IONIC LIQUIDS: PROPERTIES
AND APPLICATIONS

EDITED BY: Francesca D'Anna and Jason Harper
PUBLISHED IN: Frontiers in Chemistry

9.0
0' “ev0
o% 0’

oy

,frontiers Research Topics


https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/journals/chemistry

:' frontiers

Frontiers Copyright Statement

© Copyright 2007-2019 Frontiers
Media SA. All rights reserved.

All content included on this site,

such as text, graphics, logos, button
icons, images, video/audio clips,
downloads, data compilations and
software, is the property of or is
licensed to Frontiers Media SA
(“Frontiers”) or its licensees and/or
subcontractors. The copyright in the
text of individual articles is the property
of their respective authors, subject to a
license granted to Frontiers.

The compilation of articles constituting
this e-book, wherever published,

as well as the compilation of all other
content on this site, is the exclusive
property of Frontiers. For the
conditions for downloading and
copying of e-books from Frontiers’
website, please see the Terms for
Website Use. If purchasing Frontiers
e-books from other websites

or sources, the conditions of the
website concerned apply.

Images and graphics not forming part
of user-contributed materials may
not be downloaded or copied
without permission.

Individual articles may be downloaded
and reproduced in accordance

with the principles of the CC-BY
licence subject to any copyright or
other notices. They may not be re-sold
as an e-book.

As author or other contributor you
grant a CC-BY licence to others to
reproduce your articles, including any
graphics and third-party materials
supplied by you, in accordance with
the Conditions for Website Use and
subject to any copyright notices which
you include in connection with your
articles and materials.

All copyright, and all rights therein,
are protected by national and
international copyright laws.

The above represents a summary only.
For the full conditions see the
Conditions for Authors and the
Conditions for Website Use.

ISSN 1664-8714

ISBN 978-2-88963-005-9
DOI 10.3389/978-2-88963-005-9

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: researchtopics@frontiersin.org

Frontiers in Chemistry

1 August 2019 | lonic Liquids: Properties and Applications


https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/journals/chemistry
http://www.frontiersin.org/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org

Topic Editors:
Francesca D'Anna, Universita degli Studi di Palermo, Italy
Jason Harper, UNSW, Australia

Sustainability, defined as the way to meet the needs of the present generation without
compromising the ability of future ones to meet their own, is one of the main
challenges of modern society. Within this context, chemistry plays a significant role,
and solvent nature as well as its environmental impact are pivotal issues frequently
addressed.

lonic liquids, i.e. organic salts that have melting temperatures lower than 100 °C,
have been frequently hailed as alternatives to conventional organic solvents. Their
greenness has been mainly ascribed to their low vapor pressure and flammability.
However, in addition to this, their high solubilizing ability and low miscibility with
conventional organic solvents frequently allow for reducing the amount used, as
well as for their recycling.lonic liquids, especially the ones featured by aromatic
cations, are frequently described as “polymeric supramolecular fluids” constructed
through the establishment of feeble but cooperative supramolecular interactions
like Coulomb and n-m interactions, as well as hydrogen bonds.

In general, ionic liquids are also indicated as “designer solvents” as it is possible to
tailor their features to specific applications by simply modifying their cation or anion
structure. In this way, small changes in the ion’s structure can give rise to solvents
showing very different properties.

The above premises widely justify the growing interest in the properties and
applications of ionic liquids, seen in recent literature (according to Scopus, more
than 27,000 papers published in the last five years have "ionic liquids” as a keyword).
Thanks to their properties, they have been variously used as solvent media, solvents
for the obtainment of gel phases, components in the building of dye-sensitized solar
cells, media for the preparation of thermochromic materials, etc.

This Research Topic aims to present how structural features can determine not
only the properties of ionic liquids, but also their possible employment. In this latter
case, the interest arises from their ability to affect the outcome of a given reaction
in terms of rate, yield, and nature of the products obtained for general use in the
field of materials chemistry.

This article collection is dedicated to Prof. Kenneth R. Seddon for his outstanding
contribution to the formation and development of the ionic liquids community.

Citation: D'Anna, F., Harper, J., eds. (2019). lonic Liquids: Properties and Applications.
Lausanne: Frontiers Media. doi: 10.3389/978-2-88963-005-9

Frontiers in Chemistry

2 August 2019 | lonic Liquids: Properties and Applications


https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/journals/chemistry
https://doi.org/10.3389/978-2-88963-005-9

Table of Contents

06

19

34

41

48

56

87

102

116

132

138

146

152

Anomalous and Not-So-Common Behavior in Common lonic Liquids and
lonic Liquid-Containing Systems

José M. S. S. Esperanca, Mohammad Tarig, Ana B. Pereiro, Joao M. M. Araujo,
Kenneth R. Seddon and Luis Paulo N. Rebelo

A Review of Solvate lonic Liquids: Physical Parameters and Synthetic
Applications

Daniel J. Eyckens and Luke C. Henderson

NHC in Imidazolium Acetate lonic Liquids: Actual or Potential Presence?

Isabella Chiarotto, Leonardo Mattiello, Fabiana Pandolfi, Daniele Rocco and
Marta Feroci

lonic Liquids Catalysis for Carbon Dioxide Conversion With Nucleophiles
Shu-Mei Xia, Kai-Hong Chen, Hong-Chen Fu and Liang-Nian He

CO, Electroreduction in lonic Liquids

Deonildo Faggion Jr., Wellington D. G. Gongalves and Jairton Dupont
Proteins in lonic Liquids: Reactions, Applications, and Futures

Alexandra Schindl, Matthew L. Hagen, Shafag Muzammal,

Henadira A. D. Gunasekera and Anna K. Croft

lonic Liquid-Based Electrolytes for Supercapacitor and Supercapattery
Linpo Yu and George Z. Chen

Microscopic Structural and Dynamic Features in Triphilic Room
Temperature lonic Liquids

Fabrizio Lo Celso, Giovanni B. Appetecchi, Elisabetta Simonetti, Man Zhao,
Edward W. Castner Jr., Uwe Keiderling, Lorenzo Gontrani, Alessandro Triolo
and Olga Russina

An ab Initio Study of the Structure and Energetics of Hydrogen Bonding in
lonic Liquids

Kaycee Low, Samuel Y. S. Tan and Ekaterina I. Izgorodina

lonic Liquids: A Simple Model to Predict lon Conductivity Based on DFT
Derived Physical Parameters

Jonathan Nilsson-Hallén, Bodil Ahlstréom, Maciej Marczewski and

Patrik Johansson

Utilizing Water Activity as a Simple Measure to Understand Hydrophobicity
in lonic Liquids

Qi Han, Xungai Wang and Nolene Bynre

Investigating Intermolecular Interactions in a DME-Based Hybrid lonic
Liquid Electrolyte by HOESY NMR

Derick Gyabeng, Pierre-Alexandre Martin, Urbi Pal, Michaél Deschamps,
Maria Forsyth and Luke A. O'Dell

Effect of B-Cyclodextrin on Physicochemical Properties of an lonic
Liquid Electrolyte Composed of N-Methyl-N-Propylpyrrolidinium
bis(trifluoromethylsulfonyl)amide

Mio Suzuki, Naoya Kurahashi, Yuko Takeoka, Masahiro Rikukawa and
Masahiro Yoshizawa-Fujita

Frontiers in Chemistry

3 August 2019 | lonic Liquids: Properties and Applications


https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/journals/chemistry

160

176

187

199

207

219

232

247

257

265

276

288

Systematic Synthesis and Properties Evaluation of Dicationic lonic
Liquids, and a Glance Into a Potential new Field

Luca Guglielmero, Andrea Mezzetta, Lorenzo Guazzelli, Christian S. Pomelli,
Felicia D'’Andrea and Cinzia Chiappe

Fluoride lonic Liquids in Salts of Ethylmethylimidazolium and Substituted
Cyclopropenium Cation Families

Owen J. Curnow, Douglas R. MacFarlane and Kelvin J. Walst
Physicochemical Properties of Various 2-Hydroxyethylammonium
Sulfonate -Based Protic lonic Liquids and Their Potential Application in
Hydrodeoxygenation

Guangming Cai, Shaoqi Yang, Qing Zhou, Lifei Liu, Xingmei Lu, Junli Xu and
Suojiang Zhang

CO, Absorption by DBU-Based Protic lonic Liquids: Basicity of Anion
Dictates the Absorption Capacity and Mechanism

Feixiang Gao, Zhen Wang, Pengju Ji and Jin-Pei Cheng

Simultaneous Separation of Antioxidants and Carbohydrates From Food
Wastes Using Aqueous Biphasic Systems Formed by Cholinium-Derived
lonic Liquids

Catarina M. S. S. Neves, Marcos Figueiredo, Patricia M. Reis, Ana C. A. Sousa,
Ana C. Cristovao, Mariana B. Fiadeiro, Luis Paulo N. Rebelo,

Jodo A. P. Coutinho, José M. S. S. Esperanca and Mara G. Freire

Efficient Fractionation of Lignin- and Ash-Rich Agricultural Residues
Following Treatment With a Low-Cost Protic lonic Liquid

Clementine L. Chambon, Meng Chen, Paul S. Fennell and Jason P. Hallett
Task-Specific Organic Salts and lonic Liquids Binary Mixtures: A
Combination to Obtain 5-Hydroxymethylfurfural From Carbohydrates
Salvatore Marullo, Carla Rizzo and Francesca D'Anna

Influence of Anion and Cation Structure of lonic Liquids on Carboxylic
Acids Extraction

Jan Martak and Stefan Schlosser

Non-halogenated lonic Liquid Dramatically Enhances Tribological
Performance of Biodegradable Oils

Patrick Rohlmann, Bulat Munavirov, Istvan Furd, Oleg Antzutkin,

Mark William Rutland and Sergei Glavatskih

Theoretical Elucidation of B-O-4 Bond Cleavage of Lignin Model
Compound Promoted by Sulfonic Acid-Functionalized lonic Liquid
Yaqin Zhang, Feng Huo, Yanlei Wang, Yu Xia, Xin Tan, Suojiang Zhang and
Hongyan He

Imidazolium Based lonic Liquids: A Promising Green Solvent for Water
Hyacinth Biomass Deconstruction

Jitendra Kumar Singh, Rahul Kumar Sharma, Pushpal Ghosh, Ashwani Kumar
and Mohammed Latif Khan

Activation of Electrophile/Nucleophile Pair by a Nucleophilic and
Electrophilic Solvation in a S, Ar Reaction

Bruno Sanchez, Cristian Calderon, Ricardo A. Tapia, Renato Contreras and
Paola R. Campodonico

Frontiers in Chemistry

4 August 2019 | lonic Liquids: Properties and Applications


https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/journals/chemistry

297

312

324

336

345

Water-Tolerant Trifloaluminate lonic Liquids: New and Unique Lewis
Acidic Catalysts for the Synthesis of Chromane

Piotr Latos, Alice Culkin, Natalia Barteczko, Stawomir Boncel,

Sebastian Jurczyk, Lucy C. Brown, Peter Nockemann, Anna Chrobok and
Matgorzata Swadzba-Kwasny

Solid Contact Potentiometric Sensors Based on a new Class of lonic
Liquids on Thiacalixarene Platform

Pavel L. Padnya, Anna V. Porfireva, Gennady A. Evtugyn and Ivan I. Stoikov
Efficient Nucleophilic Degradation of an Organophosphorus Pesticide
“Diazinon” Mediated by Green Solvents and Microwave Heating

Daniela Millan, Ricardo A. Tapia and Paulina Pavez

Nano- and Macroscale Study of the Lubrication of Titania Using Pure and
Diluted lonic Liquids

Peter K. Cooper, Joe Staddon, Songwei Zhang, Zachary M. Aman, Rob Atkin
and Hua Li

Dispersion and Stabilization of Exfoliated Graphene in lonic Liquids
Emilie Bordes, Bishoy Morcos, David Bourgogne, Jean-Michel Andanson,
Pierre-Olivier Bussiére, Catherine C. Santini, Anass Benayad,

Margarida Costa Gomes and Agilio A. H. Padua

Frontiers in Chemistry

5 August 2019 | lonic Liquids: Properties and Applications


https://www.frontiersin.org/research-topics/7972/ionic-liquids-properties-and-applications
https://www.frontiersin.org/journals/chemistry

1' frontiers
in Chemistry

REVIEW
published: 20 June 2019
doi: 10.3389/fchem.2019.00450

OPEN ACCESS

Edited by:
Francesca D’Anna,
University of Palermo, Italy

Reviewed by:

Federica Valentini,

University of Rome Tor Vergata, Italy
Alessandro Triolo,

Italian National Research Council, Italy

*Correspondence:
José M. S. S. Esperanca
jmesp@fct.unl.pt

Luis Paulo N. Rebelo
luis.rebelo@fct.unl.pt

In Memoriam:
This paper is dedicated to the memory
of Prof. Kenneth R. Seddon, O.B.E.

*Deceased author

Specialty section:

This article was submitted to
Green and Sustainable Chemistry,
a section of the journal

Frontiers in Chemistry

Received: 14 February 2019
Accepted: 05 June 2019
Published: 20 June 2019

Citation:

Esperanca JMSS, Tariq M,

Pereiro AB, Araujo JMM, Seddon KR
and Rebelo LPN (2019) Anomalous
and Not-So-Common Behavior in
Common lonic Liquids and lonic
Liquid-Containing Systems.

Front. Chem. 7:450.

doi: 10.3389/fchem.2019.00450

Check for
updates

Anomalous and Not-So-Common
Behavior in Common lonic Liquids
and lonic Liquid-Containing Systems

José M. S. S. Esperanca ™, Mohammad Tariq', Ana B. Pereiro’, Jodo M. M. Aratjo’,
Kenneth R. Seddon?' and Luis Paulo N. Rebelo ™

" LAQV/REQUIMTE, Faculdade de Ciéncias e Tecnologia da Universidade Nova de Lisboa, Caparica, Portugal, 2 QUILL
Research Centre, the Queen’s University of Belfast, Belfast, United Kingdom

This work highlights unexpected, not so well known responses of ionic liquids and ionic
liquid-containing systems, which are reported in a collective manner, as a short review.
Examples include: () Minima in the temperature dependence of the isobaric thermal
expansion coefficient of some ILs; (ii) Viscosity Minima in binary mixtures of IL 4+ Molecular
solvents; (i) Anomalies in the surface tension within a family of ILs; (iv) The constancy
among IL substitution of Cp/V at and around room temperature; (v) ILs as glass forming
liquids; (vi) Alternate odd-even side alkyl chain length effects; (vi) Absolute negative
pressures in ILs and IL-containing systems; (viii) Reversed-charged ionic liquid pairs; (ix)
LCST immiscibility behavior in IL + solvent systems.

