast, CNT/HA-DMPE and DOX/CNT/HA-DMPE lost a considerable amount of their weight, demonstrating the success of surface functionalization with HA-DMPE and DOX. Furthermore, the main stage of weight loss in CNT/HA-DMPE and DOX/CNT/HA-DMPE occurs at an almost identical temperature (270°C) as observed for both HA and HA-DMPE, with a small shift toward higher temperature for the conjugated CNTs; a further indication of the correct derivatization.

Notably, DOX/CNT has a slightly-higher weight loss profile than that of pristine CNTs, which can be ascribed to the degradation of DOX non-covalently linked to CNTs surface. In addition, thermogravimetric DOX/CNT/HA-DMPE profile shows a significant more pronounced weight loss compared with DOX/CNT ones. The presence of HA-DMPE on CNTs surface may enhance the loading ability of the nanocarrier, probably because of the additional interaction between polymeric chains and DOX.

However, the interaction between CNT/HA-DMPE and DOX to give DOX/CNT/HA-DMPE seems to occur by displacing some HA-DMPE chains from the nanotube surface. The weight loss of DOX/CNT/HA-DMPE is equal, or lower (depending from HA size), than CNT/HA-DMPE, indicating that the interaction between aromatic rings of DOX, the graphitic surface the CNT, and the linked DMPE residue requires the displacement of some hindering HA-DMPE chains on the particle outer layer.



Zeta Potential

Zeta potential (ZP) analysis (Table 1) confirmed the presence of HA on the CNTs surface. The measured ZP has an inversely proportional relationship with HA MW, decreasing as the MW increases. This is due to the multiple carboxyl groups present on HA. Moreover, when the positively charged DOX was added, the zeta potential increased, indicating the successful adsorption of the drug onto the nanotubes.


Table 1. Zeta potential (ZP) values of the different functionalized CNTs.

[image: Table 1]



UV-Vis Absorption and Fluorescence Spectroscopy

The loading of DOX onto the CNT/HA-DMPE nanohybrids was confirmed by UV-Vis and fluorescence spectroscopy analysis. DOX has a characteristic absorption peak at 480 nm (Figure 5A); given that HA-DMPE does not absorb in the visible region (Figure 5B), the presence of a peak at 480 nm in DOX/CNT/HA-DMPE (Figure 5C) confirms the presence of the drug in the nanomaterial. Also, it is interesting to note that the Van Hove singularities (Kim et al., 1999) of the CNT can be seen in the absorption spectrum of DOX/CNT/HA-DMPE (Figure 5C). These are points where the density of states (i.e., the number of quantum states that electrons inside the system can take) is not differentiable (Kataura et al., 1999; Ryabenko et al., 2004). A number of these Van Hove singularities can be seen as small features above 600 nm (Figure 5C). Their presence further indicates that the intrinsic structure of the CNTs is not affected by the loading of HA-DMPE and DOX.


[image: Figure 5]
FIGURE 5. UV-Vis absorption spectra in water of (A) DOX at various concentrations (10, 20 and 50 μg/mL); (B) HA-DMPE (50 μg/mL); and (C) DOX/CNT/HA-DMPE (10 μg/mL). Materials involving HA were analyzed at various chain lengths (6.4, 17, 51, 200, and 1,500 kDa).


From the absorption spectrum of DOX/CNT/HA-DMPE (Figure 5C), it can also be concluded that 1,500 kDa HA is the best of the five MWs analyzed for dispersing the nanomaterial, as evidenced by the highest absorption of the nanomaterial across the spectrum.

When excited by light in the blue-visible range, DOX fluoresces due to its highly conjugated structure. The emission profile of DOX (Figure 6) shows that, when excited at λex 480 nm, the anticancer drug emits at λmax 592 nm with the strongest intensity. When the fluorescent DOX was adsorbed on the surface of the nanomaterials, the fluorescence signal decreased due to the proximal distance and energy transfer. The emission spectra of the DOX/CNT/HA-DMPE nanocomposites are shown in Figure 6 and confirm the successful loading of the drug onto CNT/HA-DMPE.


[image: Figure 6]
FIGURE 6. Emission spectra in water at λex 480 nm of DOX (10 μg/mL) and DOX/CNT/HA-DMPE (20 μg/mL) at various HA chain lengths (6.4, 17, 51, 200, and 1,500 kDa).




Stability Studies

The modification of DOX/CNTs with HA-DMPE conjugates of different MW significantly increased their water dispersity and stability (Figure 7 and Supplementary Figure 2). The DOX/CNT/HA-DMPE of different HA MW were well-dispersed and stable without aggregation in different media for over 3 months. In contrast, DOX/CNT was not dispersible in any of the tested media. The media chosen for this experiment were those used for the cell lines culture. These results confirm that the HA-DMPE conjugate imposes excellent dispersibility and stability onto the CNT systems.


[image: Figure 7]
FIGURE 7. Representative images of DOX/CNT (left) and DOX/CNT/HA-DMPE (right) dispersion stability after 3 months at 4°C in various biological fluids at a concentration of 500 μg/mL. Representative images are of DOX/CNT/HA200-DMPE. Other HA MW showed similar results [data not shown].




Drug Release Studies

The in vitro release profile of DOX from DOX/CNT/HA-DMPE was investigated at 37°C at two different pH values (7.4 and 5.5), which represent the physiological condition and acidic microenvironment of both tumor tissue and lysosomes, respectively (Figure 8). We observed that the DOX release rate is faster at pH 5.5 than at pH 7.4. After 72 h, at most, around 20% of DOX was released at acidic pH, and only 5% of DOX was released at physiological pH. The overall low DOX release at both pH values is probably due to steric hindrance and chain entanglement of the HA coating. Moreover, once internalized into tumor cellsCNTs will further release DOX in the acidic compartment of lysosomes, given the enhanced hydrophilicity and solubility of DOX in low pH environments (Wang and Xu, 2015).


[image: Figure 8]
FIGURE 8. Release of DOX from DOX/CNT/HA-DMPE at pH 7.4 and 5.5, as measured at 37°C over a 72 h period.


As the pH was lowered, drug release was increased, suggesting an endogenous pH-responsive mode of controlled drug release. This means that DOX will be selectively released in acidic microenvironments, such as that in tumors, while at physiological pH, the drug will remain preferentially loaded on the CNT surface. The increase of DOX release at low pH is due to the partial protonation of DOX amino groups, which increases its hydrophilicity and does not favor the π-π stacking interactions between the drug and CNTs, facilitating a partial DOX detachment from the carrier (Wong et al., 2013; Wang and Xu, 2015).

The results (Figure 8) also presented a drug release dependency on the MW of the HA-DMPE conjugate. The highest drug release (about 7% at pH = 7.4 and 18% at pH = 5.5) was observed for DOX/CNT/HA200-DMPE, indicating that it is the ideal HA MW of the five investigated variants. In the case of higher MW DOX/CNT/HA1500-DMPE, a reduction of DOX release was observed. Given that the amount of loaded drug is similar for all the samples, this behavior could be attributed to the high MW of the polymer that hampers the drug release by steric hindrance.




Biological Studies
 
Cellular Uptake

The HA receptor CD44, a ubiquitous transmembrane cell surface protein, is expressed at low levels on the surface of several normal cells and overexpressed in many cancer cells (Sneath and Mangham, 1998). We have recently reported that the MDA-MB-231 (human breast adenocarcinoma) cells display high expression of CD44 and that the A2780 (human ovarian carcinoma) cells did not express a detectable amount of CD44 (Ricci et al., 2018). Thus, to evaluate the cellular uptake and the cytotoxic activity of the previously prepared CNT/HA-DMPE, MDA-MB-231 and A2780 cells were chosen as CD44+ and CD44− cells, respectively. For these studies, fluorophore-labeled conjugates (f-HA-DMPE) were used; the cellular uptake of CNTs and CNT/f-HA-DMPE at increasing HA MW was quantitatively evaluated by flow cytometry in the CD44+ and CD44− cell lines (Figure 9).


[image: Figure 9]
FIGURE 9. Cytofluorimetric cellular uptake; MDA-MB-231 and A2780 cells were incubated with CNTs and CNT/f-HA-DMPE of increasing HA MW (6.4, 17, 51, 200, and 1,500 kDa) at the same concentration (10 μg/mL) for 3 and 24 h and fluorescence was evaluated on FL-1 channel (λex: 488 nm, λem: 530 nm). Statistical significance vs. CNTs: *p < 0.05 **p < 0.01, ***p < 0.001.


In MDA-MB-231 (CD44+) cells, the CNTs uptake was significantly increased over time and increasing HA MW. In A2780 (CD44−) cells, a significant increase in CNT/f-HA-DMPE cellular uptake was observed only after 24 h incubation, to an extent independent from HA MW. Moreover, comparing the iMFI ratio obtained in the two cell lines, the highest value was observed with CNT/f-HA200-DMPE in MDA-MB-231 cells and with CNT/f-HA51-DMPE in A2780 cells after 24 h incubation. The uptake level observed in the CD44− cell line after 24 h was significantly lower than that observed in the CD44+ cell line after the same incubation time. Likewise, the levels reached in the CD44+ cell line after just 3 h incubation were similar to that in the CD44− cell line after 24 h incubation.

These results are consistent with the idea that MDA-MB-231 cells uptake CNT/f-HA-DMPE through the CD44 mediated endocytosis pathway, highlighting their potential use as an efficient approach for tumor-targeting treatments. Moreover, in A2780 cells, aspecific mechanisms over receptor mediated-pathways can have a role in the CNT/f-HA-DMPE uptake. Similar results were also obtained by us evaluating the cellular uptake of HA decorated carbon nano-onions by confocal live-cell imaging (d'Amora et al., 2020).



Effects on Cell Proliferation

The in vitro cytotoxicity of the different preparations was evaluated on MDA MB231 (CD44+) and A2780 (CD44−) cells at three different incubation times; 24 (Figures 10, 11), 48 and 72 h.


[image: Figure 10]
FIGURE 10. Viability of the MDA-MB-231 (CD44+) cell line when treated with various formulations at different concentrations for 24 h. Cell viability was determined using the sulforhodamine B (SRB) assay as previously described in material and methods section.



[image: Figure 11]
FIGURE 11. Viability of the A2780 (CD44−) cell line when treated with various formulations at different concentrations for 24 h. Cell viability was determined using the sulforhodamine B (SRB) assay as previously described in material and methods section.


On both cell lines, CNT/HA-DMPE of different HA MW did not present significant effect on cell proliferation, while DOX showed a marked difference in activity (IC50 0.5 μM on MDA-MB- 231 and 0.032 μM on A2780 cell lines). A linear increase of cytotoxicity was observed by increasing incubation time (higher for A2780 with 1 log decrease from 24 to 48 h). Thus, the comparison of the cytotoxic activity reported in Figures 10, 11 represents a 24 h incubation time. On target cells (MDA-MB-231), the DOX/CNT/HA200-DMPE displayed higher cytotoxicity, comparable to DOX, while both lower and higher HA MW seemed to release the drug less efficiently. Increasing incubation time reduced this difference (data not shown).

Due to their scarce water dispersibility, pristine CNTs cannot be tested on cell lines. For this reason, the 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] conjugate (PL-PEG) was employed to suspend DOX/CNTs (DOX/CNT/PL-PEG) following a procedure described elsewhere (Liu et al., 2009). On A2780 cells, no significant difference between PEG or HA decorated CNTs has been observed. On the contrary, on CD44+ cells, a significative difference was observed, which appeared more evident in comparison to DOX/CNT/HA200-DMPE, confirming the cytofluorimetric results about the involvement of the HA receptor in the cellular uptake, and consequent, cytotoxicity in CD44+ cells.





CONCLUSION

In this study, a small library of HA-DMPE conjugates was prepared using HA of different MW (6.4, 17, 51, 200, and 1,500 kDa). These were non-covalently functionalized onto CNTs, which were further loaded with DOX. TGA, ZP, UV-Vis absorption and fluorescence spectroscopy confirmed the DOX loading and the HA-DMPE coating of CNTs. Moreover, due to the HA coating, the nanostructures were easily dispersed and stable in water and biological media. The data obtained by the cellular uptake and cell proliferation experiments indicated that CNT/HA200-DMPE manifested the best active targeting ability among all the conjugates. Drug release studies also suggested an endogenous pH-responsive mode for site-specific drug release which is of utmost importance for therapeutic applications in tumors.

Altogether, the results suggest the possible use of our conjugate, HA-DMPE, for an easy approach to improve the use of CNTs for diagnostic and therapeutic purposes.

Of all the CNT-based drug delivery systems prepared in this study, DOX/CNT/HA200-DMPE proved to be the most viable nanocarrier. The underlying material, CNT/HA200-DMPE, showed good biocompatibility, was easy to prepare, and was highly dispersible in water and biological media. Furthermore, biological studies confirmed that the system possessed good targetability toward CD44 overexpressing cells. The nanocarrier, DOX/CNT/HA200-DMPE, also possesses a “smart release” feature, as identified through drug release studies. The release of DOX has been found to be endogenously stimulated at acidic pH, meaning that the DOX/CNT/HA200-DMPE nanocarrier can selectively deliver the drug to tumor cells, whilst avoiding premature drug release in tissues at physiological pH.
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The hierarchical assembly of conjugated polymers has gained much attention due to its critical role in determining optical/electrical/mechanical properties. The hierarchical morphology encompasses molecular-scale intramolecular conformation (torsion angle, chain folds) and intermolecular ordering (π–π stacking), mesoscale domain size, orientation and connectivity, and macroscale alignment and (para)crystallinity. Such complex morphology in the solid state is fully determined by the polymer assembly pathway in the solution state, which, in turn, is sensitively modulated by molecular structure and processing conditions. However, molecular pictures of polymer assembly pathways remain elusive due to the lack of detailed structural characterizations in the solution state and the lack of understanding on how various factors impact the assembly pathways. In this mini-review, we present possible assembly pathways of conjugated polymers and their characteristics across length scales. Recent advances in understanding and controlling of assembly pathways are highlighted. We also discuss the current gap in our knowledge of assembly pathways, with future perspectives on research needed on this topic.
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INTRODUCTION

Organic semiconductors have undergone remarkable development as promising materials for next-generation electronics due to their mechanical flexibility, stretchability, and self-healing properties (Someya et al., 2016), ability to interface and communicate with biological systems (Wang et al., 2018), and compatibility with high-throughput, low-cost manufacturing (Gu et al., 2018). In conjugated polymers, the electronic performance sensitively depends on the morphology across multiple length scales such as polymer conformation, packing, crystallinity, alignment, and domain connectivity (Noriega et al., 2013; Diao et al., 2014; Venkateshvaran et al., 2014; Himmelberger and Salleo, 2015; Patel and Diao, 2018; Gu and Loo, 2019). Controlling assembly pathways of conjugated polymers can offer large modulation of their multiscale morphology for enhancing ultimate device performance. Here we discuss three main types of conjugated polymer assembly pathways from solution to solid films: (i) direct crystallization/aggregation from dispersed polymer chains, (ii) pre-aggregation-mediated assembly, and (iii) liquid crystal (LC)-mediated assembly (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic illustration of possible molecular assembly pathways of conjugated polymers from solution to thin films. Relative strengths of polymer–polymer and polymer–solvent interactions determine the initial state of polymers in solution. Fully dispersed polymer chains of various conformations can directly crystallize into semicrystalline thin films featuring small-ordered domains or can first assemble into a liquid crystalline mesophase which results in films with long-range order. Alternatively, polymer chains can pre-aggregate in the solution state to form disordered or semicrystalline aggregates as the primary assembled structure. These primary aggregates can further assemble into secondary aggregates of various types, including but not limited to liquid crystalline mesophase, network-like or fiber-bundle-like aggregates, which then determine the morphology of thin films.


The first assembly pathway involves fully solubilized polymer chains that directly crystallize from solution without traversing intermediate aggregated states. It is usually found when the polymer–solvent interactions dominate over polymer–polymer interactions in a good solvent and/or at high temperature. Depending on the intrinsic molecular structures and polymer–solvent interactions, a variety of polymer chain conformation is possible from random coil (Ikai et al., 2016), collapsed coil (Traiphol et al., 2007), ribbon-like chains (Root et al., 2017), and worm-like cylinder (Root et al., 2017) to rigid rods (Cotts et al., 1996) which crucially impact chain conformation, packing, and charge transport in the solid state. In conjugated polymers, the main intermolecular forces including π–π interactions between the backbones and dispersion forces among the alkyl side chains often result in the formation of pre-aggregates and/or LC mesophase in solutions. When the intermolecular interaction of polymers is strong, pre-aggregates are readily developed in the solution state even at low concentrations. Donor–acceptor copolymers, for instance, may be prone to pre-aggregation because intramolecular charge transfer from donor to acceptor moieties gives rise to more planarized backbone as well as strong intermolecular interaction between neighboring molecules. The internal structure of the pre-aggregates can be amorphous or semi-crystalline, depending on the molecular structures and the type of interactions (Figure 1). Amorphous pre-aggregates can result from weak π–π interactions or side chain association/interdigitation, whereas semi-crystalline pre-aggregates arise from strong the π–π stacking of the backbone and/or side chain crystallization. In both cases, the pre-aggregates usually take the form of polymer fibers with a diameter in the nanoscopic scale. Such primary pre-aggregates can further associate to form secondary aggregates in solution, usually of microns in size or above. The secondary aggregate may adopt a fiber bundle-like morphology which further grows into highly crystalline thin films or a network-like aggregate which evolves into a disordered fiber network morphology in thin films. Besides the direct crystallization and the pre-aggregation-mediated pathways, LC mesophase-mediated pathways are often observed, which can result in long-range order in the solid state. While the thermotropic LCs of conjugated polymers have long been studied (Sirringhaus et al., 2000; McCulloch et al., 2006; Lee et al., 2011), lyotropic LCs are gaining interests in recent years due to its direct relevance to solution processing that involves evaporative assembly. Furthermore, lyotropic LC mesophases are conducive to shear alignment during solution processing for enhanced charge transport. Lyotropic LC mesophases can form either from dispersed polymer chains or from pre-aggregated polymer nanofibers when their volume fraction surpasses a threshold (Zhang S. et al., 2010; Bilger et al., 2017). In other words, the mesophase can be either “molecular” or “colloidal” LCs. In either case, the anisotropic shape of the constitutive molecule/particle and/or their amphiphilic interactions can play important roles in inducing mesophase formation (Hendrikx et al., 1983; Alexandridis et al., 1998).

Currently, there is a gap in our knowledge regarding what determines the assembly pathways of semiconducting polymers from solution to thin films and how the assembly pathways can be tuned by design. While recent studies surmised the important role of pre-aggregation and LC mesophase in crystallization and alignment of conjugated polymers, several aspects regarding the nature of intermediate states and their multiscale structures remain unclear. For example, poly{[N,N′-bis(2-octyldo-decyl)-1,4,5,8-naphthalenediimide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} [P(NDI2OD-T2)] has been known to form pre-aggregates easily in common organic solvents (Steyrleuthner et al., 2012; Nahid et al., 2018). It has been claimed that pre-aggregation is beneficial to inducing a local ordered structure, giving rise to better transistor performance (Luzio et al., 2013; Nahid et al., 2018). On the other hand, it was shown that P(NDI2OD-T2) can form a LC mesophase which is possibly developed from the pre-aggregation (Trefz et al., 2019). However, it is still unknown whether pre-aggregates are prerequisite to develop the LC mesophase and what the specific structures of pre-aggregates and LC mesophases are. To fill this knowledge gap, it is critically important to gain a fundamental understanding of assembly pathways, as they can determine all the morphology features in thin films and thus solid-state properties. However, previous work has frequently overlooked the journey of the polymers from solution to thin film and focused only on the final morphology and property of thin films. We believe that “the journey is at least as important as the destination” and therefore choose to highlight several insightful studies on three distinct assembly pathways and various factors that impact assembly pathways in this minireview.