Keywords: ionic liquids, unusual behavior, thermal expansion coefficient, viscosity, surface tension, odd-even
effects, reversed charge ILs, LCST

INTRODUCTION

Tonic Liquids (ILs) are constituted quasi-exclusively by anions and cations, melting at temperatures
that are much lower than those of their conventional, inorganic salts counterparts. For instance,
“table salt” (NaCl) melts at about 800°C. In contrast, many ILs present melting points lower
than room temperature. Generally, ILs have a large liquid range and, some of them do not easily
crystallize on cooling, instead they supercool and undergo a glass transition.

Several high quality reviews (Welton, 1999, 2018; Plechkova and Seddon, 2008; Armand et al.,
2009; Hallett and Welton, 2011; Niedermeyer et al., 2012; Tariq et al., 2012; Chatel et al., 2014;
Hayes et al., 2015; Hunt et al., 2015; Podgorsek et al., 2016; Kar et al., 2019) are available. No review
focused on the unexpected behavior of ILs has been published, where a scrutiny of their not so well
known physical chemistry responses is made. This work constitutes a first attempt in this direction.

With the upsurge in the research activity around these novel salts during the last two decades,
peculiar, unique and interesting behavior of these complex materials have been revealed. ILs are
considered a link between molten salts and molecular solvents (Leal et al., 2009).

Lopes and Padua (2006) using MD simulations and Triolo et al. (2007) using experimental X-ray
data have demonstrated that ILs, even in their pure state, contain nanostructured organization at
a molecular level. In addition, this very distinct feature has been confirmed using experimental
thermodynamic approaches (Pereiro et al, 2013; Rocha et al, 2013). This phenomenon is
responsible for many of their peculiar behavior. Also, how a particular IL interacts with the
co-solvent is very unique and depends on the interactions between the IL and the chemical nature
of the other component: polar/apolar/associated fluids (Lopes et al., 2006; Padua et al., 2007).
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Anomolous Behaviour of ILs

The topics tackled in this contribution are not comprehensive.
Examples not herein presented include: their ability to form
halogen-bonds (Bernardes and Canongia Lopes, 2017; Saccone
et al, 2017; Cavallo et al., 2018; Lodeiro et al., 2018), the
formation of liquid crystals (Alvarez Fernandez and Kouwer,
2016; Goossens et al., 2016), the total miscibility in water of
fluorinated ILs (Pereiro et al., 2015; de Ferro et al., 2018), and
other unexpected behavior in respect to their physical properties
(Singh et al.,, 2015, 2017; Dzida et al., 2018; Rahman and Senapati,
2018). Zwitterionic liquids (Blesic et al., 2017; Ohno et al., 2018;
Wu et al., 2018), which fill the gap between small-ion ILs and
ILs with strong H-bonds, as well as hydrated ILs (Haberler et al.,
2012; Fujita et al., 2016), where H-bonds between one or both of
the ions and a small number of water molecules is sufficient to
produce new materials with superior properties, constitute other
examples of not so-well-known behavior.

MINIMA IN THE TEMPERATURE
DEPENDENCE OF THE ISOBARIC
THERMAL EXPANSION COEFFICIENT OF
SOME ILs

For most liquids the isobaric thermal expansion coeflicient,
ap, is positive and increases with increasing temperature as it
has to diverge to a positive infinite value at the critical point.
The best well-known example of a distinct behavior is that of
water, in which «;, at about atmospheric pressure is negative at
temperatures between 0 and 3.98°C, meaning a contraction on
heating. At the temperature of maximum density, 3.98°C, o,
reaches a null value, becoming positive for higher temperatures.
Despite this “anomaly,” the ap of water always increases with
increasing temperature. In this section, we highlight examples
of the anomalous behavior of o, with temperature increase for
some ionic liquids. The results discussed in this section are the
first examples of substances that show a minimum in o as
temperature increases.

Conflicting results reported earlier about the
temperature dependence of a, of ILs (Rebelo et al., 2004).
Later some reports for a small set of ILs have shown that it is
possible to obtain negative values for (dap/dT), (Rodriguez
and Brennecke, 2006; Sanmamed et al, 2007). Accurate
determinations of this property may be difficult since the
determination of o, from the temperature dependence of
density, p(T), can produce numerical artifacts (Cerdeirina et al.,
2001; Troncoso et al, 2010). Most often the density of ILs is
measured using a vibrating tube densimeter. Their high viscosity
may influence the determination of the density and, if viscosity
corrections are not taken into consideration, erroneous o (T)
values may be obtained (Sanmamed et al., 2007).

Systematic studies on the measurements of density along
a homologous series and wide temperature and pressure
conditions are not commonly reported. In order to fill this
gap, the densities of a series of ILs in a wide temperature and
pressure range were reported. Tariq et al. (2010) have measured
the densities of imidazolium bistriflimide ILs, [C,C;im][Ntf;],
where n = 2-14 in the temperature range of 283-483 K. This

were

dataset was the largest one both in terms of an extended
homologous series of ILs, as well as in a large temperature
interval, enabling the authors to study subtle specificities of their
thermal response. Nieto de Castro et al. (2010) have carried out
high-precision density measurements over broad temperature
(293-473K) and pressure (0.1-60 MPa) ranges on four
ILs, namely [C4C;im][Ntf,], [C4Ciim][dca], [C2C1im][C2SO4],
and [Aliquat][dca].

It has been demonstrated (Tariq et al., 2010) that in the
[ChCiim][Ntf,] series, an increase in temperature results on a
small decrease in the values of ap. This inverse proportionality
between oy, and T constitutes an anomalous behavior and is
observed at “low-temperature.” Since thermodynamics impose
that at the liquid-vapor critical point, a divergence to +o0 in o,
ought to occur, at some lower temperature a minimum in ap =
f(T) is obtained (Figure 1A).

Similarly, densities of four ILs in wide pressure and
temperature ranges were measured (Nieto de Castro et al,
2010). Again, o, decreases as temperature increases in the low-T
range (Figure 1B). Navia et al. (2010a), Navia et al. (2010b) also
obtained data for a large set of ILs confirming negative (dap,/9T),
values at low temperatures.

These works have shown that the temperature derivative
of the thermal expansion coefficient, (da/9T)p, of some ILs
changes sign at a temperature that depends both on pressure and
IL nature.

VISCOSITY MINIMA IN BINARY MIXTURES
OF IL + MOLECULAR SOLVENTS (MSs)

Most models for the viscosity of a mixture predict that the
mixture’s viscosity of two components with identical viscosities
is invariant along the whole composition range.

A minimum in viscosity-composition plots of binary mixtures
is an unusual phenomenon, which has been observed for
some non-polar + polar systems (Kouris and Panaylotou, 1989;
Papanastaaiou and Ziogas, 1991; Laesecke et al., 2007). However,
the molecular reasoning behind this phenomenon is not very
well understood (Srinivas et al., 2001; Abraham et al., 2007) and
thereby it is hard to model the viscosity values of such mixtures
using existing mixing rules and predictive methods (Qunfang
and Yu-Chun, 1999). Such uncommon phenomenon has been
shown for the first time in systems containing ionic liquids (ILs)
+ molecular solvents (MSs) (Tariq et al., 2015).

Tariq et al. (2015) selected four binary IL+MS systems
composed of a molecular solvent (2-amino-ethanol (2AE) or
3-amino-1-propanol (3AP)) and an IL (from the 1-alkyl-
3-methylimidazolium family ([Cymim]*) using dicyanamide
([DCA]) or bistriflimide ([Ntf;]) as the anion). All the
components forming the four binary systems are completely
miscible in the entire composition range and show crossover
temperatures where the IL and MS viscosity values are
identical (Figure 2).

The n(T,x) plots presented in Figure 3 reveal that (i) there is
a viscosity minimum at low temperatures for IL-rich mixtures
and that (ii) the viscosity minimum is centered around the
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FIGURE 1 | (A) Thermal expansion coefficient, ap as a function of temperature and at atmospheric pressure for each member of the [CnhC1im][Ntfo] family (C14-Co
from top to bottom). The error bar corresponds to an average uncertainty for all fits. (Reprinted from Tarig et al., 2010 with permission from Elsevier) (B) ap for
[C4C+im][Ntfs] as a function of temperature at different pressures. The top four unlabeled isobars in the right panel correspond to pressures of 0.1, 0.25, 0.5, and 1
MPa. The red lines represent the boundaries of the data presented by Navia et al. (2010a), Navia et al. (2010b) (isotherms between 293 and 353 K and isobars
between 5 and 50 MPa). The green lines highlight the same boundaries for the set of data measured by Nieto de Castro et al. (2010). (Reprinted from Nieto de Castro
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FIGURE 2 | Experimental viscosity data, n/mPa-s, of the three ILs ([Comim][Ntfa], [Comim][DCA], and [C4mim][DCA]) and two molecular solvents (2AE and 3AP)
studied in this work as a function of temperature. The right-hand plot shows the logarithm of viscosity as a function of the reciprocal of temperature. The circles
indicate the viscosity cross-over temperatures. (Reprinted from Tarig et al., 2015 with permission from Royal Society of Chemistry).

equimolar composition as one approaches the temperature
at which both components present identical viscosities. The
overall viscosity trend for these systems is similar along the
composition/temperature surface.

The origin of the viscosity minima is 2-fold: (i) it comes from
the different cohesive energies of both pure MSs and ILs and (ii)
from changes in the structure and interactions of the mixtures
compared to the pure components.

The molecular interactions between the molecules can be
revealed by comparison of the cohesive energies of the two
classes of components (obtained through vaporization enthalpies
at room temperature). The values of the vaporization enthalpies
of the MSs are in the range of 60-70 kJ mol~! (Marsh et al,
2004; Yaws, 2009; Acree and Chickos, 2010). In contrast, ILs

present vaporization enthalpies above 135 k] mol~! (Marsh et al.,
2004; Esperanca et al., 2010). In the case of these MSs, the
cohesive energy is largely related to the intra-hydrogen bonding
between the functional groups of each molecule. In the case
of ILs, MD simulations (Santos et al., 2007; Shimizu et al,,
2010) have revealed that Coulomb forces play an important role,
contributing substantially for their enhanced cohesive energy.
H-bonds between the different ILs and MSs and the structural
differences between the mixture and the pure molecular
components originates a reduction on the viscosity of the
mixtures. Other type of uncommon behavior of IL containing
binary mixtures has been reported by Andrzejewska et al. (2009)
and Trivedi and Pandey (2011), where a maximum in the
viscosity has been found in mixtures of IL 4 polymers. It should
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3AP + [C,mim][DCA]

1n/mPa.s

3AP + [C,mim][Ntf,]

70
3AP + [C;mim][DCA]

2015 with permission from Royal Society of Chemistry).

FIGURE 3 | Experimental viscosity data, n/mPa-s, of four (ionic liquid plus molecular solvent) binary mixtures as a function of the ionic liquid mole fraction, x_. The
curves represent different isotherms. The red circles denote for each system the isotherm closest to the viscosity crossover temperature. (Reprinted from Tariq et al.,

be noted that systems containing polymers are known to show
non-Newtonian behavior.

ANOMALIES IN THE SURFACE TENSION
WITHIN A FAMILY OF ILs

The values of the surface tension of most ILs fall in between
those of water and molecular solvents. One interesting trend
has been found in the 1-alkyl-3-methylimidazolium bistriflimide,
[ChCiim][Ntf,] family (Carvalho et al., 2008; Kolbeck et al.,
2010; Tariq et al., 2010; Haddad et al., 2018; Shimizu et al,,
2018). Carvalho et al. (2008) were the first to report that the
surface tension values of [C,Cyim][Ntf;] series do not decrease
linearly with the alkyl chain length increase (n = 2-10), but rather
reach a plateau for long cation side alkyl chains. Later, Tariq
et al. (2010) measured the surface tension for C,-Cy4 within a
broad temperature range of 303-493 K and Kolbeck et al. (2010)
measured it at room temperature for C;-Cj,. Both confirmed
these trends (Figure 4A).

The trend is not regular, and was checked out by three distinct
works: there is a substantial decrease in the surface tension value
from [C,C;im][Ntf;] to [CsCyim][Ntf,] and a relatively lower
decrease from [CeCim][Ntf;] to [C12Cim][Ntf,]. Changes in
the ratio of prominence of non-polar to polar moieties of the

ILs at the surface are a consequence of the length of the alkyl
side chains. MD simulations and X-ray diffraction studies (Lopes
and Pddua, 2006; Triolo et al., 2007) have shown the creation
of a second nanostructured domain (formation of non-polar
continuous domains) for ILs with alkyl chain length equal or >6
carbon atoms.

Recently, Shimizu et al. (2018) have been able to predict the
surface tension of the 1-alkyl-3-methylimidazolium bistriflimide
family by combining angle-resolved X-ray photoelectron
spectroscopy data and MD simulations results using the
Langmuir principle.

Haddad et al. (2018) have also used angstrom-resolution X-ray
methods to understand the reason behind the peculiar behavior
of the surface tension within the [C,C;im][Ntf;] homologous
series. They also found a distinct behavior for ILs with alkyl
chain length equal or longer than six carbon atoms due to
the formation of nanosegregated domains (polar/apolar) which
create alternating layers at the surface. This study clarifies the
liquid-air interface structure for a common homologous series
of ILs. By varying the cation’s alkyl chain length one can tune
the interactions’s importance, from long-range coulombic forces
to short-range van der Waals interactions. Such variation causes
the interface structure to turn from simple, to layered, to liquid
crystalline. The quantitative results obtained from this work may
constitute a reference for validating simulations and theory.
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An even more peculiar behavior of the surface tension within
a homologous series has been reported by Luis et al. (2016)
for [C,Cyim] cation based ILs (where n = 2-12) combined
with perfluorobutanesulfonate anions. Instead of a plateau, a
minimum in the surface tension is observed for a cation alkyl side
chain of 8 (Figure 4B). The existence of three nanosegregated
domains (polar, apolar, and fluorinated) for the long cation’s alkyl
chain length is the main reason for this distinctive trend. More
specifically, it results from the competition between the diverse
domains for the gas-liquid interface. Their surface entropy is the
lowest when compared to conventional ILs.

THE CONSTANCY AMONG IL
SUBSTITUTION OF Cp/V\ AT AND
AROUND ROOM TEMPERATURE

The temperature dependence of the enthalpy is known as
heat capacity. Some heat capacity changes may indicate the
occurrence of a phase transition and enable to understand
variations in the structure of the compounds.

Zabransky et al. (1990) and Domalski and Hearing (1996)
compiled and analyzed, independently, the heat capacity data
for a huge number of substances. To the best of our
knowledge, group contribution methods and/or corresponding
state principal based methods are the approaches generally used
to estimate liquid heat capacities.

For ionic liquids, Strechan et al. (2008) and Gardas and
Coutinho (2008) demonstrated independently that there is a
linear relationship between the heat capacities and the molar
volumes of imidazolum, pyridinium, and pyrrolidinium based-
ILs (Figure 5). They have used the dataset of limited number of
ILs to establish this correlation and propose that the volumetric
heat capacity of ILs is almost invariant at 298.15 K.

Later, Paulechka et al. (2010) have refined this relation by
carefully selecting dataset of 19 ILs (for which the precise density
data was available) and measured their heat capacity with an

uncertainty of (+1%). They have also witnessed that there is
constancy among the volumetric heat capacities of ILs. The
average value at 298.15 K is:
Cp/Vim = 1.95£0.02 JK 'em™?) (1)
This average value agrees well with those of Gardas and Coutinho
(2008). The difference between the experimental volumetric heat
capacities and this Cp/Vy, value was found to be < +£5%.
Contrarily to molecular solvents, a simple rule exists to predict
the heat capacity of distinct ILs.
It has been demonstrated that Cp/Viy is basically independent
of the structure of the IL. Therefore, Paulechka et al. (2010)
concluded that ILs used for application as heat accumulators

1000
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FIGURE 5 | IL heat capacity as a function of the molar volume (T = 298.15 K).
[Drawn using the data presented in Paulechka et al. (2010)].
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should be chosen on the basis of other parameters such as thermal
stability, viscosity, thermal conductivity, to name a few.

ILs AS GLASS FORMING MATERIALS

ILs have low melting points (Tm) when compared to
conventional inorganic salts. This fact gives them the status
of a unique class of ionic materials composed almost solely
of cations and anions that exist in the liquid state at or near
room-temperature. Many ILs that do exist in the liquid state
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FIGURE 6 | Glass transition temperatures (Tg) for the [CnhC+im][Ntfp] (black
circles) and [Cn Cnim][Ntfs] (red squares) series as a function of n (number of
carbon atoms in one alkyl side chain); [C1C1im][Ntfs] (gray circle). (Reprinted
from (Rodrigues and Santos, 2016) with permission from John Wiley

and Sons).

never crystallize and thus do not show any melting point,
instead, on cooling they show a glass transition (Tg). Most ILs
(Valderrama et al., 2017) show a glass transition temperature in
the 150-250 K range.

It is easier to accurately determine melting points (typically
for ILs a good (£5K) uncertainty is obtained) than those of
vitrification—large discrepancies (up to 20%) have been found in
reported Tg values. Glass transitions do not occur at a specified
fixed temperature as they are not first-order changes (Brandrup
etal., 1999), and are kinetically dependent. The dependence of Tg
of ILs on the scan rate has thoroughly been investigated (Gorhez
et al., 2013; Tao et al., 2017).

Blokhin et al. (2006) and Rodrigues and Santos (2016) have
continuously presented high quality thermal properties data of
ILs and the latter demonstrated how the nanostructuration of
[CnCiim][NTS,] and [ChChim][NTf,] family influences their
glass and melting temperatures. The work demonstrates a
variation of the Tg behavior at the critical alkyl size, when n = 6
(Figure 6). Ty increases as the alkyl side chain of the imidazolium
cation grows, mainly due to the enhancement of the van der
Waals interactions. For alkyl chains longer than n = 6, a plateau
in the Tg values after nano-structuration is observed.

Some works have tackled the prediction of the Tg of ILs
(Mirkhani et al., 2012; Valderrama et al., 2017). Other studies
have identified difficulties behind observing ILs crystallization
(Serra et al.,, 2017; Ferreira et al., 2019).

Lima et al. (2018) have measured the Tg and Tm of a
pyrrolodinium based-IL, [C4C;Pyrr][Ntf;], from atmospheric
pressure up to an extremely high pressure of 2 GPa using X-ray
diffraction and Raman scattering techniques. They have found
that Tg and Tm both follow similar pressure dependences.

At atmospheric pressure, most compounds seem to follow the
well-known “2/3 golden rule” meaning that the ratio of glass
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FIGURE 7 | (A) Melting points vs. glass transition temperatures for PILs reported by Belieres and Angell (2007). (Reprinted with permission from Belieres and Angell,
2007. Copyright (2007) American Chemical Society) (B) Tg values as a function of molar volume (Vm) for PILs reported by Xu and Angell (2003). The line through the
points is a guide to the eye. [From Xu and Angell (2003). Reprinted with permission from AAAS].
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transition temperature (Tg) to that of melting (Tm), Tg/Tm, for
all compounds should be around 0.66. Belieres and Angell (2007)
have collected data for several protic ionic liquids (PILs) and
showed that similar to other materials, most of the PILs fall in the
2/3 line (Figure 7A). However, there are outliers that can reach a
ratio as high as 3/4. Xu and Angell (2003) have discussed the Tg
dependence on the molar volume (Figure 7B). Recently, Ferreira
et al. (2019) and Serra et al. (2017) have shown that many of the
aprotic ILs show high Tg/Tm values that are close to the % value.

ALTERNATE ODD-EVEN SIDE ALKYL
CHAIN LENGTH EFFECTS

Whenever the thermophysical characterization of the members
of a family of ILs within a homologous series is performed,
odd members are often neglected (Tariq et al., 2009). The main
difficulty in the synthesis of ILs with alkyl chains, C,,, where n is
an odd number, is the high cost of their chemical precursors.
Adamova et al. (2011) have measured the densities of a series
of alkyltrioctylphosphonium chloride, [P8 8 8 n]Cl based ILs
and found that the density values show a clear odd-even chain
length alternation effect (Figure 8A). There are two independent
trends: one for the odd and another one for the even-numbered

compounds. This was observed up to n = 9. Data analyzed in
terms of their molar volume, Vm = M/p, presents remarkably
this see-saw effect (Figure 8B).

Adamova et al. (2014) have carried out Ab initio calculations
and MD simulations to understand the molecular reasoning
behind these effects. Simulation runs revealed that the type of
conformation/packing of the liquid (transoid conformations of
the cation and head-to-head packing) are responsible for the
observed alternation effects. The unexpected results first seen for
the [P8 8 8 n]Cl series, enabled the authors to reveal a similar
trend for another IL family, [C,C;im][NTf,]. Moreover, this see-
saw effect, already known for the solid phase of linear alkanes and
alkanols, was also seen in their liquid phase molar volume.

Very recently, it has been shown (Belchior et al., 2018)
that diluted solutions of [C,Cyim]Cl (n = 2-14) used to form
aqueous biphasic systems (ABS) with salts also exhibit such
odd/even effects. The odd/even effect was observed in the
Setschenow salting-out coefficients (ks) for systems containing
water, [C,C1im]Cl and K,COj3 (Figure 9A). The salting-out
ability depends on the molar volume of the IL, and therefore the
alternation odd-even volume pattern is reflected in the ks values.
This is more prominently seen for ILs with alkyl side chain length
up to n = 6. As for the CMC values of the [C,C;im]Cl series
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FIGURE 8 | (A) Experimental densities of [Pgggn]Cl ionic liquids at 303.15K, where n = 3,5,7, and 9 (green circles), n = 4,6,8,10,12, and 14 (blue triangles).
(Reprinted from Adamova et al., 2011 with permission from Royal Society of Chemistry) (B) See-saw, even/odd alternation effect in the form of deviations (residuals)
between experimental and fitted molar volume (V) data as a function of n, at four different temperatures. (Reprinted from Adamova et al., 2011 with permission from
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this effect was not observed. In contrast, it was also shown that
an odd-even effect occurs for properties, such as, the degree of
ionization (Figure 9B), the molar conductivity, and the molar
conductivity at infinite dilution.

N isochore
g C
+
vapor
pressure

curve
T

\ 4

E 2Ty

FIGURE 10 | The Berthelot cycle used to obtain tensioning in the IL samples
inside a glass capillary: liquid at L-V equilibrium (A); the liquid fills in the entire
internal volume at Tfill (B); the liquid is forced along an isochore (constant
volume) creating higher, positive pressures (C); if the liquid adheres extremely
well to the glass capillary walls, at point (D) the liquid is experiencing an
isotropic, bulk tension (absolute negative pressure metastable state). At Tcav
(cavitation temperature) it will collapse at point (E), relaxing back to its stable
condition located along its vapor pressure curve at (F). (Reprinted from Silva
etal., 2018).

In addition to the above-discussed cases, odd/even effects
have also been encountered in several other IL properties,
such as, viscosities (Rocha et al., 2013), entropy and enthalpy
of vaporization (Rocha et al., 2012, 2014), glass forming
behavior (Leys et al, 2014), and diffusion coefficients
(Yang et al., 2016).

ABSOLUTE NEGATIVE PRESSURES IN ILs
AND IL-CONTAINING SYSTEMS

Liquids can be mechanically stretched. If this is performed in
an isotropic fashion it is possible to obtain absolute negative
pressures. Most of the focus of negative pressure experiments was
placed on water samples and only very recently some results for
pure ionic liquids appeared. The results show that a variety of
commonly used ionic liquids (ILs) can be stretched successfully
to tensions of about —100 MPa in Pyrex glass capillaries of
internal volume of ~0.05 cm? (Silva et al., 2018). These results
contrast with the ones obtained for water, in which the maximum
stretching of samples of similar size was around —35 MPa
(Visak et al., 2002, 2003).

The main reasons for achieving such enormous absolute
negative pressures in ionic liquids appears to be a consequence
of distinct properties, namely almost null volatility, increased
viscosity compared to common liquids, low surface tension,
enhanced wettability toward pyrex glass, and easiness
to supercool.

Recent work by Silva et al. (2018) has shown that it is possible
to use pulsed field gradient NMR spectroscopy to describe the
change on the fluid molecular dynamics (transport response
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FIGURE 11 | Relative cation’s self-diffusion coefficients vs. temperature in positive, negative, and null pressure regimes. (Reprinted from Silva et al., 2018).
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functions) of liquid salts under homogeneous negative pressure
regimes (down to about —20 MPa). The experiments followed
the thermodynamic Berthelot cycle (Figure 10) in order to pre-
pressurize the samples and create the conditions to further enter,
by cooling the sample, into negative pressure regimes. Negative
pressures have been accurately estimated by using experimental
values of thermal-pressure coefficients of each liquid at the

FIGURE 12 | The conceptual transfer of two neutrons and two protons to
obtain charge-inverted ionic pairs—the 1-alkyl-3-methylimidazolium chloride
and its isoelectronic and isostructural counterpart, the potassium
1-alkyl-3-methylcyclopentadienyl.

relevant-temperatures of the corresponding isochore. A marked
augment in both anions’ and cations’ self-diffusion coefficients
is observed as one enters the metastable negative pressure
region as compared to the saturated liquid conditions. Figure 11
shows the ratio between the cation’s diffusion under isochoric
conditions and the cation’s diffusion under isobaric conditions.
The vertical dotted line indicates the filling temperature of
the samples, and consequently, data at higher temperatures
represent the positive pressure regime while data below this
temperature characterize the negative pressure region. It is
important to note that for temperatures below 25.5°C (p ~
—150 bar), the liquid salt has already cavitated to the L-V
condition and, therefore, the ratio in D’s was restored to 1.0. The
results show a markedly decrease of the self-diffusion coefficient
upon applied positive pressure and a steep increase in it for
regimes of negative pressure. It is worth to note that a mild
volumetric expansion of about 0.6-0.7% (AV/V%) per each Ap
= —100 bar of applied negative pressure can be estimated. This
contrasts with the increase in the self-diffusion coefficients of
about 5% per each Ap = —100 bar, representing an almost
10-fold increase as compared to the volume expansion of the

ionic liquid.

REVERSED-CHARGED IONIC LIQUID
PAIRS

It is well-known that salts based on the halides’ anions show
much lower melting temperatures than those in which their
isoelectronic alkyl metals counterparts are present as cations.
For instance, already-known salts based on potassium are
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FIGURE 13 | (A) Phase-separation temperature vs. water content in mixtures of amino acid based ILs. (Reprinted from Fukumoto and Ohno, 2007 with permission
from John Wiley and Sons) (B) Cloud point data for different (N1 noon][Ntfo] 4 ether) binary mixtures. Each panel depicts a given ether molecule: A = tert-butyl
methyl ether; B = sec-butyl methyl ether; C = n-butyl methyl ether; D = tert-amyl methyl ether; E = cyclopentyl methyl ether and tert-butyl ethyl ether; F = diethyl
ether. Each marker/color represents a different choline cation in the ionic liquid: blue triangles = [N14000]T = C2ch; red squares = [N1150014]T = C5ch; green
rhombs = [N11goon] ™ = C8ch. The arabic numerals indicate the number of phases present on each side of the boundaries defined by the cloud point data.
(Reprinted from Costa et al., 2013 with permission from Royal Society of Chemistry).
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not members of the ionic liquids family, whereas many with
chloride are.