CONJUGATED POLYMER ASSEMBLY FROM DISPERSED POLYMER CHAINS

When dissolved in a good solvent mutual to both the conjugated backbone and the side chain, conjugated polymers are present in the form of dispersed polymer chains (McCulloch et al., 2013; Newbloom et al., 2015; Santos et al., 2016). Early works on poly(3-hexylthiophene) (P3HT) have shown that the aggregation and crystallization of dispersed polymer chains can be commonly induced by lowering T (Samitsu et al., 2008; Koppe et al., 2009), decreasing the solvent quality (Park et al., 2009; Sun et al., 2011; Keum et al., 2013; Baghgar et al., 2014). An elegant work by Panzer et al. has probed the elementary steps of conjugated polymer crystallization from fully dispersed polymer chains using in situ UV–Vis and photoluminescence spectroscopy (Panzer et al., 2017). In this work, crystallization was initiated by cooling an enclosed vial of dilute solution, distinct from evaporative crystallization during solution coating/printing. The work unveiled a general assembly pathway for three different types of compounds—homopolymers, donor–acceptor-type polymers, and low molecular weight compounds. The shared pathway features chain expansion before collapsing into a highly ordered dense state. Figure 2A illustrates a specific example for P3HT where the coiled chains first swell and undergo planarization to form disordered aggregate. Further lowering the temperature leads to backbone planarization and crystallization from the disordered aggregate. Eventually, additional side chain crystallization takes place (separately from backbone crystallization) to form crystalline aggregates. The pronounced change in temperature-dependent UV–Vis and photoluminescence spectra informs each distinct molecular conformation and aggregation state. It should be noted that, in this case, the assembly into aggregates is induced by decreasing the solvent quality without changing the solution's concentration. For common solution processing techniques for conjugated polymers, however, the assembly process is likely different as it is driven by solvent evaporation wherein the solution traverses the entire concentration range.


[image: Figure 2]
FIGURE 2. Examples of direct crystallization, pre-aggregation, and liquid crystalline (LC)-mediated assembly pathways. (A) Direct crystallization pathway: elementary steps of temperature-induced direct crystallization from dispersed polymer chains and corresponding photoluminescence spectra for P3HT solution. The image was adapted from Panzer et al. (2017) with permission from the American Chemical Society. (B) Pre-aggregation pathway: atomic force microscopy images of freeze-dried benzodifurandione-based oligo(p-phenylene vinylene) polymers from chloroform solutions at various concentrations and corresponding schematic showing the morphology development from 1D pre-aggregates to 2D network like structures. The image was adapted from Yao et al. (2019) with permission of Wiley. (C) LC mesophase pathway: chemical structures of PII-2T and its planar counterpart PTII-2T and their CPOM image comparison during solution-to-solid-state phase transition in a receding meniscus. PII-2T shows a strong birefringence near the contact line, indicating LC mesophase formation. In contrast, such mesophase is missing for PTII-2T. The schematic beneath illustrates that the appearance of LC mesophase of PII-2T is modulated by printing flow–torsional polymer chains assemble in a helical fashion to form a NTB mesophase in the evaporation regime. In the transition regime, the higher strain stretches out the twisted chains to eliminate the NTB mesophase, resulting in uniaxially aligned morphology. The image was adapted from Park et al. (2019), with permission from AAAS.




PRE-AGGREGATION-MEDIATED ASSEMBLY PATHWAY

Conjugated polymers are pre-aggregated in solution when polymer–polymer interactions in solution overcome the polymer–solvent interactions. A pioneering work by Nguyen et al. showed that pre-aggregates of MEH–PPV can be preserved through the assembly process to determine the film morphology and optoelectronic properties (Nguyen et al., 2000). Because the structural features within the pre-aggregates carry over to the solid state, it is critical to understand the multi-level structures in the pre-aggregates. In recent years, there has been considerable interest in studying the pre-aggregation of conjugated polymers as it often leads to desired morphology such as polymer alignment and enhanced electrical properties in films (Park et al., 2011; Aiyar et al., 2013; Kleinhenz et al., 2015; Wang et al., 2015, 2017; Nahid et al., 2018; Kim et al., 2019; Xie et al., 2019; Zhang et al., 2019; Wu et al., 2020). Besides alignment, pre-aggregation can also modulate other aspects of thin film morphology such as dimensionality and out-of-plane molecular orientation. For instance, a recent study has shown dip-coating of wafer-scale polymer monolayer transistors by fine-tuning the degree of pre-aggregation using various solvents and solution concentrations (Yao et al., 2019). Figure 2B shows how benzodifurandione-based oligo(p-phenylene vinylene) (BDOPV) polymers are self-assembled in chloroform solution at different solution concentrations. One-dimensional (1D) worm-like aggregates initially formed in solution via a strong π–π interaction as revealed by small-angle neutron scattering (SANS). The further growth of those 1D aggregates driven by solvent evaporation led to the formation of two-dimensional (2D)-like networks. This solution-state assembly enabled highly uniform 2D monolayers under the optimal dip-coating condition. Furthermore, controlling pre-aggregation enables tuning the molecular orientation of conjugated polymers (Li et al., 2016). A different degree of aggregation for difluorobenzothiadiazole-based polymers resulted from chloroform (CF) and 1,2,4-trichlorobenzene (TCB). The CF system produced highly aggregated fibrillar features in drop-cast films, whereas gradually adding TCB into the CF solution lowers the extent of pre-aggregation in solution as evidenced by the solution UV–Vis spectra and atomic force microscopy images of thin films drop-cast from mixed solvents. Interestingly, the films produced from solutions in CF and TCB exhibited fully edge-on and face-on molecular arrangement, respectively. The authors explained this phenomenon by how the different type of pre-aggregation interacts to the substrate surface, namely, a competition between polymer–polymer and polymer–substrate surface interaction. They believe that relatively isolated chains in TCB adopt a lying-flat orientation to maximize their interactions with substrates (silicon wafers with 300-nm-thick thermally grown SiO2 functionalized by hexamethyldisilazane), resulting in a face-on orientation. In CF, however, they speculate that the intermolecular π–π interaction is strong enough to compensate the energy required for the molecular reorientation of polymers to “stand up” on the substrate; thus, an edge-on orientation is expected (Al-Mahboob et al., 2013). Due to the fact that the edge-on orientation led to a π-stacking direction which is parallel to the conduction channel in most studied organic field-effect transistors (Sirringhaus et al., 1999), the charge carrier mobility was enhanced by more than two orders of magnitude in CF compared to that in TCB. This study presents a case study in which the desired molecular orientation can be obtained by tuning the pre-aggregation pathways.

How can the extent of polymer pre-aggregation in solution be controlled? Parameters such as the choice of solvent, dissolution temperature, and solution aging time are important factors used to tune pre-aggregation-mediated assembly pathways. Zheng et al. have reported that the pre-aggregated structure of BDOPV-based polymers can be tuned by the choice of solvent (Zheng et al., 2017). By solution SANS measurements and electron microscopy imaging of freeze-dried samples from solution states, the authors inferred 1D rod-like and 2D lamellar structures in ODCB and toluene solutions, respectively. The intermediate state between those two structures was found in the mixed solvents. Notably, the devices made from the mixed solvent exhibited the highest electron mobility among those prepared from the neat solvent. The authors attributed this result to the favorable formation of tie chains between the aggregates induced in the mixed system. They claimed that the addition of toluene, which is a poor solvent, into ODCB solution promotes secondary polymer aggregation without changing the primary aggregation structure. Only in mixed solvent was the connectivity between the aggregates promoted, leading to a highly ordered solid-state packing and thus a better charge transport property. This work has shown that a delicate control over the structure of pre-aggregates is achievable through proper solvent selection, which can be critical for optimizing device performance. Very recently, a simple strategy has been developed to tune pre-aggregation-mediated assembly pathway via polymer dissolution temperature (Tdis) at which solutions were prepared (Li et al., 2020). It is suggested that stronger aggregation with extended π–π interactions can be induced when decreasing Tdis, resulting in a significant increase in the width of the fibrils. Importantly, the charge transport property of the resulting monolayer was highly enhanced due to the improved molecular ordering. They proposed that a low Tdis boosts the growth rate of aggregates by almost three-fold. The results have demonstrated that Tdis is an important factor for modulating the size of the pre-aggregates. Besides that, a study conducted by Chu et al. has shown that the pre-aggregation level of P3HT in solution increases with aging time (Chu et al., 2016). Pre-aggregation bonded polymer chains together by π–π interactions to form nanofibers in solution, which resulted in reduced tortuosity and entanglement during blade-coating. As a result, the alignment of polymer chains in solid state was greatly improved with increased polymer pre-aggregation, which can be precisely controlled by the solution's aging time prior to the solidification process.



LIQUID CRYSTAL-MEDIATED ASSEMBLY PATHWAY

The LC-mediated assembly pathway of conjugated polymers has been extensively utilized for achieving a highly aligned thin film morphology. Earlier works on thermotropic liquid crystalline-conjugated polymers such as poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) and poly-9,9′dioctyl-fluorene-co-bithiophene have shown that thermal annealing-induced LC mesophase transformation can enhance the molecular order and charge transport property in thin films (Sirringhaus et al., 2000; McCulloch et al., 2006; Delongchamp et al., 2008, 2009; Zhang X. et al., 2010; Lee et al., 2011; Snyder et al., 2015). Several theoretical studies by Xie et al. have also investigated the nematic ordering of conjugated polymers (Zhang et al., 2015, 2016; Xie et al., 2018) and its impact on charge transport properties (Zhang et al., 2018). Lyotropic conjugated polymers have recently been investigated by a growing body of literature due to their direct relevance to solution processing (Zhang S. et al., 2010; Bilger et al., 2017; Yang et al., 2018; Trefz et al., 2019). Thus, there has been increasing interest in understanding/controlling LC-mediated assembly pathways and synthetic approaches to facilitate the formation of lyotropic LC (Park et al., 2011, 2019; Kim et al., 2013; Kleinhenz et al., 2015; Bridges et al., 2016, 2017; Chung et al., 2019). Bridges et al. have developed a strategy to induce LC mesophases by changing the length and bulkiness of the alkyl side chains on PCDTPT (Bridges et al., 2016). When the alkyl chains are longer and bulkier, the amphiphilic polymers become soluble in hexane, which has selective affinity toward the side chains. The aromatic backbones are poorly soluble in hexane and therefore extend and stack via π–π interactions to reduce solvophobic interactions. This results in a lyotropic nematic LC exhibiting birefringence under a cross-polarized optical microscope (CPOM). Interestingly, by changing the selective solvent (hexane) to a mutual solvent (chloroform or toluene) that solubilizes both the backbone and the side chains, no lyotropic LC phase, but an isotropic solution, is observed at the same solution concentration for polymers with long and bulky side chains. By further decreasing the solubility in mutual solvent (shorter, less bulky side chain), pre-aggregates form in place of isotropic solutions. This is an elegant example showing how to access different assembly pathways and solution phase behavior by changing polymer solubility, amphiphilicity, and solvent selectivity. The authors further show that thin films cast from a lyotropic solution showed a significant improvement in crystallinity and crystallite size compared to those from an isotropic solution. As a result, the charge carrier mobility of those thin films can be enhanced by up to five-fold. Their subsequent work (Bridges et al., 2017) suggested that a stronger intermolecular interaction measured by the Maier–Saupe interaction parameter can result in a higher degree of macroscopic alignment as indicated by a higher dichroic ratio in thin films sheared from lyotropic solutions. A stronger intermolecular interaction was achieved by reducing the bulkiness of the side chains without losing the mesophase and rotating the side chain orientation that allows for closer π-stacking.

Kim et al. proposed a molecular design principle for promoting lyotropic LC-conjugated polymers (Kim et al., 2013). The authors suggested that three main components are required: (i) concentration-induced chain planarization, (ii) bulky side chains to prevent side-chain interdigitation and inhibit excessive backbone π–π interactions, and (iii) a tetrahedral carbon linker between the backbones and the side chains with out-of-plane bonding. The first requirement was achieved by introducing intramolecular S–F interactions that form with increasing polymer concentration. Once formed, such intramolecular interactions cause backbone planarization and consequently interchain assembly via π–π interaction. Besides that, bulky side chains attached to the tetrahedral carbon atom are able to prevent massive aggregation, resulting in a LC nature of polymer chains during assembly. Among four polymer analogs synthesized in this work, only the one satisfying these three design requirements possesses LC mobility and can be aligned well along the flow field. In the follow-up work (Chung et al., 2019), these three requirements were further validated. More importantly, several other structural details were examined in order to realize the direct alignment of conjugated polymers. It was found that suitable backbone planarity is required to form LC mesophase. An excessively twisted backbone conformation hampers effective molecular packing which can be required to form LC mesophase, whereas intrinsic planarity may result in massive aggregation which prevent the formation of mesophases by reducing polymer chain mobility. Besides that, the side chain branching point location is also a critical factor to prevent massive aggregation. Only a branching point near the conjugated backbone produces a sufficient steric hindrance to prevent strong intermolecular π–π interactions. On the other hand, it remains unclear whether these specific molecular design rules apply to other conjugated polymer systems. Nonetheless, it is generally recognized that hindering strong π–π interactions or side-chain interdigitation is necessary to promote lyotropic LC mesophase by preventing massive aggregation.

While recent studies have shown the important role of LC-mediated molecular assembly in the crystallization and alignment of conjugated polymers, the detailed structures of LC mesophases are rarely reported, which impedes the understanding of LC-mediated assembly pathways as there may be diverse LC mesophases. In our recent work (Park et al., 2019), we found a lyotropic, twist-bend nematic (NTB) phase from an isoindigo-bithiophene-based polymer (PII-2T) which can be readily observed through in situ CPOM imaging of the receding meniscus (Figure 2C). This NTB phase was previously reported to form from twisted or bent molecules or bent-core colloids upon assembly into helical aggregates (Dozov, 2001; Mandle and Goodby, 2016). However, such NTB phase is rarely reported in polymer systems and is not previously observed in conjugated polymers. Through comparing torsional PII-2T with a planar counterpart, we drew a link between backbone torsion and the emergence of this chiral mesophase. The twisted mesophase formed from intrinsically torsional polymer molecules is less favorable for high molecular alignment and charge transport in thin films. However, the electronic property and morphology can be significantly tuned by varying the printing flow. As shown in Figure 2C, increasing strain rates in transition regime during printing offers a possibility to stretch out the twisted backbone and thereby removes the NTB phase. As a result, a maximum four-fold higher hole mobility is obtained compared to the films printed from the evaporation regime mediated by the NTB phase. This is the first study to report that the LC-mediated assembly pathway can be manipulated by the printing process. This work further suggests that structural characterization and identification of LC mesophases are critical for tuning the LC phase-mediated assembly pathway in a controlled fashion.



CONCLUSIONS AND PERSPECTIVES

In conclusion, we summarize the three major molecular assembly pathways of conjugated polymers: (i) direct crystallization from dispersed polymer chains, (ii) pre-aggregation-mediated assembly pathway, and (iii) liquid crystal-mediated assembly pathway. In each case, we discuss the possible elementary steps of assembly, primary and secondary assembled structures in solution, and the resultant final thin film morphology. Valuable insights into understanding the three distinct assembly pathways and strategies to control them are provided by several studies featured in this mini-review. Specifically, lowering the solvent quality and/or temperature is a common practice to induce assembly from dispersed polymer chains. Parameters such as choice of solvent, dissolution temperature, and solution aging time offer the possibility of tuning pre-aggregation-mediated assembly pathway which critically determines the film morphology and charge transport properties. Strategies such as incorporating bulky side chains, optimizing backbone planarity, etc., have been developed to facilitate mesophase formation. Furthermore, a recent work that discovered a twist–bend nematic phase alludes to the existence of various LC mesophases of complex structures for conjugated polymers, which remain to be further explored. At the same time, many intriguing questions remain unanswered. For example, the elementary steps leading up to the emergence of the intermediate phase during assembly are rarely reported and thus remain elusive. Toward answering this question, in situ characterizations can provide valuable insights into the elementary steps of assembly and structural evolution of conjugated polymers during the film solidification process (Engmann et al., 2016; Ro et al., 2016; Richter et al., 2017; Persson et al., 2019). Besides these, for each type of assembly pathway, how do the precise polymer conformation and assembled structure of those intermediate phases determine solid-state morphology and properties? Moreover, what are the general molecular design principles that prescribe the near-equilibrium assembly pathways? How do various processing conditions (e.g., multiphase interfaces, fluid flow, and confined environment) alter the assembly pathways? Addressing these questions will present a significant step forward for understanding how to better control the molecular assembly of conjugated polymers and how the solid-state morphology and properties can be determined by different assembly pathways in a controllable fashion.
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Hnd, an FeFe hydrogenase from Desulfovibrio fructosovorans, is a tetrameric enzyme that can perform flavin-based electron bifurcation. It couples the oxidation of H2 to both the exergonic reduction of NAD+ and the endergonic reduction of a ferredoxin. We previously showed that Hnd retains activity even when purified aerobically unlike other electron-bifurcating hydrogenases. In this study, we describe the purification of the enzyme under O2-free atmosphere and its biochemical and electrochemical characterization. Despite its complexity due to its multimeric composition, Hnd can catalytically and directly exchange electrons with an electrode. We characterized the catalytic and inhibition properties of this electron-bifurcating hydrogenase using protein film electrochemistry of Hnd by purifying Hnd aerobically or anaerobically, then comparing the electrochemical properties of the enzyme purified under the two conditions via protein film electrochemistry. Hydrogenases are usually inactivated under oxidizing conditions in the absence of dioxygen and can then be reactivated, to some extent, under reducing conditions. We demonstrate that the kinetics of this high potential inactivation/reactivation for Hnd show original properties: it depends on the enzyme purification conditions and varies with time, suggesting the coexistence and the interconversion of two forms of the enzyme. We also show that Hnd catalytic properties (Km for H2, diffusion and reaction at the active site of CO and O2) are comparable to those of standard hydrogenases (those which cannot catalyze electron bifurcation). These results suggest that the presence of the additional subunits, needed for electron bifurcation, changes neither the catalytic behavior at the active site, nor the gas diffusion kinetics but induces unusual rates of high potential inactivation/reactivation.

Keywords: direct electrochemistry, FeFe hydrogenase, electron bifurcation, Desulfovibrio fructosovorans, inactivation


1. INTRODUCTION


1.1. Electron-Bifurcating Enzymes

Oxidoreductase enzymes usually catalyze electron transfer between one electron donor and one electron acceptor. Electron-bifurcating enzymes are part of the oxidoreductase family but catalyze the reaction between two electron donors and one electron acceptor or one electron donor and two electron acceptors. More importantly, the reactions with the two electron donors or the two electron acceptors are thermodynamically coupled, one of the reactions being exergonic and the other endergonic. The global reaction being exergonic, the energetic coupling enables an endergonic reaction to occur (Baymann et al., 2018). The first electron-bifurcating enzyme characterized was the cytochrome bc1 complex in which the electron-bifurcating site is a quinone (Mitchell, 1975). More recently, electron bifurcating enzymes were described in which the electron-bifurcation site is a flavin (Herrmann et al., 2008). The common feature of quinones and flavins is their two redox transitions, making them 2-electron centers. A variety of enzymes were described to use the electron bifurcation mechanism for catalysis: electron-transferring flavoprotein (Etf), heterodisulfide reductase/hydrogenase (Hdr-Mvh), NADH-dependent ferredoxin: NADP+ oxidoreductase (Nfn), and NADH-dependent FeFe-hydrogenase to name but a few (Peters et al., 2016; Buckel and Thauer, 2018). Electron bifurcation is a mechanism that is emerging as essential for the bioenergetic of many organisms, but this mechanism is still poorly understood, in part due to the low number of model enzymes characterized to date.



1.2. Electron-Bifurcating Hydrogenases

NADH-dependent electron-bifurcating hydrogenases are multimeric (tri- or tetrameric) enzymes and are classified A3 according to the hydrogenase classification proposed by Greening et al. (2016) and Søndergaard et al. (2016). They are all of FeFe-type and consist of at least one subunit harboring the catalytic H-cluster (the hydrogenase active site, which consists of a [4Fe4S] cluster bound via a cysteine to a 2Fe subcluster), a [2Fe2S]-cluster containing subunit and a subunit that contains a flavin (usually FMN) and FeS clusters as well as an NAD binding site. They catalyze the oxidation of H2 coupled to the reduction of both NAD+ and a ferredoxin with a bifurcation mechanism and/or the reduction of proton coupled to oxidation of NADH and a ferredoxin with a confurcation mechanism. So far, electron-bifurcating hydrogenases from five anaerobic bacteria have been purified and characterized (Schuchmann and Mueller, 2012; Wang et al., 2013; Zheng et al., 2014), including the electron-bifurcating hydrogenase HydABC from Thermotoga maritima (Schut and Adams, 2009) and HndABCD from Desulfovibrio fructosovorans (Kpebe et al., 2018). They have been tested for either electron bifurcation, or electron confurcation or for both [hydrogenase from Moorella thermoacetica (Wang et al., 2013)]. However, no 3D-structure of an electron bifurcating hydrogenase is available, and the electron pathway and the electron bifurcation site in these enzymes are still controversial subjects. Further characterization of electron bifurcating hydrogenases that could be models of this class of enzyme, will increase the understanding of the overall mechanism of electron bifurcation.