It was recently shown (Cruz et al., 2018, 2019) that using alkali
metal cations with distinctive 1-alkyl-3-methylcyclopentadienyl
anions it is possible to generate ILs. More specifically, if one
uses the same isoelectronic concept as we do for alkali metals
vs. halides (e.g., K* vs. CI7), it is possible to recognize the 1-
alkyl-3-methylcyclopentadienyl anion as the isoelectronic and
isostructural counterpart of the 1-alkyl-3-methylimidazolium
cation (Figure 12). Conceptually, one simply has to transfer
one proton and one neutron from each of the two nitrogen
atoms of the imidazolium ring to the nucleus of the chloride
anion. Differential scanning calorimetry has been used to show
that K[C4C;Cp] and K[CsC;Cp] melt without decomposition
at around 90°C. Molecular Dynamics (MD) simulations were
used to understand the structural differences between these
two IL families. The marked structural differences between the
K[C,CiCp] and [C,C;im]Cl series is a consequence of the
charge-reversion among ion pairs. In the case of these alkali
metal based ILs, peculiarities of metal coordination chemistry
enables the creation of new structural features. In conclusion,
charge-inverted salts can also present low melting temperatures.
This fact opens the door for the synthesis of new families
of ILs.

LCST Immiscibility Behavior in IL + Solvent

Systems

The liquid-liquid lower critical solution temperature (LCST) type
of phase diagram rarely occurs. However, it is an important
type of demixing that is the basis of several key applications
(Albertsson, 1986). It means that phase separation occurs upon
temperature increase, with the system attaining a higher order (as
compared to the separated components). The closed-loop phase
diagram (a temperature-composition island of immiscibility) is
even rarer and appears as a result of a very subtle balance between
enthalpic and entropic contributions to the Gibbs energy of a
system as temperature is changed. It is characterized by a LCST
at a given temperature followed by an upper critical solution
temperature (UCST) at a higher temperature.

LCST-type of immiscibility was typically only found in
some aqueous or (polymer -+ solvent) solutions. For the
first time, (2005) have encountered both
LCST and closed-loop type of behavior in binary and quasi-
binary liquid solutions of alkylmethylimidazolium bistriflimide,
[Camim][Ntf,], with chloroform or with (chloroform +
carbon tetrachloride) mixtures. This study revealed the tunable
character of the liquid-liquid phase diagrams involving ILs.
Two variables were taken into account, first, in the solutions
with chloroform, the number of the carbon atoms in the ILs
cation alkyl side chain were varied and secondly the chain
length was kept constant at n = 5, but the composition of
the mixed solvent was altered by adding carbon tetrachloride
to chloroform. This work has demonstrated the extreme
sensitivity of the phase diagrams upon small changes of

Lachwa et al

two variables: long IL alkyl chain lengths promote better
solubility; whereas addition of more CCly to the CHCl3 worsens
the solubility.

Fukumoto and Ohno (2007) have presented another example
of LCST behavior, which was related to the solutions of amino
acid-based ILs and water (Figure 13A). The LCST temperatures
of the solutions were tuned by changing the length of the alkyl
side chains of either the phosphonium cation or the triflate-
aminoacid anion. Longer alkyl chains lower the temperature
of the phase separation due to enhanced hydrophobicity. The
insertion of four methylene groups to one cation’s alkyl side
chain brings the LCST down from room temperature to the
freezing temperature of water. The anion chain addition of
only one -CH,- group lowers the LCST by about 15°C.
Insertion of a phenyl group with a CH, group attached to
it also reduces the LCST by about 15°C. The tuning of
the LCST behavior has immense potential in extraction and
separation processes.

Other cases of LCST behavior within solutions of ILs
and polymer as two component systems were demonstrated
independently by Ueki and Watanabe (2007) and Lee and
Lodge (2011). Alkyl-methylimidazolium bistriflimide ILs,
[Chomim][NTf;], mixed with poly(benzyl-methacrylate) (Ueki
and Watanabe, 2007) or poly(n-butyl methacrylate) (Lee and
Lodge, 2011) show that the increase of the cation chain length,
either in the pure IL or through a mixture of cations with
different chains, provokes an opposite effect as compared to
similar aqueous solutions. Thereby, longer alkyl chains exhibit
better solubility and higher LCST. The authors related the
improved solubility to the enhancement of the dispersive
forces between the (longer) cation alkyl chains and the
polymer chains.

Recently, Costa et al. (2013) have reported for the first
time functionalized IL 4 ether systems exhibiting a LCST
behavior. Investigating the phase behavior of binary mixtures
of three N-alkyl-N,N-dimethyl-N-hydroxyethylammonium
bis(trifluoromethane)sulfonylimide ~ ILs,  [Nj;pon][Ntf],
with nine distinct ethers at atmospheric pressure, they have
found that most systems exhibit unusual LCST-type of phase
separation (Figure 13B). By increasing the alkyl side chain of
the cholinium-derived cation, an enhancement of the mutual
solubilities of ILs and ethers is attained. The availability of
the oxygen atom of the ether molecule to perform hydrogen
bonding with the IL cation and the size/ramification of the alkyl
groups of the ether molecule are the key factors that control the
solubility of these systems. This LCST behavior is a consequence
of the disruption of the H-bond network between the hydroxyl
group of the cholinium based cation and the oxygen atom of the
ether molecule.

Other works also report systems showing LCST behavior
containing mixtures of ILs with polymers, water, supramolecular
compounds and other solvents and are summarized in a
recent review (Qiao et al, 2017) which highlights their
potential applications.

Frontiers in Chemistry | www.frontiersin.org

15

June 2019 | Volume 7 | Article 450


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Esperanca et al.

Anomolous Behaviour of ILs

CONCLUDING REMARK

We have highlighted some unexpected features of ionic liquids
and ionic liquid-containing systems which are not so well-known
of the scientific community.
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Solvate lonic Liquids (SILs) are a relatively new class of ionic liquids consisting
of a coordinating solvent and salt, that give rise to a chelate complex with very
similar properties to ionic liquids. Herein is the exploration of the reported Kamlet-Taft
parameters, Gutmann Acceptor numbers and the investigation of chelating effects
through NMR spectroscopy of multiple atomic nuclei. These properties are related to
the application of SILs as reaction media for organic reactions. This area is also reviewed
here, including the implication in catalysis for the Aldol and Kabachnik-Fields reactions
and electrocyclization reactions such as Diels-Alder and [2+2] cycloaddition. Solvate
ILs exhibit many interesting properties and hold great potential as a solvent for
organic transformations.

Keywords: solvate ionic liquid, lithium TFSI, glyme complexes, chelation, solvatochromic properties

INTRODUCTION/CONTEXT

The context of this review is to examine the application of solvate ionic liquids as a reaction media.
This extends to encompass the relevant physical parameters of hydrogen bonding characteristics,
polarity and Lewis acidity. The use of these solvates as electrolytes for lithium ion batteries (Ueno
et al.,, 2013; Kido et al., 2015; Nakazawa et al., 2016; Kawazoe et al., 2017), their microstructure
(Murphy et al., 2016; Saito et al., 2016; Cook et al., 2017; Li H. et al., 2017) or indeed their
thermoelectrochemical properties (Black et al., 2018) are not covered here. In addition to these
applications, it may be of interest to note that they have also been evaluated as sizing agents for
carbon fiber in resin composites, with good success (Eyckens et al., 2018).

It is important to note that while this review focusses on the use of SILs in organic and materials
chemistry there has been substantial use of traditional ILs in both of these fields. There has been
considerable work in the use of ionic liquids in the modification of graphene with imidazolium
ionic liquids, one reporting a one-step functionalization procedure from graphite (Liu et al., 2008).
The use of these materials has also seen a great amount of application in sensors of biological
species such as NADH (Shan et al., 2010; Atta et al., 2017), hydrogen peroxide (Chen et al., 2018),
bisphenol A (Wang et al., 2018), and glucose (Zhang et al., 2011). These materials have also seen
use in nanocomposites still as electrodes for detection of chemical or biological species (Krampa
etal,2017; Li]J. etal., 2017; Zad et al., 2018).
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The work in materials science is also not limited to
imidazolium-derived ionic liquids and interesting works in
graphene exfoliation have been conducted in pyridinium and
pyrrolidinium cation based ionic liquids (Chaban and Fileti,
2015). Examination of the difference between molecular liquids
and ionic liquids has been reported (Bordes et al.,, 2018) and
followed by exploring the difference between N-butylpyridinium
bis(trifluoromethanesulfonyl)imide and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Chaban et al, 2017). Both of these ionic liquids were
superior to the imidazolium-derived ionic liquid I-ethyl-
3-methylimidazolium tetrafluoroborate by ~20 kJ mol~!
nm~!. Complementing this work is other investigations into
pyridinium and pyrrolidinium-derived ionic liquids in various
fields such as heat transfer processes (Musial et al., 2017), super
capacitors (Chee et al., 2016; Chaban et al., 2018), and graphene
nanostructures (Atilhan and Aparicio, 2014).

Solvate lonic Liquids

A recently reported (Tamura et al., 2010) class of ionic liquids
known as solvate ionic liquids (SILs) is an area of study
in its infancy, though investigations into to the field are
rapidly increasing. Typically, SILs exist due to the diffusing
of a cationic charge via the sequestering of a hard cation,
often in an ethereal solvent (Austen Angell et al., 2012). The
most prominent in the literature is the dissolution of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in either triethylene
glycol dimethyl ether or tetraethylene glycol dimethyl ether
([Li(G3)]TFESI (1) or [Li(G4)]TFSI (2), respectively, Figure 1).

The use of ionic liquids for organic transformations (Welton,
1999; Hallett and Welton, 2011), and their physical properties
(Forsyth et al, 2002; Angell et al., 2007; Lee et al., 2008;
Ferrara et al., 2017) have been well studied, though these solvate
counterparts have a relatively low representation in the literature.
Also well-established is the effect on reaction kinetics the use
of ILs convey (Keaveney et al.,, 2017; Butler and Harper, 2018;
Hawker et al., 2018), an area that has had, at the time of
publishing, not been investigated in SILs.

The LIiTFSI salt has been incorporated into polymer
electrolytes for batteries, with good success (Watanabe and
Nishimoto, 1995; Mary Sukeshini et al., 1996; Watanabe and
Mizumura, 1996; Nishimoto et al., 1998), and the addition of
boric acid ester monomers have assisted the solubility of the salt
in these networks (Hirakimoto et al., 2001; Tabata et al., 2003).
Henderson et al. first identified and characterized the chelation
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FIGURE 1 | Simplified structure of Lithium in G3 ([Li(G3)]TFSI, 1), G4
(Li(G4)]TFSI, 2), and the TFSI~ anion (3).

of Li™ salts in triglyme and tetraglyme (Henderson et al., 2003)
but the salts studied in that work didn’t include LiTFSI.

Both [Li(G3)]TFSI and [Li(G4)]TFSI satisfy the following
criteria for solvate ILs outlined by Mandai et al. (2014): (1) A
solvate compound is formed between an ion and a ligand(s) in
a certain stoichiometric ratio (in this instance, 1:1). (2) Consist
(almost) entirely of complex ions (solvates) and their counter
ions in the molten state. (3) Show no physicochemical properties
based on both pure ligands and precursor salts under using
conditions. (4) Have a melting point below 100°C (which satisfies
the criterion for typical room temperature ILs). (5) Have a
negligible vapor pressure.

In relation to the third criterion, the equimolar mixture of
LiTFSI and glyme forgoes any evaporation due to the lithium
chelation, an effect not present when lesser concentrations of
LiTFSI in glyme were assessed (Mandai et al., 2014).

The solvation occurs when the lone pairs on the oxygen atoms
of the ether moieties act as a Lewis base, donating electrons
to the Lewis acid (lithium) cation, chelating it (Scheme 1).
This multidentate sequestration enables the dissolution of alkali
metals, such as LiTFSI or lithium perchlorate (LiClOy4). In
the case of LiTFSI, electron density of the nitrogen atom
(of the anion) is attenuated due to the strongly electron
withdrawing flanking groups [sulfur(VI)], heavily delocalising
the anionic charge. This allows the oligo-ether groups to
coordinate the lithium cation. The combination of these effects
relieves the strong coulombic interactions of the naked LiTFSI
salt, reducing the previously high melting point (234-238°C) to
below room-temperature.

Changing the glyme or anion combination can produce highly
variable results, exemplified by the crystal structure produced
when LiClO4 is dissolved in G3 (melting point 103°C)
compared with the room-temperature IL formed when dissolved
in G4 (Ueno et al.,, 2012). The greater the ionic association of
the salt in aprotic solvents, the less likely that chelation will
occur, supported by the previous example by the greater Lewis
basicity (association with cation) of the anion ClO, compared
to TFSI™ (Henderson, 2006). Further to this, employing a PF
anion may catalyze the decomposition of polyethylene oligomers
to alkenes, with concimmitant HF and phosphorous containing
by-products, according to Scheme 2 (Abraham et al., 1997).

Background
Similar structures of Li* cations with oligoether-containing
structures were investigated by Fujinami and Buzoujima (2003)
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SCHEME 1 | Addition of Lewis acid and Lewis base to give a solvate ionic
liquid. Anion not shown.
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LPFs === LF + PFs
R0 + PFs —> RO,PFs
R:OPFs + PFs — [R,0-PF'PFg

SCHEME 2 | Mechanism of decomposition of Glyme-like groups (RoO)
through reaction with the PFg anion (Abraham et al., 1997).

which consisted of two ethereal units and two electron
withdrawing units attached to an aluminate anionic center (4)
according to Scheme 3.

Comparatively, Shobukawa et al. demonstrated an analogous
structure, though with a borate anionic center (5, Figure 2)
(Shobukawa et al., 2004). The main difference here is that the
latter example was fully characterized as an ionic liquid, and
the former (aluminate solvate), was not formally characterized,
though was referred to as a liquid salt in the manuscript
(Fujinami and Buzoujima, 2003). Both structures exhibit similar
glass transition states, far below 0°C (average Ty &~ —50°C across
different length PEG groups) and the reduction in Lewis basicity
of the anionic component of these solvates allow the Li* cation
to be chelated by the ethereal units (Shobukawa et al., 2004).

Although these examples are similar in concept to the solvate
ionic liquids explored here, Pappenfus et al. was the first to
report the equimolar mixture of LITFSI and tetraglyme as a room
temperature (solvate) ionic liquid (Pappenfus et al., 2004). This
was closely followed by the analysis of different length glyme
oligomers with lithium salts (Henderson, 2006).

The chelation of the lithium cation by the glyme molecule
characterizes the mixture as a solvate ionic liquid, not just
a concentrated solution, as identified by Ueno et al. (2012)
by exploring anion-dependent properties. It was determined
that a weakly Lewis basic anion (TFSI-type anions and ClOy)
was required to allow the glyme-Lit chelation to dominate
over the competitive cation-anion interactions. When anions of
greater Lewis basicity were employed, the result was concentrated
solutions of salt in glyme (Table 1, entries with asterisks).

In contrast to the concentrated solutions, the solvate ILs
showed high thermal stability, high ionic conductivity, high
viscosity, low volatility, low flammability as well as a wide
electrochemical window, just like traditional ILs (Tamura et al.,
2010; Seki et al., 2011; Ueno et al., 2012).

Table 1, below, shows the difference in melting point and
density of equimolar mixtures of tri- or tetraglyme and lithium
salts with a variety of anions.

As may be seen in the table, altering the anion has large
effects on both melting point and density. The solvate ionic
liquids explored in this work are in bold, and worth noting is the
outcome that not all lithium salts present as liquids in both tri-
and tetraglyme, and may only exist as such in one or the other
with the alternative being a solid complex. These combinations
are not shown in Table 1, but an example is [Li(G3)]ClO4 which
is solid above 100°C, whereas [Li(G4)]ClO4 has a melting point
of 28°C.

Raman spectroscopy of both [Li(G3)]TFSI and [Li(G4)]TFSI
indicates a very negligible percentage of free glyme in these

equimolar mixtures (Figure 3), which is to be expected of solvate
ILs (Ueno et al., 2015).

As identified earlier, some combinations of lithium salt and
glyme do not result in solvate ionic liquids, only concentrated
solutions, further confirmed by the large percentage of free glyme
(not-chelating) in those examples (Ueno et al., 2015).

PHYSICAL CHEMICAL PROPERTIES

Kamlet-Taft Parameters

Sometimes referred to as solvatochromic parameters, the Kamlet-
Taft parameters are determined spectrophotometrically via the
addition of different dyes to solvents and subsequent UV-
visible spectroscopy (Kamlet et al., 1977). The scale is based
on linear solvation energy relationships (LSER) consisting of
three complimentary solvent characteristics. These are the
hydrogen-bond donating and accepting abilities (a and B values,
respectively) and polarity/polarizability (w* values). It is also
possible to determine the ET(30) (solvent polarity) and the EI%]
(solvent polarity normalized against water) from one of the dyes
used (Reichardt’s dye).

This technique has previously been employed in molecular
solvents (Kamlet and Taft, 1976; Taft and Kamlet, 1976; Kamlet
etal., 1977), in non-aqueous binary mixtures of organic solvents
(Reta et al., 2001), as well as for ionic liquids (Muldoon et al.,
2001; Lee et al., 2008; Padré and Reta, 2016). In addition to
the key characteristics that can be investigated through this
technique, is the reactivity of anionic nucleophiles in ionic liquids
(Crowhurst et al., 2006). All solvents must be appropriately
anhydrous when employing these techniques, to reduce any
augmentation of results.

The determination of the physical parameters of SILs is still
in its infancy, though in regard to the Kamlet-Taft parameters,
there have been three reports in the literature (Dolan et al.,
2016; Eyckens et al., 2016b; Black et al., 2018). Each have had
some slight difference in detection method, be it different dyes
or different mole ratio of solvating glyme to LiTFSI salt. Due to
this fact, the reported values have some slight variation from one
another, though it is important to note that the trend of these
parameters is of most importance when comparing these values,
which is largely consistent.

The dyes used to determine the Kamlet-Taft parameters
are traditionally N,N-diethyl-4-nitroaniline, 4-nitroaniline and
Reichardts dye. Burgess’ dye may be used in place Reichardt’s
dye (Figure 4), if the latter is not sufficiently soluble in the given
solvent, as was the case for Dolan et al. except for the glyme
solvents (Table 2) (Dolan et al., 2016).

The solvents examined here are the neat glymes (tri- and
tetraglyme, G3 and G4, respectively), LiTFSI versions of
these ([Li(G3)]TFSI and [Li(G4)]TFSI), the LiBETI (lithium
bis(pentafluoroethanesulfonyl)imide) versions ([Li(G3)]BETI
and [Li(G4)]BETI), and for comparison to a traditional
ionic  liquid, [Bmim]TFSI  (1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide). For greater investigation of
anion combinations, please refer to the literature (Dolan et al.,
2016). Solvates consisting of the LiBETI salt are presented as
the G4 varietal is reported to have a very low percentage of free
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1. \O'{\/o;/\OH X2
n

2. R-H x2
LiAlH,4 >

-78 °C, THF

SCHEME 3 | Production of an aluminate-based lithium solvate salt (Fujinami and Buzoujima, 2003).

R= CF3C02,
CF5S0;,

(CF3SO2)N,
or CgF 50

®
Q| n
R—B—R R = CH(CF3),
| or CgFs50
oot
n
5

FIGURE 2 | Borate-based solvate ionic liquid produced by Shobukawa et al.
(2004).

TABLE 1 | Properties of a range glyme-lithium salt mixtures.

Glyme-Lit salt mixture Tm o
o) (gem3)

[Li(G3)]TFSI 23 1.42
[LiG3)FSI 56 1.36
[Li(G)OTF 35 1.30
[LIG3)INO, 27 118
[Li(G)JTFA* n.d. 1.20
[Li(G4)ITFSI n.d. 1.40
[Li(G4)|CTFSI 28 1.40
[LiG4)JFSI 23 1.32
[Li(G4)|BETI 23 1.46
[Li(G4)ICIO4 28 1.27
[Li(G4)BF 4 39 1.22
[LIGAINO, n.d. 117
[Li(G4)TFA* n.d. 1.19

Entries in bold are those most relevant to this review. "denotes concentrated solutions,
not solvate ILs. TFSI, bis(trifluormethansulfonyl)imide; FSI, bis(fluorosulfonyl)imide;
OTf, trifluoromethylsulfonate; NOs, nitrate; TFA, trifluoroacetate; CTFSI, cyclic-
TFSI  derivative  1,2,3-dithiazolidine-4,4,5,5-tetrafluoro-1,1,3,3-tetraoxide; ~ BETI,
bis(pentafluoroethanesulfonyl)imide; ClO,4, perchlorate; BF,, tetrafluoroborate; Adapted
from Ueno et al. (2012).

glyme (Table 1) (Ueno et al., 2015), and though this hasn’t been
reported for [Li(G3)]BETI (potentially due to the higher melting
point, mp = 74°C) it has been included here for consistency.
The Kamlet-Taft parameters are measured on a scale
generated by examining the wavelength exhibited by solvents
of differing hydrogen bond characteristics in response to the
presence of different dyes. Due to this, the values are measured
in reference to a strongly hydrogen bond donating or accepting

100 4

% free glyme
3

&«
N )

& P ¢
Y

FIGURE 3 | Estimated amount of free glyme in solution for equimolar mixtures
of tri- or tetraglyme with various lithium salts.

Reichardt's Dye Burgess's Dye

FIGURE 4 | Structures of Reichardt’s and Burgess's dyes.

solvent, which is given the arbitrary value of 1.00. It is possible
that a solvent of unknown hydrogen bonding properties may
have a value of <1.00, meaning for example that it is a greater
hydrogen bond donator than the given reference.

«-Values
Looking first at the o values (hydrogen bond donating), the
tri- and tetraglyme both exhibit negligible values across all
reports, as is anticipated judging from their structures and lack
of acidic protons.

An unexpected result is the high o values for the SILs
consisting of all glymes. This is attributed to the Lewis acidity
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TABLE 2 | Reported Kamlet-Taft parameters of solvate ionic liquids.

Solvent o B n

(i) (i) (iii) (0] (i) (iii) @i (i) (iif)
G3 0.10 0.04 —0.01 0.62 0.66 0.71 0.74 0.66 0.67
G4 0.03 0.02 —0.05 0.72 0.66 0.72 0.68 0.66 0.69
[LiGI)TFSI 1.032 1.08 1.32 0.30 0.26 0.31 0.96 1.00 0.94
[Li(G4)TFSI 0.772 1.22P 1.35 0.24 0.27° 0.28 0.92 0.99° 0.91
[LiG3)BETI 0.882 - - 0.32 - 0.84 -
[Li(G4)BETI 0.802 - - 0.36 - 0.86 -
[Bmim[TFSI - - 0.55 0.22 - - 0.97

(i) (Dolan et al., 2016) (i) (Black et al., 2018) (iii) (Eyckens et al., 2016b).
a\Values determined with Burgess’ dye in place of Reichardt’s dye.
bpole ratio of 4:5 (LITFSI:G4) used instead of 1:1.

FIGURE 5 | Typical configuration predicted for the dye—Li* complex,
showing additional coordination of three oxygen atoms provided by two TFSI
molecules, taken from the [Li(G4)]TFSI liquid simulation. Remainder of the
liquid not shown for clarity. Cyan = carbon, white = hydrogen,

blue = nitrogen, red = oxygen, green = fluorine, yellow = sulfur and

purple = Lit (Eyckens et al., 2016b).

of the chelated lithium cation, which is acting as a surrogate
hydrogen bond. This phenomenon was confirmed by molecular
dynamics, simulating the interaction between the chelated
lithium cation of [Li(G4)]TFSI and Reichardts dye (Figure 5)
(Eyckens et al., 2016b).

The a values of the LiBETI derivatives of SILs are lower
than those with the TFSI™ anion. This suggests there may be
some greater attenuation of the cation in the presence of BETI ™,
or possibly the relative increase in size of BETI™ from TFSI™
(pentafluoroethyl vs. trifluoromethyl) suppressing the interaction
of cation and dye. Note also, the determination of the a values
of the by Dolan et al. (2016) were performed using Burgess” dye
rather than Reichardts, and all SILs exhibit lower values than
those reported by others (Eyckens et al., 2016b; Black et al., 2018).

The Kamlet-Taft parameters for a traditional, imidazolium-
based ionic liquid, [Bmim]TFSI (1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) have been included here to
give context to the values of the SILs. The a value for this IL is
a little under half of that of the SILs with the same anion, which
may be due to the diffusion of the positive charge around the
imidazolium ring, the acidic hydrogens or a combination of both
(Eyckens et al., 2016b). In any event, the o value suffers from the
absence of the hard lithium cation.

B-Values

The B values (hydrogen bond accepting ability) of the solvents
also demonstrated the effect of chelation of lithium by the
glyme/glycol units, in that the observed values of the SILs
are comparatively lower than those of the glyme solvents on
their own. This reduced hydrogen bond accepting ability of the
solvents is caused by the electrons of the ethereal oxygens being
engaged with the lithium-glyme chelate, and therefore limited for
other hydrogen bonding entities. This is true across all SILs from
all reports.

A similar value is exhibited by [Bmim]TFSI, though slightly
lower. The hydrogen bond accepting characteristic of this IL is
due to the anion. In the case of the SILs the accepting ability of
the anion is bolstered with that of the chelating glyme, giving the
slightly increased f values.

n-Values

Finally, the ™ (pi-star) values (polarity/polarizability) are the
ability of the solvent to stabilize charge or become polarized.
It would then follow that ionic compounds, like SILs, should
have higher values than the solvating agents themselves. This
observation is consistent across all reports with the introduction
of either LiTFSI or LiBETI increasing the m* values by about
a third when compared to the glymes. A high * value is also
observed for [Bmim]TFSI, which is typical for traditional ILs (Lee
et al., 2008; Padré and Reta, 2016).

E1(30) and E’.}’—Solvent Polarity and Normalized
Solvent Polarity

The determination of the ET(30) and the El}’ (solvent polarity and
normalized solvent polarity, respectively) does not require any
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further measurements, only calculations using the data already
obtained. The solvent polarity, ET(30), is referred to as such due
to the betaine (Reichardt’s dye) in the original report simply
being the 30th dye investigated. This parameter is calculated
using the maximum absorption of Reichardt’s dye in the solvent
which is then substituted into Equation 1 (Reichardt, 1994;
Lee et al., 2008).

28591

Vmax (11m)

(1)

Er (30) (kcal mol ")

The E1(30) gives no real context to the polarity of the solvent,
so it is therefore necessary to normalize this value on a scale of
trimethylsilane (TMS, least polar, E¥ = 0.000) to water (most
polar, EIfI 1.000). This is accomplished using Equation 2
(Reichardt, 1994; Lee et al., 2008).

EN — Ey(solvent)—E(TMS) _ Er(solvent)—30.7
T = Er(water)—Ep(TMS) — 324

(2)

The results of these calculations are summarized in Table 3
(Eyckens et al., 2016b).

The E¥ gives a relative scale of the polarity of solvents
compared to water as the most polar, EY = 1.000 (Entry 1,
Table 3). [Li(G3)]TFSI and [Li(G4)]TFSI have E¥ values of 1.028
and 1.033 (Entry 2 & 3, Table 3), greater than that of water. Given
the nature of ionic liquids comprising entirely of ions, it is not
unexpected that they would have a high degree of polarity. This
is due to the full cationic and anionic charges present in the IL,
rather than the dipole moment experienced by water. The tri- and
tetraglyme compounds are both around a third of the polarity of
water with EY values of 0.301 and 0.284, respectively (Entry 4 &5,
Table 3). These ethereal solvents are expected to have a degree of
polarity associated with them, due to the electronegativity of the
oxygen atoms, and decreased EY values compared to the solvate
ILs is due to the absence of ions. [Bmim]TFSI has a markedly
reduced EIfI value compared to the solvate ILs, with 0.590 (Entry
6, Table 3), which is consistent with the higher o and p values of
the solvate ILs.

NMR Studies

Investigations into the electronic effects on the chelation of the
lithium cation have been conducted by Black et al. using nuclear
magnetic resonance (NMR) spectroscopy of ’Li, 170, 'H and 1*C
nuclei (Black et al., 2018).

TABLE 3 | The E7(30) (solvent polarity) and E$‘ (normalized solvent polarity) of
solvents (Eyckens et al., 2016b).

When examining “Li in DMOS-ds, there is a reduction in
chemical shift (moving to the right) of the signal from LiTFSI
compared to the reference (9.7 mol kg_1 LiCl in H,0O) (Black
et al., 2018). This is due to the electron donation of the TFSI™
anion to the lithium cation. The introduction of the G1 and G2
glyme solvents initially results in the largest change (upfield) in
ppm of the 7Li signal. This is attributed to the additive effect of
the electron donation of the ethereal oxygens and the anion. This
is true for both concentrations examined; 0.025 lithium atoms per
oxygen atom, and 0.25 lithium atoms per oxygen atom.