1.3. Electrochemistry of FeFe Hydrogenases

Electrochemical techniques to study hydrogenases are developed as a complement to biochemical and spectroscopic techniques (Pershad et al., 1999). The first electrochemical characterization of an FeFe hydrogenase was published on the HydA hydrogenase from Megasphaera elsdenii (Butt et al., 1997; Caserta et al., 2018). Since then, FeFe hydrogenases from several organisms have been studied using protein film voltammetry to determine their catalytic properties: HydAB from Desulfovibrio desulfuricans (Vincent et al., 2005; Parkin et al., 2006; Goldet et al., 2009; Rodríguez-Maciá et al., 2018), HydA from Clostridium acetobutylicum (Baffert et al., 2008, 2011, 2012; Goldet et al., 2009; Orain et al., 2015; Kubas et al., 2017), HydA1 from Chlamydomonas reinhardtii (Goldet et al., 2009; Stripp et al., 2009; Baffert et al., 2011; Knörzer et al., 2012; Fourmond et al., 2014; Hajj et al., 2014; Orain et al., 2015; Kubas et al., 2017), CpI, CpII, and CpIII from Clostridium pasteurianum (Artz et al., 2019), and HydA from Solobacterium moorei (Land et al., 2019). All these FeFe hydrogenases are prototypical A1 monomeric or dimeric enzymes (Søndergaard et al., 2016). Different aspects of the catalytic properties of these enzymes are studied by electrochemical methods: affinity for the substrate (Km), effect of pH on the catalytic properties, kinetics of inhibition by small molecules (CO, O2, S2−, formaldehyde), kinetics of oxidative and reductive inactivation, and catalytic bias. Only recently was a multimeric Hydrogen Dependent Carbon Dioxide Reductase (HDCR) from Acetobacterium woodii characterized by electrochemistry (Ceccaldi et al., 2017). This hydrogenase is classified A4. It consists of four subunits: the hydrogenase subunit hosting the H-cluster, the formate dehydrogenase subunit hosting the Mo-bisPGD cofactor and two subunits containing several FeS clusters. Electrochemical experiments similar to those developed for prototypic hydrogenases were performed. All these experiments on the different hydrogenases and variants (mutations of specific amino acids) give insight into the catalytic mechanism of FeFe hydrogenases and the molecular determinants of the inactivations. The second and last multimeric hydrogenase characterized by direct electrochemistry belongs to the electron-bifurcating enzyme family (classified A3), the hydrogenase HydABC from Thermotoga maritima (Chongdar et al., 2020). The enzyme is heterologously produced in Escherichia coli and artificially matured with a synthetic diiron cofactor. The isolated hydrogenase catalytic subunit, as well as the complex HydABC, are adsorbed onto an electrode and cyclic voltammograms are recorded at various pH, to show that the isolated hydrogenase subunit and the trimeric complex behave in a similar fashion.

Here, we aim at determining if the catalytic and inhibition properties are influenced by the additional subunits present in NADH-dependent electron-bifurcating hydrogenases or by the condition of purification. We study the electron-bifucating hydrogenase, HndABCD from Desulfovibrio fructosovorans (shortened name Hnd), by biochemical and electrochemical methods. Hnd is homologously produced and purified in a fully matured form (Kpebe et al., 2018). Because Hnd is still active when purified aerobically, we determine how the purification conditions (aerobic vs. anaerobic) influence the catalytic behavior of Hnd.




2. MATERIALS AND METHODS


2.1. Enzyme Purification

The production and the purification of Hnd hydrogenase from Desulfovibrio fructosovorans under aerobic conditions were previously described (Kpebe et al., 2018). The procedure was modified to maintain anaerobic conditions: all steps were performed in a glove-box (Jacomex, [O2] ≤ 2 ppm) except the ultra-centrifugation step, for which anaerobiosis is maintained in the tube using an airtight plug. The cell lysis was performed by sonication (10 cycles of 30 s) and the Strep-tagged hydrogenase was purified on a StrepTactin-Superflow (IBA) column (20 mL) according to the manufacturer's instructions. For the comparison of the catalytic properties, the bacterial culture was split in two, and purifications of the Hnd hydrogenase were performed in parallel under both anaerobic and aerobic conditions.



2.2. Catalytic Activity Determination

All assays were performed at 30°C and under anaerobic conditions.


2.2.1. H2 Oxidizing Activity With Methyl-Viologen (MV)

H2 oxidizing activity measurements were performed in anaerobic quartz cuvettes, under a pressure of H2 of 1 bar, in 800 μL of a reaction mixture containing 100 mM Tris-HCl pH 8.0, 2 mM dithiothreitol (DTT), and 50 mM methyl-viologen (MV) (Sigma Aldrich) as an artificial electron acceptor. MV reduction was monitored at 604 nm (ε = 13,600 M−1·cm−1) using a UV-Vis spectrophotometer Lambda 25 (Perkin Elmer), between 10 and 200 ng of purified Hnd were added to the mixture to start the reaction. One unit of hydrogenase activity corresponds to the uptake of 1 μmol of H2/min.



2.2.2. H2-Production Activity With Methyl-Viologen (MV)

H2 production assays were carried out using dithionite-reduced MV (50 mM of MV were reduced with 0.1 M sodium dithionite) as electron donor, in anaerobic 7 mL-serum bottles containing 1 mL of a reaction mixture composed of 100 mM Tris-HCl pH 8.0. The gas phase was 100% N2. H2 production was measured using gas chromatography (GC) as previously described (Avilan et al., 2018) and the reaction was started by the addition of 0.3–1.1 μg of purified Hnd. One unit of hydrogenase activity corresponds to the production of 1 μmol of H2/min.



2.2.3. Electron-Bifurcating Activity for H2 Production

Electron-bifurcating (NAD+- and Fd-dependent) H2-oxidizing activity was assayed as described previously (Kpebe et al., 2018): in anaerobic quartz cuvettes, under 1 bar of H2, in 800 μL-mixture containing 100 mM Tris-HCl pH 8.0, 5 μM of FMN, 5 μM of FAD, and 3 mM NAD+ in the presence of 20 μM of purified FdxB ferredoxin from D. fructosovorans. NAD+- and FdxB-reduction were followed simultaneously by recording a full spectrum every 30 s from 300 to 800 nm for 1 h, using a Cary 60 (Varian) in a glovebox. NAD+- and FdxB-reduction rates were determined at 340 and 410 nm, respectively using the QSoas software (Fourmond, 2016), an open source program available at www.qsoas.org. The specific activity is given in μmol of NADH/min/mg. The absorption coefficients used were: ε(NADH) = 6,320 M−1·cm−1, ε(FdxBox410 nm) = 24,000 M−1·cm−1 and ε(FdxBred410 nm) = 12,000 M−1·cm−1 (Kpebe et al., 2018).




2.3. Electrochemical Techniques

All electrochemical experiments were carried out with the electrochemical set-up and equipment described in reference (Léger et al., 2004) in a glovebox (Jacomex) filled with N2. 1 μL of Hnd enzyme solution was mixed with 1 μL of DTT 1M and 8 μL of phosphate buffer pH 7. The final enzyme concentration was 2–7 μM. The enzyme was adsorbed (1 μL of the previous mix) onto a pyrolytic graphite edge electrode (PGE, surface area ≈3 mm2) previously polished with an aqueous alumina slurry (1 μm). The electrochemical cell contained a pH 7 phosphate buffer and was continuously flushed with pure H2 or with argon. The temperature was regulated to the desired values by circulating water in the double jacket of the cell. For measuring the rates of inhibition by O2 or CO, a stock of a buffer saturated by 100% O2 or 1% CO in 99% Argon was kept in a capped serum bottle and small aliquots of this solution were injected into the electrochemical cell using gas-tight syringes. The concentrations of O2 and CO were calculated using the Henry's law constants: 1.25 mM (atm O2)−1 and 1 mM (atm CO)−1. The change in H2 solubility is only about 12% between 10 and 30°C (Wilhelm et al., 1977). This variation induces a difference in the potential of H+/H2 Nernst couple of 2 mV. With the surface area (around 3 mm2) of the electrode, the maximum current (limitation by mass transport) is 100 μA. In the experiments of this study, the H2 oxidation current (maximum 2 μA) is not limited by mass transport (or <2%) (Merrouch et al., 2017). The data were analyzed using the QSoas software (Fourmond, 2016). The protein film loss was included in the data analysis of Figure 4 according to reference (Fourmond et al., 2009). The effect of film loss on cyclic voltammograms is shown in Supplementary Figure 5.




3. RESULTS


3.1. Biochemical Comparison Between Aerobically and Anaerobically Purified Hnd

We previously reported the biochemical characterization of the Hnd hydrogenase purified under aerobic conditions (Kpebe et al., 2018). Here, we repeated the same characterization but with the enzyme purified under anaerobic conditions. Table 1 summarizes the results obtained with the enzyme purified under the two conditions. The conditions of purification do not have much influence on the properties of Hnd (Km for methyl-viologen, optimal temperature and pH). If we compare the ratio of H2 oxidation activity for the two enzymes (anaerobically- and aerobically-purified Hnd) with methyl-viologen and with physiological partners, the ratio is higher when considering the electron bifurcation activity. It should be noted that the activities are lower than those previously reported (Kpebe et al., 2018) because experiments were performed with enzyme purified from cells grown for a longer period (2 months, Covid19 lockdown period) and at lower temperature (20°C), and the enzyme samples were stored 1 week in liquid nitrogen before electron-bifurcating activity measurements. We already observed that the enzyme activity decreases quickly after purification (by a factor of 10) and then stabilizes (Kpebe et al., 2018). However, we checked that only the specific activity changes upon storage and not the other biochemical and catalytic properties (see Supplementary Table 7).


Table 1. Comparison of catalytic properties of Hnd purified either under aerobic or anaerobic conditions.

[image: Table 1]



3.2. Electrochemical Characterization of Hnd

Hnd purified under the two conditions (aerobic and anaerobic) was characterized using electrochemical methods developed in our laboratory (Sensi et al., 2017; Del Barrio et al., 2018b). As already observed for the electron-bifurcating trimeric hydrogenase from Thermotoga maritima (Chongdar et al., 2020), despite its multimeric form, the Hnd hydrogenase can transfer electrons directly to or from an electrode, without the need for redox mediator. However, it not possible to speculate which is the first electron-relay within the enzyme, i.e., what cofactor interacts with the electrode surface and whether it is unique (several entry points could be possible) because structural information is not available for any electron-bifurcating hydrogenase. Because experiments presented in this study were not performed in presence of NAD or ferredoxin, these catalytic properties are more representative of a non-bifurcation reaction. We characterized Hnd purified under aerobic and anaerobic conditions, and compared the catalytic and inactivation kinetic properties.


3.2.1. Oxidative Inactivation and Catalytic Bias
 
3.2.1.1. Oxidative Inactivation

Figure 1 shows catalytic cyclic voltammograms (current as the function of potential) of Hnd adsorbed at a PGE electrode for three enzyme samples: aerobically-purified Hnd, anaerobically-purified Hnd, and anaerobically-purified Hnd stored 1 day at 4°C in a glove-box that contains about 10% dihydrogen. The three voltammograms show a decrease in the catalytic current at high electrode potential, indicating an oxidative inactivation that is reversible as shown on the reverse scan by the increase in current when the potential is decreased. However, the reactivation is not complete, particularly for anaerobically purified Hnd, as shown by the red voltammogram.The irreversible loss could be due to protein film desorption and/or irreversible inactivation. We cannot discriminate between these two processes. It should be noted that at this scan rate, for aerobically-purified Hnd (black line in Figure 1), the decrease in current occurs at around −0.15 V vs. SHE. In the inset of Figure 1, the cyclic voltammogram of the anaerobically-purified Hnd (red line) shows two inactivation/reactivations (indicated by the arrows) at electrode potential around −0.35 V vs. SHE and around −0.15 V vs. SHE. After 1 day of storage of the anaerobically-purified enzyme, the shape of the cyclic voltammogram is similar to that obtained with aerobically-purified Hnd (blue and black lines in Figure 1).


[image: Figure 1]
FIGURE 1. Cyclic voltammograms of Hnd hydrogenase adsorbed on a PGE electrode; black: aerobically-purified enzyme, red: anaerobically-purified enzyme, blue: anaerobically-purified enzyme, stored 1 day (D + 1) anaerobically at 4°C. The current for the aerobically-purified enzyme (black line) was multiplied by two for the sake of clarity. Insert: zoom in the high potential range. Scan rate: 20 mV/s, T = 30°C, 1 bar H2, phosphate buffer pH 7, ω = 3,000 rpm.




3.2.1.2. Catalytic Bias

The catalytic bias [or catalytic preference (Sensi et al., 2017; Del Barrio et al., 2018b; Fourmond et al., 2019)] is defined as the propensity of a catalyst to catalyze a reaction faster in one direction than in the other. For the same positive and negative overpotential, the activity of the enzyme (i.e., the absolute value of the current in electrochemical experiment) must be compared. The catalytic bias is mainly the function of the rate limiting step of the catalyzed reaction. When inactivation happens, it influences the bias. As shown in Figure 1 anaerobically-purified Hnd is biased toward hydrogen production because it inactivates while oxidizing H2. Because inactivation and catalytic rate constants vary with temperature, the bias can be modulated by changing the temperature, as illustrated in Figure 2. While anaerobically-purified Hnd is biased toward proton reduction at 30°C, the opposite is true at 10°C (see data in Table 2 for a chosen overpotential of η = ± 100 mV, the current of the forward scan was considered). The same behavior was obtained for aerobically- and anaerobically-purified Hnd (Figure 2, Supplementary Figure 1 and Table 2). It should be noted that the potential range is not the same in Figure 1 (−0.56 to +0.04 V) and in Figure 2 (−0.56 to −0.16 V); thus the second inactivation that happened around −0.15 V is not visible in Figure 2.


[image: Figure 2]
FIGURE 2. Cyclic voltammograms of anaerobically-purified Hnd hydrogenase adsorbed on PGE electrode as a function of temperature; blue: 10°C, black: 20°C, red: 30°C. Scan rate: 20 mV/s, 1 bar H2, phosphate buffer pH 7, ω = 3,000 rpm.



Table 2. Catalytic bias data extracted from Figure 2 and Supplementary Figure 1, for an overpotential η = ±100 mV.
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3.2.2. Reductive Inactivation

Hnd hydrogenase also inactivates at low electrode potential. We used the procedure described previously to study this inactivation (Hajj et al., 2014): a chronoamperogram was recorded while the electrode potential was changed in a 3-step-sequence (E1-E2-E1). E1 and E2 values were chosen, such as no activation nor inactivation occurs at electrode-potential E1, and such as detectable reductive inactivation takes place at electrode potential E2. After each step, a cyclic voltammogram (CV) was recorded. The CVs were started at −0.5 V vs. SHE and first scan to high potential. As shown in Figure 3, during the step at E = −0.76 V vs. SHE, 45% of the reduction current (i.e., enzyme activity) is lost, while the loss is only 30% after the third step (percentage of the reduction current loss between the end of the first step and the third step) indicating that inactivation is mostly irreversible. No reactivation was detected during this third step but fast inactivation must take place during CV2. The shape of the cyclic voltammogram after low potential inactivation is similar to the initial, thus the catalytic properties (including the bias) were not much affected by the low potential step. The same behavior was obtained for aerobically-purified and anaerobically-purified Hnd (Figure 3 and Supplementary Figure 2).


[image: Figure 3]
FIGURE 3. Reductive inactivation of aerobically-purified Hnd hydrogenase adsorbed on PGE electrode. Main: chronoamperogram, E = −510 mV vs. SHE for t < 250 s and t > 700 s and E = −760 mV vs. SHE for 250 < t < 700 s. Insert: cyclic voltammograms recorded after the first potential step (CV1, black line), after the second step (CV2, blue line), and after the last step (CV3, red line). The background current was subtracted. T = 30°C, 1 bar H2, phosphate buffer pH 7, ω = 3,000 rpm.




3.2.3. Determination of the Km for H2

We measured the Michaelis constants (km) by examining how the steady-state H2 oxidation current depends on H2 concentration as described in Fourmond et al. (2013). The value indicated in Table 3 for Hnd hydrogenase was determined from three independent experiments. The same value was obtained for Hnd purified either under aerobic or anaerobic conditions.


Table 3. Comparison of the kinetic parameters determined by electrochemistry of different FeFe hydrogenases, including Hnd.
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3.2.4. CO and O2 Inactivation

As the other FeFe hydrogenases, Hnd is inactivated in the presence of gas inhibitors, such as CO and O2. We determined the kinetic constants of these inhibitions and compared their values with those determined for other FeFe hydrogenases previously characterized electrochemically.


3.2.4.1. CO Inactivation

CO inactivation was studied using the method described previously (Baffert et al., 2011): small aliquots of CO solution (1% CO and 99% Argon) were added while the current was measured at a constant electrode potential (Figure 4). We determined the kinetic rate constants of CO binding kiCO and CO release kaCO by fitting the model in Equation (1). The inactivation rate constants (kiCO) were corrected for hydrogen protection (Liebgott et al., 2010). The values are summarized in Table 3, leading to an inhibition constant KiCO of 50 nM at 30°C.


[image: Figure 4]
FIGURE 4. Inactivation by CO of aerobically-purified Hnd hydrogenase adsorbed on PGE electrode. The black line corresponds to experimental data and the dashed red line corresponds to best fit of the model in Equation (1). [CO] = 288, 192, 96, 288, and 192 nM injected at respectively t = 100, 500, 850, 1,220, and 1,540 s; E = −360 mV vs. SHE, T = 30°C, 1 bar H2, phosphate buffer pH 7, ω = 3,000 rpm.




3.2.4.2. O2 Inactivation

Figure 5 shows a chronoamperogram during which an aliquot of O2-saturated solution is injected at t = 150 s, then O2 is flushed away and its concentration in the electrochemical cell decreases exponentially over time. Before the injection, the decrease in current is due to the oxidative anaerobic inactivation described in section 3.2.1.1. When O2 is added, the current drops. A small part of this drop is due to direct reduction of O2 at the electrode, resulting in a negative current. This contribution was taken into account in the modeling. When the dioxygen is flushed out from the solution, a small reactivation could be detected. We used the model of Equation 2 to obtain the modelized curve in Figure 5. Because the initial oxidative anaerobic inactivation is biphasic, the model includes two inactive species of the enzyme (named inactive1 and inactive2) formed during this inactivation. Then a “dead-end” species is formed by O2 inhibition with a rate that depends on dioxygen concentration. We also tested the model with partly reversible O2 inactivation, such as described in ref (Orain et al., 2015) but it cannot be fitted to the experimental data. A kinetic constant kinO2 of 2.4 mM [image: image] s−1 was obtained with the modelization (Table 3).


[image: Figure 5]
FIGURE 5. Inactivation by O2 of aerobically-purified Hnd hydrogenase adsorbed on PGE electrode. The black line corresponds to experimental data and the dashed red line is the best fit of the model in Equation (2). [O2] = 48 μM injected at t = 150 s. E = +40 mV vs. SHE, T = 12°C, 1 bar H2, phosphate buffer pH 7, ω = 3,000 rpm.


Similar values for CO and O2 inhibition kinetic constants were obtained for Hnd purified either under aerobic or anaerobic conditions.






4. DISCUSSION

The conditions of purification have little influence on the enzymatic properties of the Hnd hydrogenase (Km for methyl-viologen, Km for H2, optimal pH, and temperature). The purification conditions slightly influence the activity of the enzyme. The difference in activity between anaerobically- and aerobically-purified Hnd is greater with physiological partners using the electron bifurcation mechanism than with artificial redox partner (MV) (Table 1). These results suggest that aerobic purification could partly damage the enzyme, disrupting the complex. This would explain the decrease in H2-oxidation activity and the higher impact on the electron bifurcation reaction.

The catalytic and inactivation rates, i.e., the shape of the cyclic voltammogram in Figure 1, depend on the conditions of the purification of Hnd (aerobic vs. anaerobic). One additional inactivation process occurs at lower potential for the anaerobically purified Hnd, and this inactivation disappears after 1 day of storage (see insert of Figure 1). This indicates the presence of two forms of the enzyme that can interconvert. The presence of the two forms and their interconversion hinder a full characterization of the oxidative inactivation. However, the process appears to be biphasic (see Figure 5 before the addition of dioxygen) with the formation of two different inactive species (named inactive1 and inactive2 in Equation 2). The molecular difference between the two forms is still unknown, and could be due to a small change in the environment of the active site, as well as a conformational change. Further characterization of the interconversion and the oxidative inactivation is in progress in our laboratory.