Interestingly, the combination of the G3 and G4 solvents with
LiTFSI demonstrated a less significant reduction in chemical
shift, compared to that of the smaller glyme solvents. This is
consistent with the chelation of the cation by the glyme having
a greater effect, which may in part be due to the resulting steric
bulk limiting anion-cation interaction.

A similar result is observed in the case of 170 NMR, though
only the lesser concentration of LiTFSI in glyme was able to
accurately be examined. The larger concentration (0.25 lithium
per oxygen) resulted in only a broad signal that was unable to be
deconvoluted. Nonetheless, the lesser concentration gives a good
indication of the trend that is likely occurring in both scenarios.

With the introduction of the LiTFSI salt, the ethereal oxygen
signals exhibit an upfield shift due to the chelation of the
cation, resulting in an electron-poor oxygen atom (Peng et al.,
2016). While this effect is initially counterintuitive, it has
been demonstrated previously in aliphatic ether systems, that
withdrawal of electron density from the oxygen results in a
more shielded system, manifesting as a lower chemical shift
(Béraldin et al., 1982).

A point of difference is observed between the terminal oxygen
atoms (closest to the methyl group) and those of the ethylene
linker, where the former exhibit a smaller change in chemical shift
in the presence of the lithium cation. This can be ascribed to the
lower degree of coordination of lithium by the terminal oxygens
and this effect is exacerbated with larger glyme molecules, as there
are more “non-terminal” oxygens available for chelating.

In determining the changes in the ' H NMR shifts of the glyme
compounds, there is a trend of a decrease in chemical shift with
the introduction of LiTFSI. Further, a greater change in ppm
of the methyl protons than the signals corresponding to the
methylene protons (relative to the pure glyme values) is observed.

This is again counterintuitive, as a coordination of the oxygen
atoms to lithium should draw on electrons, shifting the signals
of the relative protons downfield, and the draw of two oxygen
atoms should have a greater effect on methylene protons than
methyl. The effect is credited to interaction of protons with the
TFSI™ anion, effectively negating the electron withdrawing effect
by donating electron density to these protons.

Entry Solvent Er(30) EY The more withdrawn the protons, as is the case with those of

the methylene, the greater the susceptibility to anion interaction.
! Water 6s.1 1000 These two processes effectively cancel each other out, resulting
2 [LGSITFS! 64.0 1028 in the negligible change in shift for the methylene protons. In
8 [HGATTFS! 64.2 1033 the case of the methyl protons however, the balance between
4 Triglyme 404 080T effects is not as evenly matched, resulting in a more prominent
5 Tetraglyme 899 0284 change in signal resonance, albeit a small one. It may also be
6 (Bmim[TFS| 49.8 0890 possible that the electron withdrawn nature of the protons with
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the chelation of the lithium cation contributes to some degree to
the unanticipatedly large o value exhibited by the SILs.

Notably, this phenomenon is somewhat reversed when
exploring the effects through '*C NMR. The carbons of the
methyl groups show no significant change in chemical shift in
the solvate ILs with respect to the pure glyme. For the methylene
carbons however, there is a decrease in shift resulting from
the balance of interaction with both the lithium cation and
TFSI™ anion.

This investigation clearly demonstrates the significant role
played by the anion on the electronics of the SIL complex. These
interactions between glyme ligand and cation become more
significant with increasing glyme length, causing a reduction in
cation-anion interaction.

The correlation of these observations with molecular
modeling would potentially compliment these studies and
provide potential insight into the intricacies of this system.

Gutmann Acceptor Number

Given the high o values of the SILs and the confirmation of this
effect with molecular dynamics, the pseudo-hydrogen bonding
may be attributed to Lewis acidity, which can be examined using
a phosphorous-based probe, and it analysis via >'P NMR. The
Gutmann Acceptor Number is a measurement of the Lewis and
measures the interaction of the desired solvent and a Lewis base,
triethylphosphine oxide (Et3PO) in a 3:1 ratio (solvent:base)
dissolved in deuterated benzene (Mayer et al, 1975;
Gutmann, 1976).

The Acceptor Number (AN) is determined by monitoring the
shift of the phosphorous atom when introduced to a Lewis acid
by polarization of the P=0 bond. The greater the strength of the
Lewis acid, the more electron withdrawn the phosphorous atom
becomes, shifting the resonance of that atom in the *'P NMR
spectra downfield (to the left, Figure 6).

To accurately ascertain the degree of shift of the phosphorous
resonance, the Lewis base must first be measured in relation to a
non-Lewis acidic solvent, as a control measurement (n-heptane
was used in this case).

The Acceptor Numbers of solvents are summarized in Table 4
(Eyckens et al., 2016a).

It was of interest to determine the AN of the naked LiTFSI salt,
to quantify the effect chelation had on the lithium cation. The
salt exhibited an Acceptor Number of 41.84 (Entry 3, Table 4),

EtsP==0----LA. ——> EtP=0 + LA.

f f

31 3o

chemical shift (ppm)

FIGURE 6 | Representation of the effect of a Lewis acid on the chemical shift
of phosphorous in the 3P NMR spectrum.

almost double that of the solvate ILs. Lithium has been shown
to be a strong Lewis acid, often used as an additive for organic
reactions (Springer et al., 1999), so in the non-chelated form, it
is logical to expect this increase in Lewis acidity. [Li(G3)]TFSI
and [Li(G4)]TFSI demonstrated identical AN with 26.53 each
(Entry 4 & 5, Table 4). This represents the effect of chelation,
as the lithium cation is not as free to interact with the Lewis
base, the effect may be due to a combination of electronic
and steric effects. The tri- and tetraglyme molecules showed
the expected very low AN with 0.24 and 0.21, respectively
(Entry 6 & 7, Table 4). The negligible Lewis acidity exhibited
by these compounds, is to be expected due to the absence
of electron-accepting functional groups. [Bmim]TFSI shows
reduced Lewis acidity when compared to the solvate ILs with AN
values of 11.90 and 3.10 (Entry 8, Table 4). The two chemical
shifts are due to the nature of the cation, as Lewis acids are
typically metal-based and the amine cation is not as efficient at
accepting electrons. Presumably, the observed Lewis acidity of
[Bmim]TFSI is dominated by hydrogen-bonding effects between
the phosphine oxide and the acidic hydrogen atom at C2, and
the pair at C4/C5 on the imidazolium ring (Figure 7), giving the
two values.

In summary, solvate ionic liquids represent a unique class
of liquids which possess interesting Lewis Acidic properties,
with the typical features of ionic liquids being negligible
vapor pressure and high polarity. These unique properties,
in addition to their cryogenic melting points and absence
of acidic protons, opens the potential of these liquids to be
used as media for organic chemical transformations which
are typically inaccessible using imidazolium-derived or protic
ionic liquids. The first reports of SILs as reaction media

TABLE 4 | Acceptor Number (AN) of Solvate ILs (Eyckens et al., 2016a).

Entry Lewis acid Et3PO AN
3CTP) ASCTP)
1 n-heptane 46.66 0.00 0.00
2 LiTFSI (salt) 64.48 17.82 41.84
3 [Li(G3)TFSI 57.96 11.30 26.53
4 [Li(G4)TFSI 57.96 11.30 26.53
5 Triglyme 46.76 0.10 0.24
6 Tetraglyme 46.75 0.09 0.21
7 [Bmim]TFSI 51.68, 47.94 5.07, 1.30 11.90, 3.10
Ho H
Y NS T 1RSI
H
[Bmim]TFSI
FIGURE 7 | Acidic protons of [Bmim]TFSI shown in red.
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and their effect on reaction outcome are reported in the
following section.

APPLICATIONS IN
SYNTHETIC CHEMISTRY

Tonic liquids as reaction mediums for organic transformations
are already well-established in the literature, with many reviews
available detailing their use (Welton, 1999; Wasserscheid and
Keim, 2000; Hallett and Welton, 2011; Qureshi et al., 2014). In
comparison, solvate ILs have seen very little representation in the
literature, though the examples that do exist are reported here.

Organocatalysis

Juaristi and co-workers report a highly efficient, and
stereoselective asymmetric aldol reaction when using (S)-
proline in conjunction with solvate ionic liquids (Table 5, below)
(Obregon-Zuiiga et al., 2017). The solvates explored are both
the [Li(G3)]TFSI and [Li(G4)]TFSI, as well as the perchlorate
versions; the [Li(G3)]ClO4 and [Li(G4)]ClOy. It should be noted
that [Li(G3)]ClO4 is reported as a solid (mp 103°C) (Ueno
et al.,, 2012, 2015; Mandai et al.,, 2014; Obregén-Zuiiiga et al.,
2017), and [Li(G4)]ClOy is considered a concentrated solution,
rather than a solvate ionic liquid, due to the excess of free glyme
(~20%) in the system (Ueno et al., 2015).

Nevertheless, these particulars are of little consequence due to
the greater performance exhibited by the TFSI™ anion varietals
compared to the ClO, versions (Table 5). It was found that an
equimolar mixture of SIL and (S)-proline employed at 3 mol%
with 1 equivalent of water was the optimal conditions for the

aldol reaction to take place, at ambient temperature for 14h
(Obregon-Zuiiiga et al., 2017).

Employing [Li(G3)]TFSI with (S)-proline exhibits an excellent
yield (94%), dr (94:6) and er (98:2) in the aldol reaction
between cyclohexanone 6 and 4-nitrobenzaldehyde 7 (Entry
1, Table5). The yield is slightly improved (96%) with the
use of the tetraglyme counterpart, [Li(G4)]TFSI, though both
the diastereomeric ratio and enantiomeric ratio suffer (Entry
2, Table 5). this leads to the conclusion that, despite a slight
reduction yield, [Li(G3)]TFSI is the better performing SIL.

[Li(G3)]ClO4 gives the lowest yield of all the additives (84%,
Entry 3, Table 5), though does see an improvement in dr (93:7)
when compared to [Li(G4)]TFSI (90:10), and the same er as
[Li(G3)]TFSI (98:2). This may suggest some conformational
benefit of the triglyme over the tetraglyme, as [Li(G4)]ClO4
lead to worse dr and er, but a slight increase in yield (87%,
Entry 4, Table 5).

To give these results context, the reaction was repeated
without the addition of any SILs or water (Entry 5, Table 5).
This instance shows, as expected, the lowest yield (18%),
diastereomeric and enantiomeric ratios (64:36 and 88:12,
respectively), and an increase in reaction time to 24 h. Immediate
improvement is observed with the addition of 1 equivalent of
water, with higher yield (67%) and better dr and er (82:18 and
92:8, respectively, Entry 6, Table 5).

The stereoselective advantage of [Li(G3)]TFSI in this aldol
reaction is proposed to be the formation of a supramolecular
aggregate between the SIL and (S)-proline (Obregon-Zuiiga
etal., 2017).

This structure is supported by both “Li NMR and IR
spectroscopic methods (Obregon-Zuniga et al., 2017), and the

TABLE 5 | Evaluation of various SILs and blanks in the model aldol reaction (Obregén-Zaniga et al., 2017).

5 L/\d(o =%
H - O--P-O 1
! H S [ :
o) < O OH
| 3 mol% SIL
3 mol% (S)-Proline v
+ e —— H
H20 (1 eq.),
NO, rt,14 h NO;
6 7 8
4 eq. 1eq.
Entry SIL Yield (%)? dr (anti:syn)® er (anti)®
1 [Li(GI)TFSI 94 94:6 98:2
2 [Li(G4)TFSI 96 90:10 96:4
3 [Li(G3)|CIO4 84 93:7 98:2
4 [Li(G4)ICIO,4 87 89:11 94:6
5d - 18 64:36 88:12
6 - 67 82:18 92:8

alsolated yield.

b petermined by 'H NMR from the crude reaction.
¢Determined by HPLC with chiral stationary phase.
9INo water added, 24 h of reaction.
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transition state of the supramolecular ensemble containing
ketone, aldehyde, water and the (S)-proline-[Li(G3)]TFSI
complex was also modeled (Obregén-Zuniga et al., 2017). The
complex shows the 1 equivalent of water acting as a bridgehead
between the carbonyls of the ketone and aldehyde.

The effect of [Li(G3)]TFSI in this aggregation is observed
to be specific for SILs, as a comparison is conducted with a
traditional IL; [Bmim]PFs and one without any ionic species
present (Obregon-Zuiiga et al.,, 2017). This is also explored in
the context of electron withdrawn, neutral and electron donating
aldehydes with cyclohexanone.

In every case examined, [Li(G3)]TFSI was the best performing
example with higher yields and diastereomeric and enantiomeric
ratios. The best results obtained of the three types of aromatic
aldehydes were those that are electron withdrawn, as may be
expected. Further demonstrating the requirement for the SIL
complex, is the poor result obtained when using the lithium
carboxylate of (S)-proline as the catalyst, or just the LiTFSL

This work demonstrates the advantage of SILs in an organic
transformation, over a traditional IL ([Bmim]PFg), [Li(G3)]ClO4
or [Li(G4)]ClO4. The latter proves the requirement for the
solvation of the lithium cation, as it has been defined as a
concentrated solution (Ueno et al., 2015).

Diels-Alder Reactions

To utilize the Lewis acidity of [Li(G3)]TFSI and [Li(G4)]TFSI,
both SILs were assessed in their application as solvents for Diels—
Alder reactions (Eyckens et al., 2016a). The [44-2] cycloadditions
of a series of reactants are summarized in Table 6.

A similar solvent, 5.0 M Lithium Perchlorate in Diethyl
Ether (5.0 M LPDE) saw good application for electrocyclization
reactions in the 1990s to 2000s (Grieco et al., 1990; Forman and
Dailey, 1991; Grieco and Moher, 1993; Heydari, 2002), but soon
fell out of favor due to a lack of handleability and stability of the
ClIO, anion at elevated temperatures. It has been included here as
the closest point of comparison to the SILs in terms of a reaction

TABLE 6 | Diels-Alder reactions in solvate ionic liquids (Eyckens et al., 2016a).

MeO,C CO,Me

COOCH,
isoprene (5 equiv.) 10
Entry Solvent Time Temp. (°C)? Yield (%)b
1 5.0M LPDE 7h rt. 94¢
2 [Bmim] PFg 2h 80d 96°
3 [Li(GI)]TFSI 30min 100 73
4 [LI(GA)TFSI 30min 100 81

aMlicrowave irradiation.

bisolated yield.