Hnd is inactivated under very mild oxidative conditions compared to standard prototypic FeFe hydrogenases (Del Barrio et al., 2018a), especially when Hnd is purified under anaerobic conditions. This low potential oxidative inactivation was observed for two other hydrogenases: CpIII from Clostridium pasteurianum (Artz et al., 2019) and CbA5H from Clostridium beijerinckii SM10 (Corrigan et al., 2020; Happe et al., unpublished). This property was attributed in CpIII hydrogenase to the lack of polar residues in the vicinity of the H-cluster inducing a low dielectric permittivity (ε). However, by looking at the amino acids in the vicinity of the H-cluster (see Supplementary Table 4), this conclusion is not valid for CbA5H hydrogenase and even less for Hnd hydrogenase. Furthermore, considering Hnd, the kinetics of the oxidative inactivation and thus the potential at which it occurs depends on the conditions of purification while the amino acid composition is unchanged. This suggests that small changes around the H-cluster tune the rates of the oxidative inactivation process.

The bias depends on the rate of catalysis in either direction considered, but also on the rate of the oxidative inactivation. The two depend on temperature, thus the bias could be influenced by the temperature. As shown in Table 2, the catalytic bias can change within only 10°C, from being toward H2-production (at 30°C) to being toward H2-oxidation (at 20°C). Such a change has not been reported before with any enzyme.

In addition to oxidative inactivation, Hnd also inactivates under reducing condition (Figure 3). The shape of the cyclic voltammogram after low potential inactivation is similar (only small changes are visible) to the initial, unlike the case of HydA1 from C. reinhardtii (Hajj et al., 2014). In the case of HydA1 from C. reinhardtii, the change in the shape of the cyclic voltammogram was attributed to the formation of a form of the enzyme with catalytic activity different from that of the just purified enzyme. In the case of Hnd, the species formed under very reductive conditions is fully inactive or the reactivation is so fast that only the active enzyme is present at the beginning of the scan. Further investigations are needed to fully understand this process and to understand the differences with the other FeFe hydrogenases.

Table 3 compares the kinetic constants and inhibition constant by CO and O2 of various FeFe hydrogenases, including Hnd. With a value of 0.55 bar, the Km for H2 is similar to that observed for the other FeFe hydrogenases. It should be noted that our set-up does not allow for a pressure of H2 >1 atm., which implies that the large value of Km is only measured with low accuracy. CO is a competitive inhibitor of H2 oxidation by FeFe hydrogenases and H2 has a protective effect even if the Km for H2 is high, so we chose to consider the true inhibition constant and not the apparent inhibition constant (Liebgott et al., 2010). While the reactivation kinetic constant (ka) does not differ much from one FeFe hydrogenase to the other (around 0.02 s−1), the inhibition kinetic constant (ki) is very dependent on which hydrogenase is considered (Table 3 and Caserta et al., 2018). The value obtained for Hnd is similar to that observed for the HydAB hydrogenase from another Desulfovibrio bacterium (D. desulfuricans) (Goldet et al., 2009; Liebgott et al., 2010) but also to that of HDCR from Acetobacterium woodii (Ceccaldi et al., 2017). The low inhibition constant (Ki) of these three hydrogenases is probably not due to their multimeric composition but rather to the CO diffusion kinetics to the H-cluster. However, the fast diffusion of CO into these three hydrogenases could be attributed to a higher flexibility needed for the complex formation as proposed by Marsh and Teichmann (2014).

Hnd retains activity even when it is purified under aerobic conditions because it forms an O2-protected state named Hoxinact (Kpebe et al., 2018). Recent studies showed that in the Hoxinact state, a sulfur atom binds the H-cluster: it is either exogenous sulfur (present in the culture media) in the case of “standard” hydrogenases or the sulfur atom of a cysteine in the case of Clostridium beijerinckii (Rodríguez-Maciá et al., 2018; Corrigan et al., 2020 and Happe, communication at the 2019 Hydrogenase conference). We recorded CVs in absence and in presence of Na2S (Supplementary Figure 6) and we observed the same effect as that described with D. desulfuricans while Na2S has no effect on CbA5H FeFe-hydrogenase from Clostridium beijerinckii (Corrigan et al., 2020). Once it is activated under reducing conditions, it becomes sensitive to dioxygen inhibition as shown in Figure 5, which has been already observed for HydAB from D. desulfuricans (Roseboom et al., 2006; Rodríguez-Maciá et al., 2018). Unlike the FeFe hydrogenase CbA5H from Clostridium beijerinckii (Morra et al., 2016; Corrigan et al., 2020), Hnd is not converted from the active state back to the Hoxinact state when exposed to O2. Many FeFe hydrogenases can not form Hoxinact state and are inhibited by O2, either irreversibly or partially reversibly when O2 is flushed away. In the later case, the overall O2-sensitivity is defined by the effective inhibition rate constant keffO2 (Table 3) (Caserta et al., 2018). Hnd data are better fitted to the model in Equation 2 with the inhibition by O2 being irreversible, and only the kinetic constant kinO2 can be determined. It could be directly compared to keffO2. The sensitivity to O2 of Hnd is much higher than that of HydA1 from C. acetobutylicum and HydA from M. elsdenii but similar to that of HydA1 from C. reinhardtii and HDCR from Acetobacterium woodii. Desulfovibrio bacteria can face transient exposure to dioxygen under physiological conditions and indeed possess oxygen reductases (Dolla et al., 2006; Schoeffler et al., 2019). Furthermore, different enzymes from Desulfovibrio species were shown to resist exposure to O2 [pyruvate:ferredoxin oxidoreductase (Vita et al., 2008) and CO-dehydrogenase (Merrouch et al., 2015)]. The reversible oxidative inactivation of Hnd could be another mechanism for O2-protection, under physiological conditions.



5. CONCLUSION

Here were reported the full enzymatic characterization, using biochemical and electrochemical methods, of the electron-bifurcating hydrogenase Hnd from D. fructosovorans purified either under aerobic or anaerobic conditions. While usually the conditions of purification are not considered (or the purification is only possible under one condition), we show that the conditions of purification could influence the properties of the enzyme: the presence or the absence of air during purification leads to two different forms of the enzyme that can interconvert. These two forms show differences in the catalytic properties, mainly regarding the oxidative inactivation. The anaerobic oxidative inactivation of one of the forms of the enzyme occurs at relatively low potential compared with other characterized hydrogenases, a behavior already observed with two other FeFe hydrogenases: CbA5H from Clostridium beijerinckii (Corrigan et al., 2020) and CpIII from Clostridium pasteurianum (Artz et al., 2019). The other catalytic properties (Km, CO, and O2 inhibition constant) do not depend on the conditions of purification and are comparable to those of prototypic FeFe hydrogenases already characterized. This indicates that the presence of additional subunits in Hnd complex has little effect on the catalytic and inactivation properties of the hydrogenase. The characterization of the isolated hydrogenase subunit HndD is in progress to verify this hypothesis.


5.1. Equations
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Solid polymer electrolytes are promising in fulfilling the requirements for a stable lithium metal anode toward higher energy and power densities. In this work, we investigate the segmental dynamics, ionic conductivity, and crystallinity of a polymer electrolyte consisting of poly(ethylene oxide) (PEO) and lithium triflate salt, in the semi-crystalline state. Using quasi-elastic neutron scattering, the segmental dynamics of PEO chains confined between the crystalline lamellae is quantified, using Cole–Cole analysis. We show that the structural relaxation time, τ0, of PEO equilibrated near room temperature is six-fold longer than the same sample that had just cooled down to room temperature. This corresponds to a three-fold smaller ionic conductivity in the equilibrated condition. This work reveals that the segmental dynamics of semi-crystalline polymer electrolytes is very sensitive to thermal history. We demonstrate that quasi-elastic neutron scattering can be used to characterize the ion transport and segmental dynamics in the semi-crystalline state.

Keywords: quasi-elastic neutron scattering (QENS), polymer electrolyte, ion transport, segmental dynamics, crystallinilty, thermal history, small angle X-ray scattering (SAXS)


INTRODUCTION

With growing demand of vehicle electrification, batteries with higher energy and power densities as well as improved safety features are in need. Solid polymer electrolytes with their low flammability, good thermal stability and excellent processability have great potential in enabling higher energy technologies such as lithium metal batteries.

The most commonly used polymer electrolytes is poly(ethylene oxide) (PEO) based electrolytes. In a model polymer electrolyte consisting of PEO and a lithium salt, lithium ions form coordination with the ether oxygen groups. Ion transport is assisted by the segmental motion of PEO through this coordination (Gray and Armand, 2011; Brooks et al., 2018). Therefore, quantification of the segmental dynamics of the PEO chains gives a direct prediction of the ion transport rate in the polymer electrolyte. In order to gauge the segmental dynamics of a polymer, a common method is to measure its glass transition temperatures (Tg) through thermal and mechanical methods such as differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). However, Tg measurements can only qualitatively compare different materials' segmental dynamics and cannot give quantified values of the segmental relaxation time. What's more, Tg measurements are often subject to sample geometry and measuring conditions. Quasi-elastic neutron scattering (QENS), on the other hand, is a powerful technique to directly measure the segmental dynamics of polymers, as the relaxation time of polymer chains can be quantified from QENS measurements. In polymer electrolytes, QENS has been used to resolve the relationship between segmental dynamics and ion conduction (Mao et al., 2000, 2001; Mos et al., 2000; Triolo et al., 2001; Fullerton-Shirey and Maranas, 2009; Sinha and Maranas, 2011; Sinha et al., 2012; Mongcopa et al., 2018; Chen et al., 2019). It is now established that the segmental mobility of PEO chains is slowed by the presence of lithium salts, due to salt-ether oxygen coordination (Mao et al., 2000; Fullerton-Shirey and Maranas, 2009; Mongcopa et al., 2018). Using QENS, different molecular motions can also be identified. In a polymer electrolyte containing PEO and a lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, at least two processes were identified: a slow process of a translational character and one or two fast processes of rotational characters (Mao et al., 2000).

One caveat of polymer electrolytes is that the host polymer PEO is a semi-crystalline material with a melting point of ~66°C (Hashmi and Chandra, 1995; Moreno et al., 2014). Since ion transport is aided by the segmental motion of the polymer chains, it takes place in the amorphous phase of PEO, as the segmental motion is largely frozen in the crystalline phase. Further, in the semi-crystalline state, the amorphous phase of PEO is confined between the crystalline lamellae, leading to low ionic conductivities (10−5 to 10−8 S/cm) at room temperature (Rao et al., 1994; Hallinan and Balsara, 2013). It is therefore important to understand the relationship between segmental dynamics, crystallinity, and ion conductivity of the polymer electrolyte in the semi-crystalline state.

Quantifying the segmental dynamics of polymer electrolytes in the semi-crystalline state can be challenging, as it is not only affected by the concentration and mobility of ions that are associated with the polymer chains, but also by the presence of the crystalline regions (Fullerton-Shirey and Maranas, 2009). The ion concentration also affects the degree of crystallinity and phase diagram of polymer electrolytes (Robitaille and Fauteux, 1986; Besner et al., 1992; Vallée et al., 1992; Lightfoot et al., 1993; Lascaud et al., 1994). Therefore, these parameters are not completely independent of each other.

In this work, we show that QENS can be used to quantify the segmental dynamics of PEO chains in the semi-crystalline state. We focus on one polymer electrolyte sample with a fixed salt concentration. The crystallinity of the polymer electrolyte is tuned by changing the thermal history of the sample. The segmental dynamics is quantified by calculating the structural relaxation time, τ0, of PEO chains using Cole–Cole function at specified temperatures. Through this experiment, the effect of crystallinity on the segmental dynamics of a polymer electrolyte is elucidated while the other parameters such as salt concentration and temperature are kept the same.

Our results indicate that τ0 of the polymer electrolyte equilibrated near room temperature for 1 week is six-fold longer than τ0 at the same temperature, but equilibrated only for hours. This resulted in a three-fold smaller ionic conductivity in the long-time equilibrated condition than the as-cooled condition. To our knowledge, the segmental dynamics of polymer electrolytes in the semi-crystalline state has not been quantified. This work shows that Cole–Cole function can be used to extrapolate segmental dynamics of polymers in the confined semi-crystalline state. Further, it demonstrates that the segmental dynamics may exhibit large variations depending on the thermal history of the sample. As the polymer electrolyte in a battery operates in cool-heat temperature cycles, the non-equilibrium nature must be taken into account.



EXPERIMENTAL


Preparation of Polymer and Composite Electrolytes

All materials were pre-dried in a vacuum furnace inside an Ar-filled glovebox for accurate weight measurements. PEO (Aldrich, average Mw = 600,000 g mol−1) and lithium trifluoromethanesulfonate (LiTf, Aldrich, 97%) were mixed in deionized water in a calculated ratio that resulted in molar ratio of [Li+]:[EO] = 1:16. The mixed polymer electrolyte solution was freeze-dried in a FreeZone 4.5 L benchtop freeze-dryer for 5 days and transferred into a glovebox antechamber where it was further dried for 16 h. We followed these rigorous drying steps to ensure complete removal of water from the sample (Peng et al., 2020). The complete removal of water was confirmed by infrared spectroscopy and thermal gravimetric analysis.

The freeze-dried polymer electrolyte was hot-pressed inside a glovebox at 100°C with light pressure applied for 1 h. The sample was pressed into a 200 μm thick template, which was calculated to be the optimum thickness for QENS measurements (~90% transmission to avoid multiple scattering events). The pressed film was annealed in a vacuum furnace inside the glovebox at 100°C for 4 h. The film was subsequently used for both QENS and ionic conductivity measurements.



QENS Measurements

To prepare QENS samples, a piece of dried polymer electrolyte film with the dimension of 3 cm × 5 cm × 200 μm was cut and sealed in a flat aluminum can with indium wires in an Ar filled glovebox. Care was taken to make sure the entire area inside the can was filled with sample.

QENS measurements were conducted at the backscattering spectrometer (BASIS) (Mamontov and Herwig, 2011) beamline at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. BASIS instrument was operated in a standard configuration [Si (111) analyzer crystals selecting the final wavelength of neutron = 6.267 Å] providing a fine energy resolution of 3.5 μeV, a dynamic range of ±120 μeV and a Q range of 0.3–1.9 Å−1. Q is the magnitude of the scattering vector defined as Q = 4π sin(θ/2)/λ, where θ is the scattering angle and λ is the wavelength of the incident neutrons. The sample was cooled to 20 K using Closed Cycle Refrigerator (CCR) to measure the instrument resolution function. QENS spectra were collected at 305, 335, and 365 K.

The same sample was also measured at the NG2 high-flux backscattering spectrometer (HFBS) (Meyer et al., 2003) beamline at NIST Center for Neutron Research (NCNR). QENS spectra were collected at 363 K and the instrument resolution function was collected at 20 K. Data were recorded over a dynamic range of ±15 μeV and a Q range of 0.25–1.75 Å−1.

Note that QENS signal predominantly comes from the hydrogen present in PEO. The measured scattering intensity is given by the following equation:

[image: image]

In Equation (1), p1(Q) and δ(E) correspond to elastic incoherent scattering factor (EISF) and a Dirac delta function, respectively, and represent the elastic contribution to the measured spectra. 1−p1(Q) is the weight of QENS part contributing to the overall scattering intensity, S(Q, E), is the dynamic structure factor and represent dynamic processes within the sample. These two terms are convoluted with instrument resolution, R(Q, E). An additional linear background term, B(Q, E), is added to the model to take into account fast processes that are outside instrument dynamic range.



Ionic Conductivity Measurements

The ionic conductivity of the polymer electrolyte was measured in an AA cell setup. A 1/2-inch diameter disk was punched out from the polymer electrolyte film and sandwiched between two pieces of copper foil followed by two stainless steel rods of the same diameter. The cell was sealed in two layers of heat shrink tubing. Impedance was measured in an AA battery holder by applying an alternating current of 6 mV amplitude within a frequency range of 1 MHz−50 mHz, using a Biologic SP-300. The sample was equilibrated at each temperature for 1.5 h before the impedance spectrum was collected. The resistance of the sample was obtained by fitting an equivalent circuit model and the ionic conductivity of the electrolyte was calculated accordingly.



Differential Scanning Calorimetry (DSC) Measurements

DSC measurements were performed using a TA Instruments Q2000 DSC. A small piece of dried polymer electrolyte (~5 mg) was sealed in the DSC sample pan in an argon filled glovebox. Prior to DSC measurements, the sample was annealed inside the sealed pan at 100°C in the glovebox and equilibrated at room temperature for a week. DSC scans were run between −80 and 90°C at a 10°C/min scan rate under a nitrogen flow of 20 mL/min.



Small Angle X-Ray Scattering (SAXS) Measurements

Small-angle X-ray scattering (SAXS) measurements were carried out on a Xenocs Xeuss 3.0 instrument equipped with D2+ MetalJet X-ray source (Ga Kα, λ = 1.341 Å). The samples (films) were aligned perpendicular to the direction of the X-ray beam (transmission mode) and the scattered beam was recorded on a Dectris Eiger 2R 4M hybrid photon counting detector with a pixel dimension of 75 × 75 μm2. The collected 2-dimensional (2D) SAXS images were circularly averaged and expressed as intensity vs. q, where q = (4πsinθ)/λ after subtraction of background scattering. The SAXS data were collected at two different sample-to-detector distances, i.e., 1.8 and 0.9 m and combined into one curve.




RESULTS AND DISCUSSION

The model polymer electrolyte we chose to investigate was PEO and LiTf with an atomic ratio of [EO]:[Li+] = 16:1. We denote this sample as (PEO)16LiTf. The sample was annealed at 100°C and allowed to crystallize at room temperature in an argon glovebox for a week. During the QENS experiments, (PEO)16LiTf was first cooled down from room temperature to baseline temperature (20 K). Then, the sample was heated up from 20 to 365 K and cooled down to 305 K. Figures 1A,B show normalized dynamic structure factor S(Q, E) as a function of energy, E, at 4 temperatures, 20, 305, 335, and 365 K, at Q = 1.1 Å−1. The quasi-elastic line width increased with increasing temperature (Figure 1A), suggesting faster segmental mobility of PEO chains. Zooming in to the quasi-elastic region of two lower temperatures, 305 and 335 K, S(Q, E) exhibited hysteresis (Figure 1B). At the same temperatures, larger quasi-elastic broadening was observed in the cooling cycle than in the heating cycle.
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FIGURE 1. (A) Normalized dynamic structure factor, S(Q, E), as a function of energy, E, at a representative spatial scale (Q = 1.1 Å−1). (B) A zoomed-in view of panel (A) showing hysteresis of the heating and cooling cycle. (C) Intermediate scattering function, S(Q, t), as a function of time, t, at Q = 1.1 Å−1.


We can re-express S(Q, E) in the time domain as the intermediate scattering function, S(Q, t). This was done by performing inverse Fourier transform followed by deconvolution from the resolution function through simple division in MantidPlot (Arnold et al., 2014). The result is shown in Figure 1C. In the time scale captured by BASIS instrument, 0.02–0.8 ns, (PEO)16LiTf only showed full relaxation behavior at 365 K. This temperature is well above the PEO melting temperature (~338 K). At 305 and 335 K, we did not observe complete chain relaxation as the amorphous region is confined between crystalline lamellae below the melting temperature of PEO. The segmental mobility of semi-crystalline PEO is significantly slower than the unconfined melt. This renders the standard Kohlrausch–Williams–Watts (KWW) function unsuitable for data fitting at 305 and 335 K.

To capture the dynamics of the PEO chains in this confinement, we used Cole–Cole function (Equation 2) to fit S(Q, E) in the energy space.
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Cole–Cole distribution function has been successfully used to capture the dynamics in various confined systems (Cole and Cole, 1941; Gupta et al., 2016; Mamontov and O'Neill, 2017; Dyatkin et al., 2018). In Cole–Cole function, two parameters are fitted independently: E0(Q), the half width at half maximum of S(Q, E), and α(Q), the stretched exponential. When α = 0, Cole–Cole function becomes a Lorentzian function. We used Cole–Cole function to fit S(Q, E) at all three temperatures at each Q value to maintain data consistency. An example fitting curve is shown in Figure 2A. The average relaxation time, <τ>, can be calculated using the following relationship: [image: image]/ <τ> = E0(Q), where [image: image] is the Planck Constant and is equal to 1.0541 × 0−34 J·s. In Figure 2B, we plot <τ> at each temperature as a function of Q. <τ> decreases with increasing Q, suggesting shorter relaxation time at smaller length scales. The Q dependence of <τ> can be obtained by fitting the data points with Equation (3), where τ0 is the structural relaxation time and γ is the power law exponent.
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FIGURE 2. (A), A representative Cole–Cole fitting (red curve) of S(Q, E) of (PEO)16LiTf at Q = 1.1 Å−1 at 305 K. (B) Average relaxation time, <τ>, as a function of Q. Data points were calculated from Cole–Cole fitting. The solid lines through the data points are fits using Equation (3). (C) Structural relaxation time, τ0, of (PEO)16LiTf as a function of inverse temperature, T, during heating and cooling cycles.


Fittings using Equation (3) are shown by the solid lines in Figure 2B. Parameters extracted from the fits are shown in Table 1. At 365 K (melt state), γ = −3.69, very close to −4. When γ = −4, the polymer chain dynamics follows Rouse dynamics behavior for PEO chains (Genix et al., 2005; Tyagi et al., 2006; Brodeck et al., 2009). At 305 and 335 K, γ deviates from −4. As temperature decreases, γ deviates further. The lower values of γ indicate confinement of segmental dynamics within crystalline lamellae and the segmental dynamics do not follow Rouse behavior.


Table 1. Fitting results of Q dependence of <τ> using equation 2 (Cole-Cole function).

[image: Table 1]

Comparing <τ> at 305 and 335 K during the heating and the cooling cycles, it is evident that <τ> is strongly affected by sample thermal history. <τ> is significantly smaller in the cooling cycle than in the heating cycle at the same Q values and temperatures (Figure 2B). Recall that the sample was allowed to crystallize in argon environment at room temperature for a week prior to the heating cycle measurement. Structural relaxation time, τ0, as a function of inverse temperature is shown in Figure 2C. At 305 K, τ0 in the heating cycle is 1.069 ns, six-fold larger than that in the cooling cycle, 0.17 ns. At 335 K, τ0 in the heating cycle is 0.121 ns, 3-fold larger than that in the cooling cycle, 0.043 ns. Both <τ> and τ0 data suggest higher segmental mobility of PEO chains in the cooling cycle, below the melting point.

We measured the ionic conductivity, σ, of (PEO)16LiTf as a function of temperature. The sample was first melted in between blocking electrodes at 100°C and annealed for 4 h. The sample was then cooled down to room temperature and equilibrated in the conductivity cell for 1 week. Conductivity measurements during heating and cooling scans were performed in a temperature-controlled chamber (Figure 3). The sample was equilibrated at each temperature for 1.5 h before the impedance spectrum was collected. This equilibrium time is typical for a temperature sweep as it ensures the sample reaches the set point temperature at each measurement (Pandian et al., 2018; Merrill et al., 2020; Palmer et al., 2020). In the melt state (T ≥ 70°C), no hysteresis in σ was observed during temperature cycling. Below the melting temperature of PEO (T ≤ 60°C) there is a large difference in σ during the first heating and first cooling scans. At 30°C (303 K), σ in first cooling cycle is 2.2 × 10−6 S/cm, three-fold larger than that in the first heating cycle (7.6 × 10−7 S/cm). At 60°C (333 K), σ in first cooling cycle is 6.0 × 10−5 S/cm, two-fold larger than that in the first heating cycle (2.7 × 10−5 S/cm). The conductivity data is consistent with the segmental relaxation times shown in Figure 2, where larger relaxation times corresponds to a smaller conductivity. Little difference is observed between the cooling cycle, and second heating, except for around the melting temperature.


[image: Figure 3]
FIGURE 3. Ionic conductivity of (PEO)16LiTf as a function of inverse temperature.


DSC scans were performed on (PEO)16LiTf, shown in Figure 4. Prior to DSC measurement, the sample was annealed in the DSC sample pan at 100°C and equilibrated at room temperature for a week in an argon glovebox. The endothermic peak around 65°C in the first and second heating scan represents the melting of crystalline PEO. The exothermic peak in the cooling scan represents the crystallization of PEO. The area under these peaks gives information of their degree of crystallinity, Xc. It is observed that during the second heating, Xc decreased. The degree of crystallinity, Xc, of PEO in (PEO)16LiTf calculated from the first heating scan was 54.9%, assuming the heat of fusion of 100% crystalline PEO was 203 J/g (Qiu et al., 2003). In the first cooling scan Xc = 50.8%, slightly lower than first heating. Xc calculated from the second heating thermogram was 52.5%. The higher ionic conductivity and segmental mobility observed in the first cooling cycle is the result of a decrease in Xc, since the sample was not given enough time to fully crystallize. Note that the conductivity data are often reported during the first cooling or second heating cycles. This is mainly because in the first heating cycle the sample may not form good contact with the electrodes, if it wasn't previously annealed above the melting point of PEO on the electrodes. After annealing, it takes days for the samples to fully crystallize (Fullerton-Shirey and Maranas, 2009). Our results indicate that conductivity in the semi-crystalline state is strongly affected by the sample history.


[image: Figure 4]
FIGURE 4. DSC thermogram of (PEO)16LiTf.


We now have a discussion between the segmental dynamics, conductivity, and crystallinity of (PEO)16LiTf. Since 335 K is very close to the melting transition of PEO, we focus on data collected at 305 K, near room temperature. At 305 K, τ0 in the heating cycle is six-fold larger than that in the cooling cycle. Conductivity in the heating cycle is three-fold smaller than in the cooling cycle. A larger relaxation time corresponds to a smaller conductivity, and the changes in τ0 and conductivity are on the same order of magnitude. This qualitatively verifies the validity of using Cole–Cole analysis for the segmental relaxation of PEO chains under confinement.

On the other hand, the difference between the degree of crystallinity is relatively small between the heating and cooling cycles, only 5%, compared to significant changes in both τ0 (300%) and conductivity (600%). We further investigated the crystallinity of (PEO)16LiTf by measuring the crystal lamellae distances using small angle X-ray scattering. Figure 5 compares the SAXS profiles of two (PEO)16LiTf samples with different thermal histories, both measured at room temperature. One sample (black profile) was annealed at 90°C and allowed to equilibrate at room temperature for a week. The other sample (red profile) was annealed at 90°C for 1 h and rapidly cooled to room temperature and the SAXS measurement was performed immediately. In spite of the different thermal histories, the two SAXS curves overlapped almost perfectly, where one peak was observed on both profiles, at q* = 0.015 Å−1, indicated by black triangles. This peak was caused by the formation of PEO crystalline lamellae and their long-range ordering. The spacing, Lsp between the long-range ordered crystalline lamellae is calculated as Lsp = 2π/q. The calculated Lsp in both cases was 42 nm. The SAXS results suggest that thermal history difference did not result in a difference in the spacing of crystalline lamellae. We hypothesize that the difference between the morphology of the equilibrated sample and the rapid cooled sample may be the size, shape or distribution of the crystalline domains, which could not be captured by our SAXS instrument.


[image: Figure 5]
FIGURE 5. Small angle X-ray scattering of (PEO)16LiTf at room temperature. Black curve, the sample was allowed to equilibrate at room temperature for a week; red curve, the sample was annealed at 90°C for 1 h followed by rapid cooling to room temperature.


The discussion above highlights that it's challenging to capture the whole picture of the crystallization in a semi-crystalline polymer, with many parameters to consider, such as the degree of crystallinity, crystalline structure, grain size, distribution, etc. On the other hand, the segmental dynamics of the amorphous phase is very sensitive to the crystallinity of the sample, due to the connectivity between the crystalline phase and the amorphous phase and the confinement effects. This work highlights that QENS is a unique tool in that it not only gives information of the ion transport and segmental dynamics in the amorphous phase, it also indicates crystallinity changes in the crystalline phase.