¢Reported yield (Grieco et al., 1990).
9No microwave irradiation.
®Reported yield (Farle et al., 1999).

medium. The limitation of not being able to heat 5.0 M LPDE due
to potential explosion is not relevant to the solvate ILs, and thus
this fact was exploited during reaction optimization.

The Diels-Alder reaction between isoprene and 9 is reported
to proceed well at ambient temperature in 5.0 M LPDE (94% in
7h, Entry 1, Table 6). It has also been shown to be successful
in [Bmim]PFg, with the addition of heat (96% in 2h, Entry 2,
Table 6). The reported conditions for the Diels-Alder reaction
in ionic liquids use 5 equivalents of the diene, and this was
kept consistent in this study to allow for greater comparison.
However, isoprene was observed to be only sparingly soluble
in the solvate ILs, forming a biphasic solution when added
to the reaction vessel. This suggests that a much lower
effective concentration was required to complete these reactions
than in the instances of other ionic liquids, meaning fewer
equivalents may have been able to be used to produce the
same result.

Performing the reaction for 30min at 100°C, using
microwave irradiation (Entry 3 & 4, Table6) gave good
yields for both [Li(G3)]TFSI and [Li(G4)]TFSI (73 and
81%, respectively). This demonstrated the advantages of
being able to heat these solvate ILs without limitation
(such as those outlined for 5.0M LPDE) as part of an
optimization process.

The Diels—Alder reaction between isoprene and dimethyl
maleate (11a) or dimethyl fumarate (11b) was also investigated.
Previous reports (Renninger and Mcphee, 2008) of the Diels-
Alder reaction between dimethyl maleate (11a) and isoprene
required the use of extremely high temperatures to obtain
good yields (cf. 195°C and 66%, respectively). Attempting
the reaction in a molecular solvent (chloroform) proved the
difficult nature of this reaction when only traces of the desired
product 12 obtained (Entry 1, Table 7) despite relatively high
temperatures. Employing [Li(G3)]TFSI and [Li(G4)]TFSI (Entry
2 & 3, Table 7) showed greater promise, with isolated yields of
73 and 21%, respectively. Despite this, it was found that the
isolated product was 12b, possessing the trans configuration
of the esters and not the expected cis transfiguration of
12a. This is unusual as stereochemistry is typically retained
throughout the Diels-Alder reaction, and it was concluded
that while the product 12a may form initially, it is possible
for this product to convert to the more thermodynamically
stable 12b.

This epimerization is presumed to be due to the higher
temperature employed in this reaction. The dramatic reduction
in yield in [Li(G4)]TFSI is unknown, but may be due to a
slightly different solubility of isoprene in this IL compared to the
[Li(G3)]TFSI variation.

This reaction was then repeated with 1la at room
temperature in [Li(G3)]TFSI overnight (Entry 4, Table7)
to minimize possible epimerization. Unfortunately, the
reaction was unsuccessful and only starting material 1la
was isolated.

Dimethyl fumurate (11b) was then employed as the
dienophile, and a much less pronounced improvement in yield
was obtained in the solvate ILs, when compared to the molecular
solvent (Entry 5, Table7 vs. Entry 6 & 7, Table7). When
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TABLE 7 | Diels-Alder reactions in solvate ionic liquids (Eyckens et al., 2016a).

MeO,C CO,Me
11acis COOCH3
isoprene (5 equiv.) 11b frans 12a cis
12b trans

Entry Reactant Solvent Time Temp. (°C)? Yield (%)b
1 11a CHCl3 20min 100 <5
2 11a [Li(G3)]TFSI 20min 100 73¢
3 11a [Li(G4)|TFSI 20min 100 21¢
4 11a [Li(GI)|TFSI 16h rt. 0
5 11b CHCl3 20min 100 45
6 11b [LiGI)ITFSI 20min 100 74
7 11b [Li(G4)TFSI 20min 100 65

aMicrowave irradiation.
bisolated yield.
COnly trans product isolated.

compared to previous reports (Lee et al., 2009) however (cf. 36 h,
70°C), the reaction required considerably less time to occur.

[2+2] Cycloaddition Cascade Formation

of Dienes

Another electrocyclisation reaction attempted in the solvate ILs
was the [2+2] reaction of dimethyl ketene (13) (generated in situ
from isobutyryl chloride) and (E)-cinnamaldehyde (14) giving
15 after CO, extrusion (Eyckens et al., 2016a). This reaction
is reported not to proceed in the absence of LiClO4 and has
been reported in 5.0 M LPDE, therefore is an obvious choice to
compare the application of the solvate ILs.

Conducting the reaction in chloroform resulted in trace
amounts of product formed, as was expected (Entry 1, Table 8).
When repeating the literature conditions (Arrastia and Cossio,
1996), the high yield (95%) originally reported in 5.0 M LPDE
was unable to be reproduced (Entry 2, Table8). Employing
freshly prepared 5.0 M LPDE, from extensively dried LiClO4
and diethyl ether, saw highly variable yields at best. The yield
of 15 in 5.0 M LPDE varied between 5-40%, with <20%
being typical for repeated attempts. Despite the complete
consumption of the aldehyde 14, a complex mixture of
products was typically observed in the 'H NMR spectra of the
crude mixture.

The complete consumption of the aldehyde 14 was also
observed in the '"H NMR spectra of crude mixtures of the
reactions carried out in [Li(G3)]TFSI and [Li(G4)]TFSI, though
the isolated yields were greatly improved; 56% and 41%,
respectively (Entry 3 & 4, Table 8). It was hypothesized that
atmospheric water may be affecting the reaction outcomes. In
an attempt to remedy this and improve yields, 4 A molecular
sieves were added to the reaction in [Li(G4)]TFSI to remove
adventitious water, improving the yield to 60% (Entry 6, Table 8).
Further to this, heating for the final hour of the reaction to 80°C
in [Li(G3)]TFSI increased the yield to 70% (Entry 7, Table 8).

TABLE 8 | Comparison of solvents in [2+2] cascade formation of dienes (Eyckens

et al., 2016a).
o)
(0]
o i o o, Ph
)(]:\ + | —_— | —_— \=\=<
Ph &

13 14 15
Entry Solvent Time (h) Temp. (°C) Yield (%)?
1 CHClg 6 rt. <5
2 5.0M LPDE 6 r.t. ~20
3 [LiG3)TFSI 6 rt. 56
4 [LiGA4)TFSI 6 rt. 41
b [LIGI)TFSI 6 rt. 60
7 [LIGI)TFSI 6° 80 70
4Jsolated yield.

b Activated molecular sieves (100 mg) were used throughout the reaction.
©The reaction mixture was heated for the finally hour of the specified time.

These reactions highlight the ease with which these SILs can
be handled. The use of molecular sieves and heated using 5.0 M
LPDE is not possible, due to precipitation of lithium perchlorate
if taken out of inert atmosphere, and again the limitations of
heating in this system.

o-Aminophosphonates
a-Aminophosphonates are small, phosphorous containing

molecules, structurally analogous to naturally occurring
a-amino acids.

Replacement of the «carbonyl component of the
amino acid with phosphorous has been shown to

inhibit enzymes of receptors to which the natural amino
acids bind (Cherkasov and Galkin, 1998). This lays the
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TABLE 9 | Scoping of aniline derivatives to produce a-aminophosphonates in SILs (Eyckens and Henderson, 2017).

Ry —
& R o Solvent \ /™ i
|\\ * |\\ * Ph. P Ph ——————> Ry = z—o
= NH, P A Y “O°H O 5 min, r.t. ? ) ~Ph
16a-g 17h-m 18 19a-m
Entry Solvent Aniline R3 Yield (%) Entry Aldehyde R Yield (%)
1 [LIGI)TFSI 16a 4-NO, 64 15 17h 4-Br 90
2 LiGA)TFSI 25 16 91
3 LiG3)TFSI 16b 4-OH 82 17 17i 4-Me 90
4 LiGA)TFSI 92 18 86
5 [Li(G3)ITFSI 16¢c 4-F 84 19 17j 4-NO»o 69
6 [Li(GA4)TFSI 68 20 59¢
7 [LiG3)|TFSI 16d 4-Cl 9 21 17k 4F 77
8 [LiGA)TFSI 96 22 78
9 [LiG3)|TFSI 16e 3-Cl 83 23 171 2-OH 84
10 [LIGA)TFSI 59 24 76
11 [LiG3)TFSI 16f 3-CFg 86 25 17m 3,4-Cl 74
12 LiGA)TFSI 81 26 79
13 LiG3)TFSI 169 3,5-CF3 54
14 LiGA)TFSI 60

aAlternate R group is hydrogen.
bisolated yield.

©This material contained a-hydroxyphosphonate (17% by 1H NMR) resulting from direct attack of the phosphite on 4-nitrobenzaldehyde.

foundation for a-aminophosphonates to have medicinal or
therapeutic applications.

These compounds are typically accessed via the Kabachnik-
Fields reaction, discovered independently by both Kabachnik
and Ya (1952) and Fields (1952). The reaction proceeds through
condensing an amine with an aldehyde (either in situ or
preformed), before reaction with a phosphonate.

Conducting this reaction in SILs at room temperature for
5 min demonstrated the broad scope of reactants suitable in these
conditions. The advantage of SILs is evident as other reports
of the synthesis of these molecules utilize increased reaction
time [up to 7 days (Pettersen et al., 2006)], temperature (Guo
et al., 2015), the use of boutique catalysts (Ambica et al., 2008;
de Noronha et al., 2011; Heo et al., 2012; Li et al., 2016) or
combinations thereof.

The success of the Kabachnik-Fields reaction in solvate
ILs is demonstrated through the application of a range of
substituted aldehydes and anilines with diphenyl phosphite
(Table 9), (Eyckens and Henderson, 2017).

The production of a range of a-aminophosphonates with
various electron withdrawing or donating functional groups on
either the aniline or benzaldehyde was rapidly achieved, with
overall excellent yields (Table 9). It was observed that, in general,
[Li(G3)]TFSI proved to be the better performing solvent of
the two SILs in most cases. This is consistent with previous
findings when using these SILs as reaction solvents, although the
difference between the two solvents is generally quite small.

In addition to the production of these mono-a-
aminophosphonates, is the synthesis of bis-versions, utilizing
arylenediamines (Table 10).

The synthesis of bis-a-aminophosphonates in SILs is
demonstrated with good success (Table 10), maintaining the
very concise reaction time and good substrate tolerance.

Unlike the earlier trend of [Li(G3)]TFSI outperforming
[Li(G4)]TFSI in the production of mono-a-aminophosphonates,
there seems a reversal in this trend when introducing
substituted aldehydes into the bis-versions of these
a-aminophosphonates 22b-c.

In addition to the successful synthesis of bis-versions
of a-aminophosphonates, the efficacy of producing a non-
Cy-symmetric bis-a-aminophosphonate using two different
aldehydes was investigated (Scheme 4).

The non-C,-symmetric compound 24 was synthesized in
good yields in both SILs (43% in [Li(G3)]TFSI and 26% in
[Li(G4)]TFSI isolated yields), in only 10 min of total reaction
time at room temperature. Each aldehyde was reacted for 5 min
in a two-step, one-pot process. The use of 4-tolualdehyde served
as a simple 'H NMR handle to determine the incorporation of
both aldehydes through comparison of integration ratios of the
methyl signal and the protons attached to the tertiary carbon.

The use of SILs as solvents for organic reactions has shown
great success, even in the limited number of reports available.
The comparison to molecular solvents, other ionic liquids or
even the use of catalysts has advocated strong advantage in the
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TABLE 10 | Scoping of bis-a-aminophosphonates (Eyckens and Henderson, 2017).

2xHOP(OPh);  PrG OFh PhO OPh
P=0  O=P
(e} Solvent
2x o+ HZNO—NHZ I o R

R 5 min, r.t. HN NH

20a-c 21 22a-c
Entry Product R Solvent Yield (%)2
1 22a Ph [LI(G3)|TFSI 64
2 [Li(G4)TFSI 52
3 22b 4-BrPh [LIG3)TFSI 36
4 [Li(GA)TFSI 65
5 22¢ 4-NO,Ph [LIG3)TFSI 18
6 [LiGA)TFSI 33
alsolated yield.

Me
1. HOP(OPh),
NH PhCHO
/©/ 2 SIL, 5 min, r.t. 9 ? [L(G3)ITFSI = 43%
. —’2' HOP(OPh), o-P P-0 [Li(G4)ITFSI = 26%
? 4-MePhCHO o HN NH 0
SIL, 5 min, r.t. \©

23

Henderson, 2017).

SCHEME 4 | Synthesis of a non-Co-symmetric bis-a-aminophosphonate 24 from p-phenylenediamine and incorporating different aldehydes in the SiLs (Eyckens and

24

use of synthesis. The ability to access products of cycloaddition
or condensation reactions using these solvents shows great
versatility and utility.

CONCLUSIONS AND OUTLOOK

The physical parameters of solvate ionic liquids have been
discussed here, as reported by a number of research groups.
Consist findings of high a values (hydrogen bond donating) are
recorded, despite the absence of acidic protons. This was largely
attributed to the lithium cation acting as a surrogate hydrogen
bond, which was confirmed by molecular dynamics simulations.
The high a values were also consolidated by the determination of
Lewis acidity (Gutmann Acceptor Number), revealing identical
values for both SILs (AN = 26.5). This value was reduced in
comparison to the naked LiTFSI salt and increased compared to
that of the pure glymes.

The B values were reduced in comparison to the pure glyme
solvents, anticipating the chelation of lithium by the ethereal
oxygens, thereby limiting their availability for hydrogen bond
accepting. This effect of chelation was also supported by NMR
studies of all relevant nuclei. Finally, the n* values demonstrated
the SILS’ polarizability which was expectedly high due to their
ionic character, and consistent with traditional ionic liquids. The
SILs were also observed to be as polar (if not slightly more so)
as water.

The application of SILs to effect reaction outcomes was
validated in conjunction with a proline organocatalyst with

excellent results in the aldol reaction. This success was further
echoed by the use as a solvent for Diels-Alder and [242]
cycloaddition reactions, with good yields reported.