CONCLUSIONS

In this work, we investigated the segmental dynamics, ionic conductivity, and crystallinity of a polymer electrolyte consisting of PEO and LiTf, below its melting point. We demonstrate that QENS can be used to quantify the segmental dynamics of PEO chains in the semi-crystalline state, using Cole–Cole analysis, which, to our knowledge, has not been done. At 305 K, the structural relaxation time of (PEO)16LiTf that had been equilibrated for 1 week was six-fold longer than the same sample that had just cooled down to 305 K. Correspondingly, the ionic conductivity was three-fold smaller in the equilibrated condition. The crystallinity of (PEO)16LiTf did not show significant change given different thermal histories. We hypothesize that a change in the size, shape and distribution of the crystalline domains may have caused the significant change in the segmental dynamics and ionic conductivity in the amorphous phase. This work reveals that the segmental dynamics of semi-crystalline polymer electrolytes is very sensitive to thermal history. QENS not only can be used to characterize the ion transport and segmental dynamics in the amorphous phase, it can also be used to indicate changes in the crystalline phase, as the confinement effect significantly affects the segmental dynamics.
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Polyethylene oxide (PEO)-based polymers are commonly studied for use as a solid polymer electrolyte for rechargeable Li-ion batteries; however, simultaneously achieving sufficient mechanical integrity and ionic conductivity has been a challenge. To address this problem, a customized polymer architecture is demonstrated wherein PEO bottle-brush arms are hyperbranched into a star architecture and then functionalized with end-grafted, linear PEO chains. The hierarchical architecture is designed to minimize crystallinity and therefore enhance ion transport via hyperbranching, while simultaneously addressing the need for mechanical integrity via the grafting of long, PEO chains (Mn = 10,000). The polymers are doped with lithium bis(trifluoromethane) sulfonimide (LiTFSI), creating hierarchically hyperbranched (HB) solid polymer electrolytes. Compared to electrolytes prepared with linear PEO of equivalent molecular weight, the HB PEO electrolytes increase the room temperature ionic conductivity from ∼2.5 × 10–6 to 2.5 × 10−5 S/cm. The conductivity increases by an additional 50% by increasing the block length of the linear PEO in the bottle brush arms from Mn = 1,000 to 2,000. The mechanical properties are improved by end-grafting linear PEO (Mn = 10,000) onto the terminal groups of the HB PEO bottle-brush. Specifically, the Young’s modulus increases by two orders of magnitude to a level comparable to commercial PEO films, while only reducing the conductivity by 50% below the HB electrolyte without grafted PEO. This study addresses the trade-off between ion conductivity and mechanical properties, and shows that while significant improvements can be made to the mechanical properties with hierarchical grafting of long, linear chains, only modest gains are made in the room temperature conductivity.
Keywords: solid polymer electrolyte, lithium ion battery, polyethylene oxide, hierarchically hyperbranched polymers, low crystallinity
INTRODUCTION
Solid polymer electrolytes based on polyethylene oxide (PEO) have been widely explored to replace liquid or gel electrolytes in rechargeable Li-ion batteries. In addition to inhibiting dendrite growth, the solid polymer has the potential to replace relatively volatile plasticizers, offering the promise for a greener battery. Although pure PEO has a flexible, linear backbone and a glass transition temperature (Tg) of −60°C, ion transport within PEO is slow at room temperature. For example, the ionic conductivity of (PEO)10:LiClO4 is on the order of 10–6 S/cm Croce et al. (1998); Reddy et al. (2006), which is three orders of magnitude lower than required (Shin et al., 2003). One problem with PEO-based electrolytes is their tendency to recrystallize, which inhibits segmental mobility and decreases ionic conductivity. The recrystallization time can vary widely depending on ion concentration and water content. For example, it can take up to 3 days for the electrolyte (PEO)8:LiClO4, to recrystallize when the water concentration in the electrolyte is <1 wt% (Fullerton-Shirey et al., 2011). To prevent recrystallization of the polymer and increase the segmental mobility, plasticizers are commonly added (Golodnitsky et al., 1996; Michael et al., 1997; Song et al., 1999). However, the amount of plasticizer required to increase the conductivity to 10–3 S/cm also compromises the mechanical properties such that the polymer electrolyte is no longer a free-standing, solid film.
Two popular approaches to increase conductivity without compromising the mechanical properties are to add metal oxide nanoparticles Krawiec et al. (1995); Lin et al. (2018); Zhang et al. (2018), or ionic liquids to the polymer host (Shin et al., 2003; Zhan et al., 2019). Metal oxide nanoparticles improve the mechanical properties; however, they only increase the conductivity by one order of magnitude (Krawiec et al., 1995; Croce et al., 1998). Ionic liquids have a plasticizing effect—they decrease crystallinity and increase the ionic conductivity (Chaurasia et al., 2011; Kumar et al., 2011). Another approach is to directly tailor the polymer architecture, for example by hyperbranching the PEO Gao and Yan (2004); Lapienis (2009) to inhibit crystallization via the addition of branching units that disrupt chain packing (Hawker et al., 1996). Several different molecular architectures of PEO polymers, including comb-brush or bottle-brush (Jannasch, 2000; Zhang et al., 2004; Higa et al., 2005; Uno et al., 2008; Yoshimoto et al., 2009; Barteau et al., 2013; Li et al., 2014; Daigle et al., 2015; Jing and Evans, 2019; Li et al., 2019; Rosenbach et al., 2019), chemically or physically crosslinked bottle-brush Shim et al. (2014) star Li et al. (2008); Niitani et al. (2009); Kim et al. (2012), and other highly branched (i.e. hyperbranched) structures Lee et al. (2011) have been developed as solid polymer electrolytes with enhanced room-temperature conductivity. Briefly, PEO chains below the entanglement length (Mn ∼ 1,700) Fetters et al. (2007) were used in these studies to increase the amorphous fraction; however, lowering crystallinity with short polymer chains without entanglement often compromises the mechanical properties (Ho et al., 2003; Quartarone and Mustarelli, 2011).
In this work, we integrate hyperbranched (HB) polymers with long, linear, grafted polymers (Mn = 10,000) to create a hierarchical HB structure. We address the need for enhanced ion transport by inhibiting crystallization via hyperbranching while simultaneously retaining mechanical integrity via high molecular weight chains. Specifically, we designed and synthesized two types of hierarchical HB, PEO-based polymers, illustrated in Scheme 1. One type is a hyperstar PEO polymer containing a HB core and bottle-brush arms for which the PEO side chains have Mn = 1,000 and 2,000, the latter of which is above the entanglement molecular weight of PEO. The second type is similar to the first; however, long, linear PEO chains are grafted onto the terminal groups of bottle-brush arms, which is expected to further improve the entanglement between HB PEO polymers and improve the mechanical properties. Both types of polymers involve the graft-from method to grow bottle-brush arms from a multifunctional macroinitiator (MI).
[image: Scheme 1]SCHEME 1 | Schematic of the synthesis routes of HB PEO (HB-1k; HB-2k) and end-capped HB PEO (HB-1k-10k).
Electrolytes consisting of hierarchically HB PEO combined with lithium bis(trifluoromethane)sulfonimide (LiTFSI) in an ether oxygen (EO) to lithium ion molar ratio of 25:1 are measured. LiTFSI was chosen as the salt for its high dissociation ratio Edman (2000), low anion mobility, and high Li-ion transport number (Quartarone and Mustarelli, 2011; Stolwijk et al., 2012). The effect of polymer architecture on the crystallization and ionic conductivity was measured by atomic force microscopy (AFM), differential scanning calorimetry (DSC), and impedance spectroscopy. The HB PEO electrolytes are benchmarked against linear PEO electrolytes with the same salt concentration, and the results show that the hierarchically HB polymer architecture has a stronger impact on the mechanical properties than the ionic conductivity.
MATERIALS AND METHODS
Materials
The following chemicals and solvents were purchased from Aldrich with the highest available purity and used as received unless otherwise stated: 4,4′-dinonyl-2,2′-dipyridyl (dNbpy), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA), CuBr2, sodium ascorbate, 2-bromoisobutyryl bromide, 2-hydroxyethyl methacrylate, poly (ethylene glycol) methyl ether (Mn = 10,000, L10k), polyoxyethylene (20) oleyl ether (Brij98), dichloromethane (DCM) and LiTFSI (puriss, 99.95%). Inimer 2-([2-bromoisobutyryloxyethyl methacrylate] [BIEM]) was synthesized by a one-step reaction of 2-bromoisobutyryl bromide with 2-hydroxyethyl methacrylate (Matyjaszewski et al., 1997; Min and Gao, 2012; Graff et al., 2015). PEO macromonomers, including oligo (ethylene glycol) methyl ether methacrylate (OEGMA, Mn = 950 [L1k] and 2,000 [L2k]) and oligo (ethylene glycol) methyl ether acrylate (OEGA, Mn = 1,000 [L1kA]), were purchased from Aldrich and passed through aluminum column to remove inhibitors before use. Linear PEO of Mn = 1.5 × 106 and polydispersity Mw/Mn = 1.13 (L1.5M), was purchased from Agilent Technologies and used directly.
Synthesis of Hyperbranched Polyethylene Oxide
HB PEO was synthesized following the procedures illustrated in Scheme 1 (also detailed in the Supporting Information). Briefly, HB MIs, which contain about 1,180 bromine initiating sites, were used for the polymerization of PEO-based OEGMA (L1k and L2k) and OEGA (L1kA) to generate HB bottle brushes. To generate a hierarchically HB structure, the HB bottle brushes were further modified by end-capping each bottle-brush arm with a linear PEO, L10k. The products of different hierarchically HB PEO polymers were named as “HB-x-y,” in which “x” represents the measured hydrodynamic diameter (Dh) of the HB PEO and “y” represents the molecular weight (Mn) of the PEO side chains in bottle brushes. For instance, HB-65nm-2k is a HB PEO polymer with Dh = 65 nm in DCM, that includes OEGMA L2k as PEO bottle brushes. Two HB PEOs with different side-chain Mn were synthesized, namely HB-65nm-2k and HB-80nm-1k, in two steps as illustrated in Scheme 1: First, HB MI was synthesized using activators generated by electron transfer (AGET)-atom transfer radical polymerization (ATRP) of AB*-type inimer, which contains initiator fragment B* and monomer vinyl group A in one molecule, BIEM, in microemulsion Matyjaszewski et al. (1997); Min and Gao (2012); Graff et al. (2015) (see details in Supporting Information). The produced HB MI was then purified and used as MI to initiate the ATRP of macromonomers to introduce PEO bottle-brush arms.
To improve the mechanical properties of HB PEO, linear L10k was grafted to end-cap HB-68nm-1k to enhance the entanglement between PEO chains from different HB PEO polymers. The produced hierarchically HB PEO has a hydrodynamic diameter Dh = 106 nm and is denoted as HB-106nm-1k-10k. For its synthesis, the bromine group at each bottle-brush arm end was replaced by azido group and followed by clicking alkyne-functionalized L10k to the end.
Characterization
The molecular weights of polymers were measured by size exclusion chromatography (SEC) with dimethylformamide (DMF) as the mobile phase. The DMF SEC used Polymer Standards Services (PSS) columns (guard, 104, 103, and 102 Å Gram 10 columns) at 55°C with flow rate = 1.00 ml/min and connected with a RI detector (Waters, 2,410) using PSS WinGPC 7.5 software. The apparent number-average molecular weight (Mn,RI) of HB MI was calculated based on linear poly (methyl methacrylate) (PMMA) standards and the Mn,RI values of HB PEO polymers were calculated based on linear PEO standards. The absolute Mn of HB MI core was measured from SEC in tetrahydrofuran (THF) mobile phase equipped with PSS columns (guard, 105, 103, and 102 Å SDV columns) and a multi-angle laser light scattering (MALLS) detector (Wyatt Technology, DAWN HELEOS II) at the light wavelength of 658 nm and analyzed by ASTRA software (Wyatt Technology) with the differential index of refraction, dn/dc of 0.084 ml/g for polymethacrylate-based polymers (Gao et al., 2005; Sumerlin et al., 2005). The measurements were conducted at constant temperature at 35°C and THF flow rate of 1.00 ml/min.
Nuclear magnetic resonance (NMR) spectroscopy was carried out on a Bruker 500 MHz spectrometer operated in the Fourier transform mode at 25°C (Supplementary Figures S1A–C). FT-IR spectra of HB-68nm-1k and HB-106nm-1k-10k were acquired using a FT/IR-6300 (JASCO) (Supplementary Figure S1D). The Dh and coefficient of variation (CV) of all the samples in DCM were determined using dynamic light scattering (DLS) equipped with a Zetasizer Nano-ZS (Malvern Instruments, Malvern, United Kingdom) at the He-Ne laser wavelength of 633 nm.
Solid Polymer Electrolyte Preparation
Due to the limited amount of HB PEO from synthesis, freeze-drying followed by hot-pressing for conductivity measurements and spin-coating a thin film for AFM are used. Solid electrolytes were obtained by mixing HB PEO with LiTFSI in deionized water (Barnstead Nanopure II) at an EO:Li molar ratio of 25:1. This solution was freeze-dried (Labconco Freezone 4.5 Freeze Dryer) and stored at 120°C in vacuum for 72 h to remove water. The linear chain PEO electrolytes were prepared at the same salt concentration using the same method.
Differential Scanning Calorimetry
The thermal properties of the electrolytes were measured using a TA Instrument Q2000 DSC under continuous nitrogen purge. The accuracy of temperature control is ± 0.01°C and the measurement sensitivity is 0.2 µW. Samples of 8–10 mg were placed in aluminum pans and dried in a vacuum oven at 110°C for 72 h. The pans were immediately hermetically sealed after being removed from the vacuum oven. Samples were first heated from room temperature to 120°C at 20°C/min and held for 10 min to remove the thermal history. Then the samples were cooled from 120 to −90°C at 5°C/min to obtain crystallization temperature, Tc and crystallization enthalpy, ΔHc. After equilibrium at −90°C for 10 min, the samples were heated to 100°C at 10°C/min to determine the glass transition temperature, Tg, melting temperature, Tm, and melting enthalpy, ΔHm. According to the phase diagram for PEO:LiTFSI Edman et al. (2000), pure PEO is the crystalline phase that will form at EO:Li = 25:1. Therefore, the crystal fraction, Xcrystal of the PEO/LiTFSI electrolytes can be calculated by dividing the measured ΔHc or ΔHm (normalized by the mass of the electrolyte) by 203 J/g, which is the melting enthalpy of a perfect PEO crystal (Wunderlich, 1980). We found nearly no difference in the Xcrystal calculated from either ΔHc or ΔHm for all the electrolytes in this work, suggesting the heating rate of 10°C/min and the cooling rate of 5°C/min are sufficiently slow to allow PEO samples to achieve the highest crystallinity.
Atomic Force Microscopy
The morphological structure of neat HB PEO samples was characterized by AFM (Bruker Nano Multimode 8, Nanoscope IV Controller) operated in tapping mode with a silicon probe (Bruker Nano, TEPSAW). The samples were deposited on a polished silicon wafer (Silicon Quest International), which was cleaned by piranha solution at 120°C for 1 h. To deposit the polymer, 0.01 g/L HB PEO in acetonitrile was spin-coated (Laurell Technoloiges, WS-400BZ-6NPP/LITE) onto the wafer at 8,000 rpm, yielding a ∼10 µm thick film as measured by an AFM step height scan.
To determine the Young’s modulus, nano-indentation measurements were conducted using PeakForce Mode with the same AFM. Because Young’s modulus measurements require the spring constant of the AFM probe to match that of the sample, several AFM probes with spring constant ranging from 0.5–45 N/m were used to select appropriate probes. The spring constant of selected AFM probes (Bruker Nano TEPSAW or ScanAsyst-Air) were calibrated by the thermal tune method Langlois et al. (2007), and the force curves were fitted by the Sneddon model to yield Young’s modulus using the Nanoscope Analysis software (Sneddon, 1965). For nano-indentation, HB PEO films with thickness ∼10 µm were prepared on a clean Si wafer by drop-casting of 10 g/L HB PEO solution and air-dried. The samples were subsequently placed in a vacuum oven at 50°C for 24 h to remove the solvent. Because the typical indentation depth in this work is below 100 nm after carefully selecting an AFM probe with matched spring constant, the ∼10 µm thick film is sufficiently thick to eliminate any effect of the substrate on Young’s modulus because it is below the Bueckle’s indentation depth limit (i.e. 10% of specimen thickness) (Persch et al., 1994).
Conductivity Measurements
To prepare the parallel plate samples for impedance measurements, the electrolyte was placed on a stainless-steel electrode, confined inside of a Teflon O-ring, and dried in vacuum oven at 110°C for 72 h to drive off residual solvent. The top electrode was positioned, and the parallel plate structure was hot-pressed to produce a uniform film of diameter 15 mm and thickness between 100 and 200 μm, which was determined by a micrometer screw gauge.
Electrical measurements were made using a Cascade Summit 11861 probe station equipped with a temperature controller (ThermoChuck, Temptronic TP03000A-X300) to control the temperature from 22 to 100°C with ± 0.1°C accuracy. In this work, all the electrolytes were measured after 10 min of thermal equilibrium at each temperature in a nitrogen environment. Impedance was measured using an Agilent, 4294A impedance analyzer over a frequency range of ω = 40 Hz–110 MHz with an AC-voltage of 500 mV and no DC bias. The conductivity, [image: image] was calculated from the measured Z(ω) using Eq. 1:
[image: image]
where d is the electrolyte thickness, A is the electrode surface area, |Z(ω)| is the magnitude of the measured impedance, and θ is the measured phase angle. The conductivity was obtained from the plateau value of [image: image] (i.e. the region over which the conductivity is frequency independent). In addition to the HB electrolytes, a control measurement was made on linear PEO (Mw = 600,000 g/mol)/LiClO4 at EO:Li = 10:1 with the same sample preparation procedure described above. The conductivity of linear PEO/LiClO4 was 3.0 × 10–7 S/cm at 22°C, which agrees well with the previously reported value Fullerton-Shirey and Maranas (2009); Schaetzl et al. (2014), suggesting that the sample preparation conditions result in samples with similar properties to previous reports.
RESULTS AND DISCUSSION
The hydrodynamic diameter, Dh of HB MIs and HB PEO polymers were measured in DCM by DLS. As shown in Figure 1, and tabulated in Table 1, the measured Dh of HB MI is 13 nm. After chain extension by the ATRP of macromonomers from the HB MI, the Dh increases to 65, 68, and 80 nm for HB PEOs incorporating PEO bottle-brushes of varying arm lengths (HB-65nm-2k, HB-68nm-1k, and HB-80nm-1k, respectively). The synthesis of HB-106nm-1k-10k was accomplished after an additional grafting-onto reaction to cap the bottle-brush arm ends of HB-68nm-1k with alkyne-terminated linear PEO chain (Mn = 10,000). The Dh of HB-106nm-1k-10k was 106 nm (increased from 68 nm), confirming the successful grafting of the linear PEO onto the HB-68nm-1k. The measured molecular weights and the polydispersity of polymers by SEC are shown in Figure 1B, and tabulated in Table 1. For the HB MI core, the apparent number-average molecular weight based on linear PMMA standards in SEC with DMF as mobile phase is Mn = 132,000, which is lower than its absolute value Mn = 328,000, determined by MALLS detector coupled in THF SEC system, suggesting a high degree of branching (DB) in the HB MI. Indeed, the DB was confirmed by 1H NMR spectroscopy of the purified HB MI as DB = 0.27 (i.e. one dendritic unit per every 7.5 structural units in the HB MI structure). Based on the absolute molecular weight, one HB MI contains 1,180 Br initiating sites on average that can initiate the ATRP of OEGMA monomers to produce HB PEO. The apparent Mn of the HB PEO increases with chain extension of varied bottle-brush arm length; however, the absolute Mn of HB PEO cannot be obtained because the value exceeds the detection range of column-based chromatography technique (Makan et al., 2012). Based on these data, we assume that the absolute molecular weight is approximately three times larger than the apparent molecular weight. The apparent molecular weights and sizes for all the HB PEO samples used in this work are summarized in Table 1.
[image: Figure 1]FIGURE 1 | (A) Volume fraction distribution of the measured hydrodynamic diameter, Dh, of HB MI and HB PEO in DCM by DLS. (B) SEC trace profiles of HB MI and HB PEO in DMF based on linear PMMA standards for HB MI and linear PEO standards for HB PEO samples.
TABLE 1 | Structural information for the HB MI and HB PEO synthesized in this work.
[image: Table 1]Before characterizing the polymer electrolyte film, the shape and size of the HB PEO was characterized on Si substrates by tapping mode AFM. Dilute solutions of the material (0.01 g/L HB PEO in acetonitrile) were deposited on a Si substrate via spin-coating. The resulting low coverage sample has a particle-like morphology, shown in Figure 2 by AFM scans in tapping mode. The HB-68nm-1k have an average diameter of 30 nm and average height of 2.6 nm. After grafting with L10k, the diameter of HB-106nm-1k-10k remains similar to that of HB-68nm-1k, but the height increases to approximately 3.5 nm, on average, suggesting a ∼35% volume expansion. While the volume change measured by AFM is smaller than that measured by DLS and SEC, this is likely due to inhomogeneous swelling of the surface-confined polymers. Regardless, AFM confirms the increasing polymer size with additional grafting.
[image: Figure 2]FIGURE 2 | AFM micrographs showing the topology of (A) HB-68nm-1k and (B) HB-106nm-1k-10k, both of which were deposited from their corresponding dilute (0.01 g/L) HB PEO solution in acetonitrile. The scale bar for both panels is 200 nm.
Moving onto the solid electrolyte films, the Young’s modulus (E) of the HB PEO films was determined by AFM nano-indentation over 100 force-distance measurements to ensure statistical significance, as shown in Figure 3A. (Representative force-distance curves are provided in the Supplementary Figure S2). Samples were prepared by drop-casting a concentrated HB PEO solution (10 g/L) onto Si substrate to give a continuous film. It is noted that the topology of HB-68nm-1k film cannot be characterized by AFM because the bulk HB-68nm-1k polymer is a viscous fluid Lee et al. (2011) and is too soft even for the softest AFM probe. In contrast, the morphology of the HB-68nm-1k-10k film capped with PEO chains, can be readily measured by AFM (Figure 3B), demonstrating the significantly enhanced mechanical properties. No crystal domains are detected in the HB-106nm-1k-10k—at least by AFM—in contrast to the crystalline morphology of the linear L10k PEO samples (Supplementary Figure S3). This observation is also confirmed by DSC, presented below. More importantly, the measured Young’s moduli of HB PEO polymers differ considerably, as shown in Figure 3C: the E of HB-106nm-1k-10k is ∼358 MPa, which two orders of magnitude higher than that of HB-68nm-1k, and is comparable to that of linear PEO with high Mn and crystallnity (Jee et al., 2013). Thus, the moduli measurements confirm that grafting L10k onto the outside of the HB PEO significantly improves the mechanical properties.
[image: Figure 3]FIGURE 3 | (A) Distribution of Young’s modulus measurements by nano-indentation with AFM for i) HB-68nm-1k and ii) HB-106nm-1k-10k. (B) AFM topology scans of the HB-106nm-1k-10k film deposited from concentrated (10 g/L) HB PEO solution in acetonitrile. The scale bar is 200 nm. (C) Measured Young’s modulus (E) of HB-68nm-1k and HB-106nm-1k-10k films by nano-indentation with AFM, which was averaged over 100 force curve measurements shown in (B). The error bars represent one standard deviation from the mean.
The temperature-dependent ionic conductivity (σ) of the HB-80nm-1k, HB-65nm-2k, and HB-106nm-1k-10k electrolytes (EO:LiTFSI = 25:1) were measured and compared to that of their corresponding PEO components, L1k, L2k, and L1.5M, with the equivalent salt concentrations. Room temperature impedance, phase angle and conductivity data are provided vs. frequency in Supplementary Figure S4; the calculated conductivity values are plotted vs. inverse temperature in Figure 4A for all samples. Distinct from the previous studies with electrolytes based on only linear PEO, the conductivity of the HB PEO electrolytes shows a weaker dependence on temperature. Specifically, the conductivity decreases gradually with decreasing temperature as opposed to the linear PEO electrolytes (L2k and L1.5M) that show a sharp decrease in conductivity at T < 50°C. The abrupt conductivity decrease in linear chain PEO is due to chain crystallization (Appetecchi et al., 2001; Fullerton-Shirey and Maranas, 2009). In contrast, above the melting point, both linear chain and HB PEO will be highly mobile thereby decreasing the ionic conductivity difference between the two.
[image: Figure 4]FIGURE 4 | Temperature-dependent ionic conductivity showing the effect of HB PEO molecular architecture and thermal history. Measured conductivity (σ) vs. 1,000/T (K−1) of (A) HB and linear PEO electrolytes and (B) HB-80nm-1k (circles) and HB-106nm-1k-10k (squares) upon heating (filled symbols) and cooling (open symbols). The solid lines in (A) and (B) are fits using the Vogel-Tamman-Fulcher Eq. 2. Samples are equilibrated at each temperature for 10 min before data collection.
The highest room temperature conductivity of the HB electrolytes is the HB-65nm-2k, with a room-temperature conductivity of ∼3.5 × 10–5 S/cm, which is ∼50% higher than that of HB-80nm-1k and 10 times higher than the corresponding PEO macromonomer electrolyte, L2k. For the HB-80nm-1k electrolyte, the equivalent linear chain electrolyte, L1k, does not crystallize and therefore has a higher room-temperature conductivity than the HB polymer.
In addition to comparing the low molecular weight component of the HB electrolytes to their corresponding linear macromolecule, another way to compare is between the total molecular weight. For example, we can compare L1.5M (total Mn = 1.5 × 106) to HB-65nm-2k (apparent Mn,RI = 4.5 × 105) and account for the three times difference between the total and apparent Mn as described above. In this case, the conductivity of the HB-65nm-2k electrolyte is ∼20 times higher than that of linear PEO, L1.5M. Hence, the enhanced conductivity of the HB-65nm-2k PEO electrolyte over the equivalent linear macromolecules suggests that the introduction of PEO side chains is beneficial for conductivity. However, when linear L10k PEO is grafted to the ends, the conductivity is lower than that of its precursor, but only by 50%.
A recent report by Li and co-workers also shows that grafted PEO side chains enhance conductivity (Li et al., 2019). Specifically, PEO side chains with number-average molecular weight (Mn) from 300 to 950 increased room temperature conductivity up to two orders of magnitude. However, these chains remain below the entanglement molecular weight of PEO (∼1,700) Fetters et al. (2007), yielding only modest enhancement of the mechanical properties. In stress-strain measurements, the tensile stress of the Mn = 950 sample was 2.6 MPa—only a few percent higher than the linear PEO electrolytes with Mv = 100,000.
It is noted that the conductivity of the HB PEO electrolytes becomes almost indistinguishable from the linear chain counterpart at T > 60°C. One possible explanation as to why the HB conductivity is not as strongly dependent on temperature as the linear chain equivalent is that ion hopping Mao et al. (2000); Borodin and Smith (2007); Maitra and Heuer (2007); Diddens et al. (2010) is suppressed by the rigid backbone present in the HB polymer. These data show that the hierarchically HB architecture provides enhanced conductivity compared to the linear chain equivalent above the entanglement molecular weight only at temperatures less than 60°C.
Considering that crystalline regions usually exhibit lower conductivity than amorphous regions Sequeira and Santos (2010), we attribute the enhanced conductivity of the HB PEO electrolytes to their low crystallinity and slow recrystallization kinetics. For amorphous polymers, the temperature-dependent conductivity can be fit by the Vogel–Tamman–Fulcher (VTF) equation (Armand, 1983; Quartarone and Mustarelli, 2011):
[image: image]
where A is a pre-exponential factor, T0 is the ideal glass transition temperature, and B is the pseudo-activation energy for the conductivity. All the conductivity data for the HB PEO electrolytes can be well fitted by the VTF equation, yielding T0 = 181–205 K with good accuracy (> 0.995). T0 is typically 10–50 K lower than the Tg of PEO, as predicted (Armand, 1983; Quartarone and Mustarelli, 2011). The quality of the fits suggest that the HB PEO electrolytes are primarily amorphous during the measurement. Additionally, as shown in Figure 4B, the temperature-dependent conductivities of the HB PEO electrolytes completely overlap when increasing and decreasing the temperature, indicating no thermal hysteresis. These results sharply contrast linear PEO electrolytes for which the conductivity depends strongly on the thermal history (Appetecchi et al., 2001; Fullerton-Shirey et al., 2011). Thus, the absence of thermal hysteresis in the HB PEO electrolytes also suggests low crystallinity or slow recrystallization kinetics.
DSC was used to directly measure the crystallinity of the HB PEO electrolytes. Samples were heated at 10°C/min and cooled at 5°C/min. As shown in Figure 5A, a recrystallization peak appears on cooling at Tc = 37.5°C for the linear PEO electrolyte, L1.5M, which is more than 35° higher than that of HB-65nm-2k (Tc = 2.4°C). As a reminder, both samples share equivalent total Mn but have different architectures. Because Tc < 22°C for HB-65nm-2k, this sample does not recrystallize during the room-temperature conductivity measurement, giving rise to the enhanced conductivity of HB-65nm-2k (Supplementary Figure S5 for additional DSC data).
[image: Figure 5]FIGURE 5 | DSC measurements of heat flow for different HB and linear PEO/LiTFSI electrolytes upon (A) cooling from 80 to −90°C and (B) heating from −90 to −20°C. Tc is capture in panel (A) and Tg is capture in panel (B) and tabulated in Table 2.
The crystalline fraction, Xcrystal, of linear and HB PEO electrolytes was calculated based on the DSC data and summarized in Table 2. The Xcrystal of HB-65nm-2k is 35.5% and considerably lower than the linear chain equivalents that range from 45 to 53.5%. The highest reduction of crystallinity to 0.1% is achieved with HB-106nm-1k-10k, suggesting that crystallization of the bottle brush is inhibited by grafting linear PEO chains to the outer layer. The DSC results clearly indicate that introducing the HB chains to the architecture of the PEO electrolytes can effectively reduce the crystallinity, and the trend corresponds with increases in conductivity in Figure 4.
TABLE 2 | Thermal properties of the electrolytes: glass transition (Tg), melting (Tm), crystallization temperatures (Tc), and crystal fraction (Xcrystal) of the HB and linear PEO/LiTFSI electrolytes.
[image: Table 2]In contrast to the Tc values, the measured Tg values of the HB PEO electrolytes, except HB-106nm-1k-10k, show little change from those of their corresponding macromonomers (e.g. Tg = −53.9°C for L1k as compared to Tg = −51.2°C for HB-80nm-1k), indicating that the grafted PEO side chains likely experience similar PEO segmental mobility as the linear PEO chains. While the HB-106nm-1k-10k electrolyte has a Tg that is, intermediate between the Tg values of the corresponding linear polymers, only 1 Tg is observed −47.4°C, indicating no phase separation between the amorphous HB PEO and the linear, grafted PEO 10k arm. Considering HB-106nm-1k-10k as a miscible polymer blend, we can calculate its Tg as the weighted average of the individual Tg values corresponding to the two main components (i.e, [image: image] (L10k) = −34.6°C and [image: image] (HB-1k) = −51.2°C) using the Fox equation (Hiemenz and Timothy, 2007) 
[image: image]
where [image: image] is the weight fraction (∼26%) of L10k. The calculated Tg of HB-106nm-1k-10k is −46.8°C, in good agreement with the measured value.
CONCLUSIONS
The fundamental trade-off between ionic conductivity and the mechanical properties of solid polymer electrolytes has made it difficult to improve both properties simultaneously. The approach taken in this study is to tailor the architecture of HB PEO electrolytes to create a hierarchical structure with end-grafted PEO attached to the bottle-brush core. In comparison to the linear-chain PEO electrolytes of the same molecular weight, the HB PEO electrolytes increase the room temperature conductivity by more than one order of magnitude. The conductivity can be further increased by 50% by increasing the block length of linear PEO in the HB PEO bottle-brush from Mn = 1,000 to 2,000. However, it is only by creating the hierarchical structure where 10k linear PEO is end-grafted onto the terminal groups of the HB PEO bottle-brushes that significant improvements are made to the mechanical properties. Specifically, Young’s modulus increases by two orders of magnitude to 358 MPa-a modulus comparable to commercial PEO. DSC results show that the grafting of the long chains to the bottle brush frustrates HB PEO crystallization, decreasing the crystal fraction to 0.1%, while only decreasing the conductivity by a factor of two. Even though the conductivity decreases slightly, it still remains one order of magnitude larger than the equivalent electrolyte with linear chain PEO. While the room temperature conductivities of these samples remain below the value needed for practical application, the hierarchical HB PEO electrolytes demonstrate that mechanical properties can be significantly improved with only a minor trade-off in the ionic conductivity.
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KL(Lmg™) dmu(mgg™) r* KF(Lg™) m r°

Zn-AL 0.447 20.425 0.992 4.603 1.057 0.822
Zn-ST 1.562 10.952 0.999 5.939 3868 0.705
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Ce 16.40 67.97 0.05 0.21
Ce50Zr 6.39 28.96 0.02 0.09
Ce25Zr 3.57 14.89 0.01 0.01
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Solvent  haws max (nm) e(M~" em=) hem max (nm) Stoke shift (nm) ¢

Toluene 637 835 x 10° 564 17 0.08
Chloroform 536 89.6 x 10° 552 16 0.03
DMSO 536 79.9 x 103 566 19 0.01
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Samples  ZnO (%) Adsorption ZnO (%) Cu(%)  Estimated

composition

Zn-AL 9.4 pH4 972 08 ZnOCuoc0s
pHE 974 09 ZnOCuoce

Zn-ST 8.6 pH4 9756 07 ZnOCuo007

pHE 97.8 08 ZnOCuo.008





OPS/images/fchem-08-571790/fchem-08-571790-t004.jpg
sample 102 kin Cit “ 107 kz (mgg™' Ci 3
(mg g~" min~0%) (mgg™') min-0%) (mgg™)

Zn-AL 0918 0.292 0.9906 0.120 7.989 0.9996
Zn-ST 1.160 0.006 1.0000 0.085 8.482 1.0000
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Pseudo-first order

qe 102 k4
(mgg™) ()

677 268

264 2.16

Y

0.8301
0.7521

e
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Pseudo-second order

102k, 7
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152 09973
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Adsorbent Adsorption References

capacities (mg g~')

(Amax)

ZnO nanoplates > 1600.0 Wang et al., 2010
Nanocomposite of ZnO with 54.06 Sani et al., 2017
montmorillonite
ZnO nanoparticles 625.0 Rafig etal, 2014
ZnO@chitosan core-shel 1176 Saad et al. (2018)
nanocomposite
Zn0O hollow microspheres 1400 Wang et al., 2013b
ZnO from Tecnan 1375 Mahdavi et al., 2012
ZnO (flower-lie) 602 Bagher et al., 2014
Porous Zn-AL 20.43 Present work
porous Zn-ST 1095 Present work
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Compound  Solvent

Monomer CH,Cl,

Polymer CH,Cl
THF
CHCly
CHsCN
DMSO
DMF

My
(nm)
513
572
573
574
568
570
572

1
08
0.7
08
08
04

% rel
7

8.7

9.4

7.4
145
256
278

@hem (nm): emission wavelength (at the maximum intensity).

b1y (ns): fluorescence lifetimes.

% (ns)

43
39
38
42
36
35
38

% rel

100
91.3
90.6
926
85.5
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Compound Nabs ) Stokes shift Optical 4 Bl of 75 T

(nm) (nm)® Av (em™)® gap (ns)® (ws)"
(ev)°
Monomer 503 516 501 241 092 008 005 43 -
Polymer 530 572 1101 219 009 091 0r7 1.1,89 61

All spectra were recorded in CHClp at room temperature.
Wavelength used to excite the compound correlated to the absorption maxima of each compound, respectively.

bStokes shift.

“Calculated from the onset of absorption spectrum (Warwong et al, 2016) (Supplementary Figure 30).

9Flourescence quantum yield calculated using 3-pyridine H-BODIPY as a reference standrd, where &y = 62% in CHzCly (Banfi et al, 2013), detailed in the experimental section.
eIntersystem crossing efficiency, approximated by the Ermoley's rule: dysc = 1= g (W ot al, 2071).

'Singlet oxygen quantum yield.

90btained from TCSPC technique in CHzCl.

hObtained from transient absorption Spectroscopy, hex 355nm, sample degassed using freeze-pump thaw method.
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LDH/TO Thickness D3, Ip}

aop
(wm) (em? s~1) (mA cm~2)
NiAl@AIg-Ca 0.41 7 %1077 5.3
NiAI@AIG 0.40 5x 1077 1.6
NiAl-Alg 091 2 %1077 008
NiA-CO3 200 9x 1078 004

@ Apparent diffusion coefficient calculated for 1mM KyFe(CNls, ®Anodlic peak current
recorded in 0.1M NaOH at v = 50 mVs=1.






OPS/images/fchem-08-576175/fchem-08-576175-t001.jpg
690nm L-CyiPs

LCup
L-CuP-COOH
L-CuP-AA
L-CuP-AA-RN
L-CuP-PEG-NH,
L-CP-PEG-Rh

z-Potential mV/

-234+10
-30.0+3.0
+15.8+£80
-11.0£1.2
—11.0£1.2
—240+20

240nm S-CpPs

SCuP
S-CP-COOH
S-CuP-AA

S-CuP-AA-RN

[a] All measurements in 10 mM NaCl aqueous solution, pH 7.

z-Potential mV

-290+20
—37.4£22
-18+06

-130+ 1.4
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sample dmer @ Do/Dyjo N/AI  BET  Mass loss

(m)  (m)  (m)  ratio  (m%g) (%)
Alg-Ca - - - 168 9t
NiAl@Alg-Ca 0.75 0.304 1.98/396 35 423 49
NiAI@Alg 074 0301 208850 32 33 51
NiAI-Alg 127 0299 = - = 55
NIAI-COs 076 0299 268811 2.1 72 39

*determined using Scherrer equation.
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FTM type

Mobile carriers

Fixed carriers

Combined fixed
and mobile
carriers

The symbol " represents the permeabilties calculeted from the reported permeance given in parenthesis in units of GPU.

Membrane properties

Composition

DN gel/ [Pasas]Pro]

DN gel/[P2z2101] [Inda)

Poly([Veim] (Gly) on PSf

Amine-crosslinked

poly-[Im][TFSI] epoxy
resin/[Emim] [DCA]

PVAm/piperazine
glycinate on PES

PVAm/piperazine
glycinate on zeoite Y
on PES

MWNT-reinforced
PVAM/PZEA-Sar

D (wm)

150

4

0.1

0.1

0.17

Experimental conditions

Feed COiN;  Proea (bar)

0.1:99.9 1
0.05:99.95

25975 1
0.1:99.9 il
25975 1.02

20:80 1.1
20:80 1.1
20:80 1

TeC)

30

100

50

20

57

57

57

RH

30

70

70

80

95

Measured properties
Pco, Barrer)  «
35,000 5,500
52,000 8,100
70,000 14,000
20,000 900
5600° (1400) 2,100
900 140
110 (1100) 290
110" (1100) 210
166* (975) 155

References

Moghadam et al., 2017a

Moghadam et al., 2017b

Kamio et al., 2020

McDanel et al., 2015

Chen and Ho, 2016

Chen et al., 2016

Hanetal., 2018

@ Value includes 3 diffusion resistance leyer; PVAm, poly(vinylamine); PES, poly(ether sulfone); [PZEA](Sar], 2-(1-piperezinylethylamine sarcosine; PTFE, poly(tetrafluoroethylene);
DN, double network; [Pzzz101inda). triethyimethoxymethyl phosphonium indazolide; [VeimjiGly), 1-viny-3-ethylimidezolum glycinate; PSf, poly(sulfone); [Im|[TFS), imicezolum
bis(triftuoromethylsulfonyl) imide; [Emimj[DCA], 1-ethyl-3-methylimidazolium dicyanamide.
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Enzyme Km (H) (nban) Kk (nmMCO™s) k% (ns?) K @nmMCO) ke (inmMO;"s") ki (inmM Oy s

Ca. HydA 0.8 (30°C) 8(30°CP 0.03 (30°C)° 875% 10 0.05(20°CP;0077 (12°CF 0.9 (20°C)°; 1.1 (12°C)°
C.r. HydA1 0.6 (30°C)* 80 (380°CP 0015 (30°C)° 19 x 1074 1.02 (12°C)* 25(12°F

D.d. HydAB 0.27 (30°C)° 1000 (30°CY* 0.03 (30°C)° 3x 107 nd. 40 (30°C

M.e. HydA 0.58 (5°C) 2(20°Cf 0.003 (20°C)° 45 %107 0.075 (20°C)° 0.25 (20°C)°

Aw. HDCR 0.24 (30°C)f 930(30°C) " 002 (30°0)! 21 %10 25 (30°C) 6.5 (30°C)

Df. HNdABCD 055 £0.15(30°CI 1,000 340 (30°C)F  0.052 0.02 (30°C)¢ 5x 107 n.d. 2.4216(12°Cp

aFourmond et al. (2013); ®Caserta et al. (2018); °Baffert et al. (2011), %Orain et al. (2015), ®Liebgott et al. (2010); ‘Ceccali et al. (2017); 9This study, the values are the average of three
independent experiments both for Hnd purified under aerobic or under anaerobic condlitions. The ki°© values are corrected for the effect of hydrogen protection (Liebgott et al,, 2010).
Ki©0 = k;%O/k0. C.a., Clostridium acetobutylicum; C.r,, Chlamydomonas reinhardltii; D.d., Desulfovibrio desulfuricans; M.e., Megasphaera elsdenii: A.w., Acetobacterium woodi; D.f.,
Desulfovibrio fructosovorans.
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Sample

anC
anC:Np5

anC:Np10
anC:Np20

Eon (Vaie) @0.1 mA cm=2

0.65
0.62
0.69
0.72

H20,% @0.3 Ve

67
38
47
57

n @03 Vae

26
32
3.0
29
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(in uA) mv)

(npA)  anaerobic aerobic
30°C 020 -0.45 0.44 021
20°C 050 -0.30 1.67 125

10°C 055 -0.20 275 1.03
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sample Io/la
anC® 074
anCNps~ 0.83

anCNp10 0,82
anCNp20 0,85

la/la

023
020
023
0.25

a—Data from Behan et al. (2018).

G peak (em™")

position

1,598
1596
1,597
1,697

fwhm

85
89
87
89

D peak (em™")

position

1,379
1,386
1,385
1,386

fwhm

274
308
308
308
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Purification conditions Km Optimal T
(MV) (inmM)  (in°C)

Aerobic 16£20 550

Anaerobic 18£2 55

Ratio (anaerobic/aerobic)

Optimal pH

8

SA (MV) H; oxidation
(in U/mg of enzyme)

476 + 40
740 £ 45
1.66

SA (MV) H production
(in U/mg of enzyme)

645+ 13
535+5
0.83

The values are the average of three independent experiments. T, temperature; SA, specific activity. Data from Kpebe et al. (2018).

SA (bifurcation) Hy
oxidation
(in U/mg of enzyme)

0.21+0.12
072£03
3.43
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Cts fwhm (eV)

16
22
24
24
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DOX/CNTs -86£04
CNT/HAG.4-DMPE 21414
DOX/ONT/HAG 4-DMPE ~291£10
CNT/HA(7-DMPE 25912
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CNT/HAs,-DMPE 28719
DOX/CNT/HAs;-DMPE 9610
CNT/HAz0-DMPE —84.4£07
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CNT/HAss0o-DMPE —483+05

DOX/CNT/HA1500-DMPE -41.0+09
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PEO electrolyte T, (°C)

L1k -563.9
L2k -37.9
L10k -346
L1.5M -35.2
HB-80nm-1k -612
HB-65nm-2k -38.2
HB-106nm-1k-10k -47.4

"Measured during heating sweep after equilibrating at ~90.

Tm (°C)

275
45.6
55.0
55.4
28.4
43.4
420

T (°C)

-23.6"
a7
304
375
18
24

Xerystal (%)

266
448
49.4
535
24
355
01

°C for 10 min (Supplementary Figure S8), indicating siuggish recrystalization kinetics.
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Polymer D, (nm)*
HB MI (core) 13
HB-65nm-2k 65
HB-68nm-1k 68
HB-80nm-1k 80
HB-106nm-1k-10k 106

cve

0.25
0.23
0.21
0.19
017

Moni®

132 x 10°
452 x 10°
478 x 10°
621 x 10°
913 x 10°

MM,

13
12
1.29
129
1.30

“Hydrodynamic diameter (D) and coefficient of variation (CV) in DCM measured by DLS.
®Apparent number-average molecular weight, My, s and polydispersity M,/M, measured

by DMF SEC, calibrated with linear PMMA standards.
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sample

[Ru(dpp)2(16-ATAP)Z* (PBS)
[Ru(dpp)2(16-ATAP)* (H20)
[Ru(dpplz(11-ATAP)Z* (PBS)
[Ru(dpp)2(16-ATAP)P** (Hz0)
[Ru(dpp)2(6-ATAP)** (H,0)

Size (nm)

189.92 £2.13
240.90 + 5.07
146.67 £7.21
163.80 + 4.56
136.3+08

Measurements were performed in triplicate (n = 3).

PDI

0.328 + 0.045
0.558 + 0.052
0625 + 0.089
0.602 + 0.037
0.122 +0.023
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Absorbance
(nm)

MeCN  DCM

[Rul(dpp)2(NHzphen))* 454 460
[Ru(dpp), (6-ATAP)]2+ 454 459
[Ru(dpp)2(8-ATAP)?* 454 459
[Ru(dpp)z(11-ATAP)2* 454 459
[Ru(dpp)z(16-ATAP)* 454 459

H20

438

438

438

438

In all cases the concentration of [Ru(dpp)z(x-ATAP)PFs)> was 5 uM.

Emission
(nm)

MeCN ()

617
(0.0094 = 0.0004)
608
0.0114  0.0002
608
0.0114 % 0.0002
608
00114  0,0002
608
0.0114 £ 0.0003

DCM

596

596

596

596

H20

628

636

636

618

Emission

MeCN

1.62E-07 £ 1.7E-08

1.75E-07 + 2.2E-08

1.736-07 £ 1E-08

1.82E-07 + 2.3E-08

1.86E-07 + 2.6E-08

6.46E-07 + 3.8 E-09

6.39E-07 + 8E-09

6.42E-07 + 4.8E-09

6.39E-07 + 1.28E-08

Lifetime

Ho0 (biexponential)

7.38E-07 & 2.36-09
©1%)
8.20E-07 + 2.56-10
(90 %)
8.06E-07  1E-09
(89.%)
9.19E-07 + 7.56-09
(90 %)

1.05E-07 + 1E-09
9 %)
1.35E-07  2.56-10
(10 %)
1.87E-07  1.8E-09
(11%)
1.88E-07 + 4E-09
(10%)
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Nanomaterial Target drug Platform LoD References

Graphene Morphine Electrochemically exfoliated graphene 8.77 nmol L~ Maccaferr et al., 2019
Cathinone Graphene/MIP 0.059 pmol mL~" Zang etal., 2013
Methcathinone 0.02 pmol mL~"
Gocaine GO/AUNPs/aptamers 1 nmol L~ Jiang et al., 2012
Morphine RGO/Pd 0.012 ol L' Attaetal., 2014
Cocaine Magnetic graphene 1.5 pmol L~ Tang etal., 2011
Gocaine RGO/AUNPs/Polyaniline/aptamer 0.029 nmol L= Hashemi et al., 2017
CNTs Cocaine MWCNTs-SPE 10 pmol ! Asturias-Arribas et al.,
2014
Cocaine MWGCNTs-COOH/cyclodextrin 1.02 pmol L™ Garrido et al., 2016
Morphine NiO/CNTs 0.01 pmol L~ Sanati et al., 2014
Morphine MWCNTs/carbon paste 0.09mol L' Mokhtari et al., 2012
Fentanyl MWGCNTs/4-(3-butyl-1-imidazolio)- 1-butanesulfonate 10 pmol L= Barfidokht et al., 2019

MIP, molecularly imprinted polymer; RGO, reduced graphene oxide; PdNPs, palladium nanoparticles; GO, graphene oxide; AuNPs, gold nanoparticles; SPE, screen printed electrode;
MWCNTs, multiwalled carbon nanotubes.
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Cathinone

Norephedrine
Cathine

Ephedrine
Pseudoephediine
Cathinone

Flephedrone
Metcathinone
Metylephedrine
Methylpseudoephedrine
Ethcathinone

Methylone

Methedrone
Mephedrone

Butylone

Amfepramone

LOD (mol L~)
samples from
subjects

13.22
13.24
16.36
17.57
14.09
16.02
8.58
13.96
78
8.37
4.83
2.61
3.95
4.07
243

LOD (wmol L~)
samples collected
post mortem

17.85
14.56
15.15
18.18
208
17.12
12.88
12.84
8.92
7.85
531
4356
451
4.07
341
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Classes of drugs of  Target drugs
abuse

Narcotics Morphine

Heroine

Stimulants Cocaine

Methcatinone

Mephedrone

MEC

Methcathinone

Cathinone

MDMA

PMA

MDMA/PMA

Cannabis SCs

A° -THC

Type of (bio) sensor

RGO-Pd

EGO-modified SPE

I/NIO/CNTCPE

GNSs modified GC
electrode
GNSs modified GC
electrode

Supramolecular
aptasensor on
supramolecular
aptamer, rolling circle
amplification combined
with multiplex binding
of the biotin-strepavidin
system for cocaine
detection.

SPCEs
MWCNTs-SPEs

Aptasensor platform

Pt-SPEs

BDDE

GSPE
GPH-SPE

Uttrasensitive
electrochemical
nanoaptasensor

Potentiometric sensor
based on nanoMIPs

SPEs

SPEs

SPEs

MIF

MIF

EPAD coated with
ZnONRs
SPEs
BDD
GC
SPEs
BDD
GC
SPEs
BDD
GC

SPE with NAMM

GC disk electrode

C-SPEs

Pretreatment

The aptamer fragments
were assembled to a
supramolecular
aptamer, in the
presence of cocaine,
conjugates to
streptavidin for
anchoring of
biotinylated circular
DNA.

These modifications
initiates RCA and
enables sensitive
electrochemical-
enzymatic

readout.

Electrodeposition of
thiophene
macromonomer
bearing polypeptides.
Pt-SPEs was covered
COHGFe

The electrodeposition
of PABA and OPD

1. Deposition of AuNPs
on the surface of GCE
2. Covalent attachment
of Apt

305 pre-concentration
step under an applied
potential of =12V

The efimination of
chemical interferences
from samples was
achieved through prior
puriication using the
TLC technique

Pt-SPEs was covered
COHCFe

Detection analytical
method

DPV

DPV

swv

DPV

DPV

DPV

swv

DPV

cv

BIA-SWV

cv

[¢%

(<%

DPV

DPV

cv

DPV

DPV

DPV

cv

cv

Limit of detection
(LOD) or limit of
quantification (LOG)

LOQ = 0.34 ol L~
LOQ = 14 ol L=
LOD =0.012 pmol L~
LOD =8.77*10-8
mol mL~"

LOD =0.01 pmol L~*
LOQ = 1.63 umol L=

LOQ = 65 prnol L~
LOD = 0.4 pmol L~
LOQ = 100 pmol L~
LOD = 0.5 pmol L~
LOD =0.0013 pmol
L1 (at SIN=3)

LOQ = 0.002 pmol L=

LOQ = 10 pmol L~"

LOD = 28.8 pmol L=
LOQ = 96.2 pmol L1
LOQ =0.198 pmol
(-1

LOD = 0.89 pmol L=
LOD = 3 pmol L="
LOQ = 10 pmol L~
LOQ = 50 pmol L~
LOQ = 100 pmol L~!

LOQ = 0.001 pmol L~*

LOQ = 0.098 pmol
L~ (at pH=12)

LOD = 0.273 pmol L~*
LOQ = 0.09 pmol L~
(at pH=2)

LOD =0.224 pmol L~*
LOQ = 0.083 pmol
L~ (at pH=2)

LOD = 0.44 pmol L~
LOD = 0.0202 nmol
mL=!

LOD = 0.059 nmol
mL-!

LOQ= 1 pmol L~
LOD=0.1 pmol L~*
LOD =0.207 umol
mL-!

LOD = 0.048 wimol L~

LOD = 1.29/0.227
pmol L1

LOQ = 79.64 nmol
L

LOD = 1.08 nmol
mL~!

LoQ = 7.64 nmol
mL-t

Samples

Human urine
Urine sample
Human urine,

pharmaceutical
samples

Spiked urine samples

Street samples
Synthetic biological

fluids ( urine and salive)

Seized samples

Street samples

Serum

Blood serum sample

Serum samples

Serum samples

Human saliva, sweat,
and urine.

Saliva

Hamp and hashish
confiscated by the
police

Seized samples
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Shen etal., 2015
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Roushani and
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RGO-Pd, Graphene-palladium-hybrid-modified glassy carbon electrode; EGO-modified SPE, screen-printed electrode modified by a graphene oxide coating; DPV, Differential pulse voltammetry; IL/NIO/CNTCPE, ionic liquid modified
NIO/CNTs carbon paste electrode; SWV, square wave voltammetry; GNSs, Graphene nanosheets; GC, glassy carbon; DDIAS, DNA-directed immobilization of aptamer sensors; SPCEs, Carbone-based SPEsScreen printed carbon
electrodes; MWCNTs-SPEs, Screen printed electrodes modified with multi wall carbon nanotubes; A°THC, A-9-tetrahydrocannabinol; Pt-SPE, platinum screen-printed electrode with CoHCFe, a cobalt hexacyanoferrate fim; C-SPEs,

carbon screen-printed electrodes; CV, cyclic voltammetry; BDDE, Boron-doped dizmond electrode; BIA-SWV, batch-injection analysis system wi

: GSPE, graphite screen-printed electrode; Graphite screen-printed electrodes modified

with graphene (GPH-SPE); PABA, p-Aminobenzoic acid; OPD, o-phenylenediamine; molecularty imprinted polymer nanoparticles (nanoMiPs); MIF; molecularly imprinted fim; EPAD, Electrochemical paper analytical device; ZnONRs,
Zinc oxide nanorods; BDD, boron-doped diamond electrode; GC, glassy carbon electrode; MDMA, 3,4-methylenedioxy-methamphetamine; PMA, para-methoxyamphetamine; SCs, Synthetic cannabinoids; GC, Glassy carbon; CA,
Chronoamperometry; MEC, 4-Methylethcathinone; NAMM, N-{4-amino-3-methoxyphenyl)-methansufonamide.
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Model Parameters Nafion
Core-shell (spherical) Average diameter (21) (nm) 185005
Oblate spheroid (elipsoid) Average diameter (21) (nm) 155 +0.05
Aspect ratio () 1.00
Length of long axis (2ar) (nm) 156
Cylindrical Average diameter (20) (nm) -
Aspect ratio (a) -

Length (2ar) (nm) -

Ls 16

10.50 + 0.20
7.50£0.20
5.50
41.25
5.00 £ 0.20
3.50
17.50

Ls3.1

8.95+0.25

6.00 £ 0.20
4.50
27.00

4.50 £ 0.20
3.00
13.50

*The dimensions for each ionic domain geometry are schematically shown in Figure S6a. R-value, a measure of the quality of the fit of ionic domain peaks, was found to be low (R~

0.06-0.22). The variations (+) in average diameter mean the values within this range fits the RSAXS curves equally well.
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Nafion
Ls16
LS3.1

Form

Sample thickness (nm)

200nm
250nm
250nm

Amax (M=)

225
1.39
112

lonic domain characteristics
FWHM (nm~1)
074

0.92
0.85

d-spacing (nm)

279
452
561
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lonomers  IEC Density (g/cc)
Film thickness (~250nm)  Film thickness (~25nm)
Nafion 091 1.89 174

Ls1.6 16 1.29 1.07
Ls3.1 3.1 1.06 092





OPS/images/fchem-08-579869/math_11.gif





OPS/images/fchem-09-563864/math_1.gif
dcost(w)
AlZ (@)

[0





OPS/images/fchem-08-00572/fchem-08-00572-g007.gif





OPS/images/fchem-08-00646/fchem-08-00646-g011.gif





OPS/images/fchem-08-00690/fchem-08-00690-t001.jpg
lonomers Composition from elemental analysis (Wt%)

c o H s N
Kraft lignin 6724 2744 589 1.69 0.50
Ls16 52.91 3166 6528 348 <0.60

LS3.1 4119 3885 443 729 <0.50
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Copolymers

TRP-BP 1:1-35
TRP-BP 2:1-35
TRP-BP 1:2-40
TRP-BP 1:1-40
TRP-BP 1:2-50
TRP-BP 1:1-50
PENT-BP 1:2-40
PENT-BP 1:1-40
PENT-BP 1:2-60
BPSH 30

BPSH 40

BPSH 50

1ECy(dry)
(mea/g)

1.27 £0.01
1.23 +0.01
1.46 £ 0.01
1.43 £0.01
1.76 £ 0.02
1.70 £ 0.02
1.36 £ 0.01
127 £0.01
1.60 £ 0.01
125 £ 0.01
1.69 + 0.02
1.96 £ 0.02

*Calculated using Equation (5).
bCalculated using Equation (7).

IEC, (wet)®
(meg/em?)

1.36 £ 0.07
1.35 + 0.07
1.22 £ 0.06
1.33 £0.08
0.73 £ 0.07
0.63 £ 0.04
1.65 + 0.08
1.49 £ 0.06
1.29 £ 0.13
1.53 £ 0.05
1.64 + 0.06
1.41 £0.07

25°C

69+ 1
66+ 2
76£6
70£6
58+ 1
51+£3
40+ 4
30£3
88+6
43£6
78+3
1095

Proton conductivity (mS/cm)
50°C 60°C
7242 752
721 751
83+3 85+6
@+5 100 +3
8344 8+6
7242 80£3
61+1 M1
49%8 502
1M +2 M7 x7
59+3 755
10910 115+ 14
118 £3 127 £ 4

80°C

82+2
82+2
91+8
108 £ 4
94 10
83+3
80+6
73+ 4
133+6
78+3
132 £ 10
1398

E,® (kd/mol)

2.68
3.41
3.37
7.68
7.88
8.81
1.4
14.4
6.56
10.1
8.36
3.88
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Copolymers  IEC{™  IECY®™®  IEC,(wetf® WU (%) SR (%)
(meq/g)  (meq/g)  (meg/em®)

TRP-BP 1:1-35 138 127+001 136+007 65+4 32+56
TRP-BP 2:1-35 134 123+£001 135007 643 25%4
TRP-BP 1:2-40 1.61 146 £001 122+006 67+3 59+7
TRP-BP 1:1-40 156 143+001 133+008 706 47%9
TRP-BP 1:2-50 192 176+002 073+007 166+5 231433
TRP-BP 1:1-50 188 170+ 002 063004 258 £12 27423
PENT-BP 1:2-40 144 135+001 155+008 31+4 16+5
PENT-BP 1:1-40  1.36 127 £001 149+006 28%5 12+4
PENTBP1:2-50 1.75 160+001 1294013 99+17 61+16

BPSH 30 134 125+£001 153+£005 24£3 12£3
BPSH 40 172 159+002 154+006 44+2 AT £ 4
BPSH 50 20 196 £0.02 1.41+£007 115£20 95+ 10

aCalculated from monomer feed ratio during polymerization.
bDetermined from titration method using 0.01 M NaOH solution.
Calculated from Equation (5).
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Copolymers

TRP-BP 1:1-35
TRP-BP 2:1-35
TRP-BP 1:2-40
TRP-BP 1:1-40
TRP-BP 1:2-50
TRP-BP 1:1-50
PENT-BP 1:2-40
PENT-BP 1:1-40
PENT-BP 1:2-50
BPSH 30

BPSH 40

BPSH 50

Density (g/cm®)

1.41+0.04
1.37 £ 0.06
1.33+0.01
137 £0.01
1.38+0.01
1.39£0.02
133001
131£0.01
1.32+0.02
1.37 £0.02
1.42+0.03
1.40 £ 0.01

vV (dL/g)

0.48 +0.01
0.54 £0.01
0.70 £0.01
0.52 +£0.01
052 £0.01
0.42 £0.01
062 £0.01
0.76 £0.01
0.50 +0.01
0.82 £0.01
1.16 £ 0.01
0.62 £0.01

Tas (°C)°

383
355
392
404
382
388
427
394
392
352
382
341

@Measured on salt-form samples in 0.05 M LiBr NMP solution at 25°C.
b5% weight-loss temperature measured on acid-form samples under Ny atmosphere.

¢Measured on acid-form samples by DSC at 10°C/min, No.

Ty COF

254
277
281
280
280
291
296
299, 311
309
248
260
271
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Metal
M-N(trz)
M-N(pyr)

M-CI(1)

M-CI2)

M-X(@3)

MM

cis D-M-DP
trans D-M-DP
N(py)-M-N(trz)®
N(pyn-M-N(trz)®
CHM-CI

z

1

Vi
2.0442)
2.184(3)

23150 (19)
23136 (19)

4.2570 (14)
7551 (9)-119.22 (14)
160.96 (5)~165.27 (10)
7551 (9)
166.27 (10)
160.96 (5)
1046

2

o
2,008 2)
2.432(2)

23049 (11)
2.3080 (12)

42144 (12)
77.28(9)-116.34 (14)
166.38 (9)-168.83 (4)

77.28(9)

166.38 (9)

168.84 (5)
80.4

3

ci
2.022(3)-2.108 3)
2,071 (3)-2.125 (3)

22813 (10)-2.2955 (11)
22838 (11)-2.2085 (11)

6.0428 (8)-6.0988 (8)
77.01 (12)-103.20 (12)
160.14 (12)-173.02 (9)
77.01 (12)-79.62 (12)
83.31 (12)-96.45 (12)
93.71 (4)-95.27 (4)
625-74.8

4

v
2197 3)
2166 (3) N3
2.181(3) N4
2.333(2)
2315(2)
Cl@7 2272 (2)
7.487(2)
76.11(9)-100.32 (9)
168.77 (7)-175.51 (9)
76.11(9)
100.32 (9)
94.03 (4)-169.12 (3)
55.4

5

Viii6Volea ®
2270(29)
2161 )N
2.168 (2) N4
2.361(9)
2324 (9)
OBb)* 1.774 (8)
7.6559 (11)
75.01 (9)-100.87 ()
166.6 (3)-172.43 (9)
75.01(9)
98.28 ()
92.20 (7)-166.90 (4)
635, 63.1°

@ Partial replacement of the equatorial chloride ligand CI(3) in 4 by a vanadyl oxygen atom O(3b) in 5. The relative occupancies of Cii3a):0(3b) in & were refined with the V1-Cl(3a)
distance restrained (DFIX) to the value for V1-Ci3 found in the fresh crystals (2.272 A) and rigid-bond restraints (RIGU) were applied to the thermal parameters of V(1), CI(34), and O(38);
the occupancies converged at 58:42.

b D is any donor atom coordinated to M.
© N atoms from same ligand.

9 N atoms from different ligands.
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Core NFs

PAN/MWCNTs/FeTos

PAN/FeCl

PAN/FeTos

Monomers for VPP

Py

Py/Py3COOH (1:2)

GOx fixation

Adsorption

Cross-linking

Covalent binding

Detection

Amperometry
No mediator

With mediator
Amperometry

+0.65V
-0.65V
EIS

Lob
(M)

155
980

78
70
0.002

Linear range (M)

250-6000
125-7000

10-3500
30-600
0.020-2

References

Ekabutr et al., 2013

Cetin and Camurluz,
2017

This work
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Tumor type n cases Receptor incidence

NMBR GRPR BRS-3
Prostate carcinomas 12 012 1212 o2
Breast carcinomas 57 o557 41/57 o557
NE® GEP tumors
Gastrinomas 5 o5 5/5 o5
Intestinal carcinoids 24 11724 0724 024
Thymic carcinoid 1 1" o o
NE lung tumors
Bronchial carcincids 2 1/26 0/26 926
Small cell lung cancers 9 09 3/9 49
LCNEC 1 o o 1"
Renal cell carcinomas 16 016 6/16 4116
Ewing sarcomas 10 010 010 2/10

SNE, neuroendocrine; GEP, gastroenteropancreatic; LCNEC, lerge cell neuroendocrine
e
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Entry  Composite Sonication conditions Cucontent  Targeted Cu Deposition Tz (C)°

(Wt.%) content efficiency
wt.%) (%)
Power (W) Time

1 GuPc/graphite[50%/5 min] 100 5.5 35 52 67 na.
2 CuPc/graphite(20%/35 min] 40 535 48 52 88 647
3 CuPc/graphitelbath/60min] 30 (bath) 5-60° 64 52 100" 633
4 GuPc/graphite{bath/420 min] 30 (bath) 5120 55 52 100¢ 658
5 CuPc/graphitelbath/60 min/1%]* 30 (bath) 560 069 094 73 742
6 CuPc/graphite[bath/120 min/1%]* 30 (bath) 5-1200 0.76 0.94 81 742
7 CuTPP/graphite[20%/35 mi] 40 535 52 49 100 668
8 CuTPP/graphitelbath/120 min] 30 (path) 5-120 39 49 80 730
9 CuTPP/graphitelbath/240 min] 30 (bath) 5240 30 49 61 735
10 ‘CuTPP/graphite[bath/240 min/NMPJ® 30 (bath) 5'-240 0.62 49 13 757
11 CuTPP/graphitelbath/120 min/1 %]° 30 (bath) 5120 0.16 0.89 18 774
12 CuTPP/graphite[bath/240 min/1 %/NMPJ® 30 (bath) 5240 0.06 0.89 7 785
13 CuNit/graphite[20%/35 min] 40 535 0.02 9.1 02 753
14 CuNit/graphite{50%/5 min/NaBHs] 100 55 07 a1 8 na.
15 CuPc/graphitel50%/5 min/400] 100 55 78 - - na.
16 CuPc/graphitelbath/60 min/1%/450)* 30 (bath) 560 077 - - na.
17 CuTPP/graphitelbath/240 min/1 %/NMP/4S01% 30 (bath) 5240 0.06 - - na.

%Based on ICP measurements (a relative standard deviation of %5% applies to the reported values), except for entries 15-17. For the last 3 entres, the Cu content is estimated by
attributing the weight loss measured after calcination to carbonaceous material (Vichel et al, 2019).

bDeposition effciency is the ratio, between the real Cu content as measured by ICP and the tergeted Cu content based on the Cuprec/(Cuprec-tgraphite) weight ratio iniially present
in the synthesis mixture, ie., 5.2, 4.9, and 9.1 wt.% for CuPc, CuTPP, and CuNit-based composites, respectively

©TGA-derived temperature of half decomposition of graphite defined as the maximum of the weight loss vs. temperature derivative above 500°C (derivatives of the curves presented in
Figure 1, not shown). It coesponds to the temperature at which 50% of graphite is oxidized.

9Synthesis using an initial Cu/graphite ratio of 1 wt.%.

*Use of NMP instead of DIF as synthesis solvent.

1The excess copper found by ICP is attributed to loss of unreacted graphite on the walls of the beaker upon slight evaporation of the DMF solvent at the extended reaction times.
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Targeted receptor

Tumor expression

References

Integrin (av0)
EGFR
NPY (hY1R)

Bn receptors (GRPR)

Somatostatin (SSTR2)
GnHR-R

VIP receptors
MC1R

Neurotensin receptors (NTSR1)

Activated endothelial cells and tumor cells (such as UB7MG glioblastoma cells), ovarian
cancer cells

Lung, breast, bladder, and ovarian cancers.
Breast cancer, Ewing sarcoma

Lung, prostate, breast, pancreatic, head/neck, colon, uterine, ovarian, renal cell
glioblastomas, neuroblastomas, gastrointestinal carcinoids, intestinal carcinoids, and
bronchial carcinoids

Small cell lung, neuroendocrine tumor, prostate cancer, breast cancer, colorectal
carcinoma, gastric cancer, hepatocellular carcinoma

Ovarian, breast, prostate, lung cancer

Endocrine tumors, colon, breast cancer
Melanoma tissues

Breast, colon, pancreatic, lung, prostate cancer

Desgroselier and Cheresh, 2010;
Chen and Chen, 2011

Li et al., 2005; Yarden and Pines,
2012

Sdll et al., 2001; Korner et al., 2008;
Lietal, 2015

Jensen et al., 2008; Sancho et al.,
2011

Volante et al., 2008; Sun and Coy,
2011

Schally and Nagy, 1999; Limonta
etal, 2012

Reubi, 2003; Tang et al., 2014

Froidevaux and Eberle, 2002;
Froidevaux et al., 2006

Kokko et al., 2003; Wu et al., 2012
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Compound tp (min) At (min) A atoms

3 20.38 0 o

8a 14.98 -5.4 -1
8b 16.88 -35 +1
8f 15.93 -45 +2
8c 18.89 ~15 +3
8d 2321 2.8 +7
8e 27.98 476 411
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Compound

Identification code
Empirical formula

Formula weight
Temperature (K)

Crystal system

Space group

Crystal size (mm)*

a (k)

b (&)

e

()

B)

v()

V(A%

z

Geac (Mg om)

W (mm™)

Radiation

F(000)

Limiting indices

Reflections collected/uniaue
Rint)
Datarestraints/parameters
GooF on F?

Final R indices {1 > 2()J*

R indices (all data)

Largest diff. peak/hole (e:A-%)
CCDC number

Cluster 1

FeDy3-F
CritHiasDysFeFesNsOsz
332091
150(2)
triclinic
P
0.36 x 0.28 x 0.1
18.4200(14)
18.9102(15)
22.7645(17)
74.458(6)
74.312(6)
61.009(5)
6597.3(10)

2
1,676
2.414
Mo-Ka
3350
h =22, k=23, 1 = +28
68115/17547
0.0514
26614/12/1584
0897
Ry =0.0556; wRz = 0.1314
R = 0.0838; R, = 0.1404
1.289/-2.625
2001519

Cluster 2

Fe6Dy3-Cl
GrizH1asClsDysFesNOs2
344263
180(2)

Triclinic
P
0.17 x 0.12 x 0.07
18.8093(7)
19.2724(6)
22.0728(6)
73.406(2)
72.925(3)
62.357(3)
6941.4(4)

2
1.647
16.143
Cu-Ka
3462
h = £23, k = £28, | = +28
118864/19723
00677
27024/0/1487
0990

Ry =0.0511; wRp = 0.1266
Ri = 0.0731; wRz = 0.1377

1.277/-1.754
2001520

Cluster 3

Fe6Dy3-Br
CiogH133BreDysFesNsOag
3613.27
150(2)

Triclinic
P
0.37 x 0.23 x 0.19
16.9250(8)
19.7948(10)
22.4771(12)
107.361(4)
94.136(4)
107.204(4)
6758.7(6)

2
1.775
4.119
Mo-Ka
3,570
h =21, k= 25,1 = 28
86682/19676
0.0563
28714/102/ 1547
0917
Ry =0.0498; wRz = 0.1182
R = 0.0770; wR, = 0.1262
1.894/-1.479
2001521
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Fel Fe2 Fe3 Fed FeS Fe6 Av

[FesDys(benz)s] 1.86 1.37 2.10 2.10 1.37 1.86 1.78
[FesDys(F-benz)e] (1) 208 224 201 214 1.70 1.68 1.97
[FesDya(CH-benzle] (2) 1.91 225 190 2.18 1.78 1.71 1.96
[FesDys(Br-benzle] (3) 277 219 177 1.93 230 1.98 2.16

Dyt Dy2 Dy3

SAPR DD SAPR DD SAPR TDD

[FeeDya(benz)s] 377 1.60 252 1.75 252 174
[FesDys(F-benz)s] (1) 4.40 207 1.74 1.93 334 1.66
[FesDy(CH-benzle] (2) 373 1.87 1.79 1.98 327 1.72
[FesDys(Br-benz)g) (3) 424 1.99 209 1.60 347 1.73
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Cluster Fel Fe2 Fe3 Fe4 Fe5 Fe Zaverage av/angle
[FesDys(benz)s] 87.41 80.34 9277 87.41 80.34 .77 86.84 724
[FesDya(F-benzle] (1) 88.87 9553 94.93 94.08 82.40 84.08 89.98 7.50
[FesDys(Ch-benzle] (2) 88.34 97.64 %232 95.74 84.95 86.38 90.89 757
[FesDya(Br-benz)e] (3) 103.90 98.24 8758 83.44 94.45 93.86 94.41 7.87
Cluster Fel Fe2 Fe3 Fed Fe5 Fe Gavorage av/angle
[FesDys(benz)s] 285.93 24228 312.48 285.93 242.28 31248 28023 11.68
[FesDya(F-benz)e) (1) 206.14 32881 290.96 308.74 282.49 277.78 207.49 12.40
[FesDys(Ch-benzle] (2) 288.01 327.86 284.71 318.22 287.25 280.93 206.99 12.37
[FesDys(Br-benz)e] (3) 355.97 300,49 27826 207.38 32002 28695 30051 12.90
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Dy-0 (&)

Dy-O (u-OMe)
Dy-O (u-carboxylate)
Dy-O (ju-phenoxo)
Dy-O (vanox-OMe)

Range

2.208-2.282
2.282-2.352
2.361-2.431
2.472-2.577

Average

2,259
2316
2392
2518
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