The application to a different type of reaction in the
Kabachnik-Fields reaction further conveyed the advantage of
SILs, rapidly accessing a-aminophosphonates in excellent yields
at room temperature, with good scope and the ability to produce
bis-versions (including non-C,-symmetric) of these compounds.

The foundational research explored here serves as a good basis
for future investigations, and the use of these SILs as solvents
for organic transformations is a field with huge potential. The
potential to access molecules in less time, temperature or both
is enticing and offers great advantage over previous methods.
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lonic liquids (ILs) are considered in the majority of cases green solvents, due to
their virtually null vapor pressure and to the easiness in recycling them. In particular,
imidazolium ILs are widely used in many fields of Chemistry, as solvents or precursors
of N-heterocyclic carbenes (NHCs). The latter are easily obtained by deprotonation of
the C2-H, usually using strong bases or cathodic reduction. Nevertheless, it is known
that weaker bases (e.g., triethylamine) are able to promote C2-H/D exchange. From
this perspective, the possibility of deprotonating C2-H group of an imidazolium cation
by means of a basic counter-ion was seriously considered and led to the synthesis of
imidazolium ILs spontaneously containing NHCs. The most famous of this class of ILs
are N,N’-disubstituted imidazolium acetates. Due to the particular reactivity of this kind
of ILs, they were appointed as “organocatalytic ionic liquids” or “proto-carbenes.” Many
papers report the use of these imidazolium acetates in organocatalytic reactions (i. e.,
catalyzed by NHC) or in stoichiometric NHC reactions (e.g., with elemental sulfur to yield
the corresponding imidazole-2-thiones). Nevertheless, the actual presence of NHC in
N,N’-disubstituted imidazolium acetate is still controversial. Moreover, theoretical studies
seem to rule out the presence of NHC in such a polar environment as an IL. Aim of
this Mini Review is to give the reader an up-to-date overview on the actual or potential
presence of NHC in such an “organocatalytic ionic liquid,” both from the experimental
and theoretical point of view, without the intent to be exhaustive on N,N’-disubstituted
imidazolium acetate applications.

Keywords: N-heterocyclic carbene, imidazolium acetate, NHC, basic anion, ionic liquids, C2-H deprotonation,
organocatalytic ionic liquid

INTRODUCTION

Tonic liquids (ILs), salts constituted of a large organic cation and an organic or inorganic anion
not coordinated (usually liquid below 100°C), are gaining more and more popularity in many
fields of Chemistry (Handy, 2011; Vekariya, 2017; Watanabe et al., 2017). Due to their physico-
chemical properties their use is advantageous in view of a “greener” way of thinking Chemistry
(Mohammad and Inammudin, 2012; Feroci et al., 2013a) although there are not sufficient studies on
their possible toxicity (Ostadjoo et al., 2018). In particular, their high solvation ability, their virtually
null vapor pressure, the relative easiness in removing them from the reaction mixture and recycle
them spurred chemists to revisit established chemical procedures using them both as solvents and
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as reagents (Qureshi et al., 2014; Hajipour and Rafiee, 2015).
Imidazolium ijonic liquids are a class of ILs very often
used in organic chemistry, as solvents and as precursors
of N-heterocyclic carbenes (NHC), very efficient ligands and
organocatalysts (Enders et al., 2007; Biju, 2019). In fact, the
deprotonation of the C2-H in between the two imidazolium
nitrogen atoms leads to the formation of a singlet carbene, which
can act as a base and/or nucleophile. This deprotonation is
usually carried out using strong bases (Sowmiah et al., 2009;
Chiarotto et al., 2014) or by cathodic reduction (Gorodetsky et al.,
2004; Feroci et al., 2016a), but it is known from decades (Olofson
et al., 1964) that C2-H/D exchange can be induced by weaker
bases, like Et3N. This led to the awareness of the possibility to
incorporate a weak base into the imidazolium salt structure, i.e.,
as counter-ion, in order to have in the same reagent the acid
(imidazolium cation, precursor of carbene) and the base (acetate
ion). Imidazolium acetates are currently used in many fields of
organic chemistry, but the actual presence of NHC into such
ionic liquids is still debated: is an imidazolium acetate a mixture
of IL and NHC, or the basicity of the anion (with respect to
the acidity of the imidazolium cation) is not strong enough for
this deprotonation in such a polar environment as the ionic
liquid? This question has been faced from both theoretical and
experimental point of view.

THEORETICAL STUDIES

1-Ethyl-3-methylimidazolium acetate (EMIm-OAc) and 1-butyl-
3-methylimidazolium acetate (BMIm-OAc) are among the most
studied ILs potentially containing NHC, both theoretically and
experimentally. The main question about the possibility of
endogenous NHC in this kind of ILs arises from the very different
pK, of the N,N’-dialkylimidazolium cation and of acetic acid
(about 22 and 12.3 in DMSO, respectively), which seems to rule
out the possibility of a deprotonation of the imidazolium cation
by acetate ion (although the pKj,s in ILs are not known), leading
to the formation of the corresponding NHC and acetic acid. To
gain insights into the possibility of this proton transfer, Nyuldszi
and coworkers as early as 2010 studied computationally the
system EMIm-OAc (at the B3LYP/6-314-G™ level), starting from
the premise that the imidazolium cation is a good hydrogen-bond
donor, while acetate anion is a hydrogen-bond acceptor and thus
this ion pair could be represented as hydrogen bonded in the gas
phase (Holloczki et al., 2010). The authors found that the relative
energy of the two hydrogen bonded structures (RMIm-OAc and
NHC-AcOH, Scheme 1, equation 1) are almost identical and the
barrier for their isomerization is low (3.6 kcal mol~!), rendering
possible the existence of both isomers in the gas phase.

Qian et al. carried out quantum mechanical calculations to
determine the reasons for the higher ability of imidazolium
acetates over imidazolium chlorides in dissolving cellulose (Du
and Qian, 2011). In this case also the effect of the solvent
was evaluated. The authors calculated the free energy for the
deprotonation reaction in the gas phase (—74.2 kcal mol™}),
while in the MMIm-OAc ionic liquid the same calculation gave
a value of +25.4 kcal mol~!, suggesting that the deprotonation

process is favorable in the gas phase, but unfavorable in IL (in
fact, the reactant are charged while the products are neutral and
a polar solvent stabilizes more charged species). Furthermore,
ab initio calculations allowed the authors to suggest a reaction
mechanism in which the NHC-AcOH hydrogen bonded complex
dissociates into NHC and AcOH (Scheme 1, equation 2),
rendering NHC free to react with cellulose.

Later, Holléczki and Kirchner (Thomas et al., 2014) reconsider
the system EMIm-OAc taking into account the NHC solvation in
such an ionic liquid. Starting from previous experimental data,
the authors investigated the possible hydrogen bond between
NHC and the EMIm™ cation (Scheme 1, equation 3) and its
stabilizing effect. Unexpectedly, the authors found that such an
interaction was not present in the studied system, as the C2-
H site of the imidazolium cation was involved exclusively in
an interaction with the acetate ion. This lack of stabilization is
partially balanced out by a hydrogen bond between the carbene
center and the alkyl substituent of the cation. The authors
conclude that in a system like EMIm-OAc a latent carbene
content can be observed, but due to the absence of a stabilizing
effect by hydrogen bond between NHC and EMIm™ cation, the
proton transfer between C2-H and AcO™ could be suppressed.

More recently (Gehrke and Holléczki, 2017) Holl6czki and
Gehrke questioned the actual presence of a NHC in an IL
in which a weak base is present (starting from the high
difference in pK,), suggesting instead a concerted mechanism
for the imidazolium cation deprotonation and reaction with the
substrate to yield the organocatalysed reaction products.

EXPERIMENTAL STUDIES

Due to the experimental evidence that imidazolium acetate ionic
liquids act as organocatalysts in organocatalytic reactions (e.g.,
the benzoin condensation), many attempts were made in order
to prove the presence of NHC in such an ionic liquid. In
fact, the presence of NHC and acetic acid in the gas phase
(due to the evaporation under vacuum of EMIm-OAc) was
proved by photoelectron spectroscopy and mass spectroscopy
(Holléczki et al., 2010), but in the liquid phase only an indirect
evidence of NHC presence was obtained, as benzoin was isolated
by reaction of EMIm-OAc and benzaldehyde (Kelemen et al,
2011). This result spurred the authors to refer to EMIm-
OAc as an “organocatalytic ionic liquid.” Almost at the same
time, Rogers and coworkers (Rodriguez et al., 2011) confirmed
the possibility to obtain NHC derived products (imidazole-2-
thiones) by reaction of EMIm-OAc with elemental chalcogens,
and suggesting for such an ionicliquid the name “proto-carbene.”
Moreover, the same authors studied the effect of the addition
of a proton donor (acetic acid, water) on this reaction and
proposed a mechanism for the stabilization in IL of the neutral
products derived from the deprotonation of EMIm™ cation
by acetate anion. Such a mechanism (Scheme 1, equation 4)
describes the formation of a hydrogen bonded dimer between
acetic acid and acetate ion. On the other side, Welton and
coworkers (Clough et al., 2013) carried out a study on the thermal
degradation of EMIm-OAc with the identification of the neutral
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SCHEME 1 | Possible structures and equilibrium reactions present in imidazolium acetate ionic liquids.

products obtained at high temperature (by thermogravimetric = Moreover, if the temperature is increased to room temperature,
analysis coupled with mass spectrometry) and found that the a proton transfer is active, leading again to the ionic liquid
main products derived from dealkylation reactions, while NHC ~ EMIm-OAc.

formation was occurring to a small extent. The demonstration of the potential presence of NHC in
Kar and Sander (2015) demonstrated the reversibility of the = imidazolium acetates was obtained by many groups, carrying
imidazolium deprotonation reaction by acetate anion (Scheme 1,  out successfully catalyzed or stoichiometric reactions (Lambert

equation 1), carrying out experiments at very low temperature et al., 2016; Baumruck et al., 2017; Binks et al., 2018; Pandolfi
(9K), on gas and condensed phases, monitoring the system by et al., 2018), but in no case any attempt to evidence the actual
IR spectroscopy. They found that for EMIm-OAc both jonic  presence of NHC was done. This last topic was faced in a few
liquid and neutral species (NHC and AcOH) coexist at very  papers. Inesi and coworkers (Chiarotto et al., 2015, 2017) studied
low temperatures and if the vapor phase is condensed at 9K,  this question by cyclic voltammetry, starting from the fact that
only NHC and acetic acid are present (and no ionic species). =~ NHC is an electroactive species and it can be oxidized at the
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anode at a potential around 40.5V (vs. Ag), in pure imidazolium
acetate ionic liquid. This investigation was carried out registering
the cyclic voltammetries of pure IL at different temperatures
and comparing the electrochemical behavior of BMIm-OAc with
that of an imidazolium ionic liquid containing a less basic
anion, BMIm-Cl. The authors found that at a temperature
higher of 100°C the cyclic voltammetry of BMIm-OAc showed
the presence of the corresponding carbene, while starting from
the corresponding chloride ionic liquid, the oxidation peak of
NHC was not present in 25-150°C interval of temperatures.
The authors thus infer that the acetate anion is a base strong
enough to deprotonate C2-H of the BMIm™ cation and that
this deprotonation reaction at temperatures higher than 100°C
leads to the formation of a detectable amount of NHC. Suzer
and coworkers (Gokturk et al., 2017) recently confirmed by XPS
analysis the attribution of the anodic peak around +0.5V to
the oxidation of NHC, electrogenerated by cathodic reduction.
In fact, imidazolium NHCs can also be generated by cathodic
cleavage of the C2-H bond to yield NHC and molecular hydrogen
(Gorodetsky et al., 2004; Feroci et al., 2016b,c).

Welton and coworkers (Daud et al., 2017) consider that all
the observations reported in the literature about the presence
of NHC in imidazolium acetate ionic liquids do not confirm
the actual presence of carbenes in ILs, but just indicate their
accessibility and that in order to have NHC derived products it
is necessary the presence of a “NHC trap,” i.e., a reagent or the
electrode. Moreover, they believe that a concerted mechanism
to NHC derived products can always be claimed in alternative
to a multistep one (with the formation of NHC as a distinct
molecule). In order to gain evidences on the actual or potential
presence of NHC in EMIm-OAc, a kinetic study was carried
out on a possible deuterium isotope effect in the formation of
the adduct between NHC and an aromatic aldehyde (Breslow
intermediate) starting from EMIm-OAc with a C2-D or C2-H
group. The absence of a deuterium isotope effect allowed the
authors to exclude a concerted mechanism and to confirm the
actual presence of NHC in EMIm-OAc.

Apart from acetates (and other imidazolium organic
carboxylates), other imidazolium ionic liquids containing basic
anions are reported to be useful reagents for NHC derived
reactions. Among them hydrogen carbonate and hydroxide
are particularly important. As regards 1,3-dialkylimidazolium
hydrogen carbonates, it is reported that these ionic liquids
are in equilibrium with the corresponding NHC-CO, adducts
(vide infra), demonstrating the possibility to afford NHCs (see
for example: Fevre et al., 2012; Zhao et al., 2017) by releasing
of carbon dioxide due to high temperature effect or, at room
temperature, using a solvent favoring the carbene generation (as
THEF or toluene).

As for 1,3-dialkylimidazolium hydroxides, it is a different
story. In fact, although hydroxide anion is a noteworthy basic
species (or precisely for this reason), imidazolium hydroxides
are very rarely used as organocatalysts or reagents (see for
example: Rajesh et al., 2012), due to their instability. In fact, the
reaction between 1,3-dialkylimidazolium cation and hydroxide
anion leads mainly to ring opening products (Yuen et al., 2013;
Long and Pivovar, 2014), rendering in most of cases unuseful

this class of imidazolium ionic liquids (although the ring opening
seems to be directly related to NHC formation, Holléczki et al.,
2011).

The literature survey on imidazolium ionic liquids containing
basic anions other than acetate is not intended to be complete.

THE PRESENCE OF CO»

Besides the various applications in organic chemistry,
electrochemistry or material chemistry, ionic liquids gained
popularity in the field of carbon dioxide capture and storage
(CCS, e.g., in CO;, absorption from industrial waste gases), as
carbon dioxide catch and release reagents (de Robillard et al.,
2013; Feroci et al., 2013b). Physisorption is the mechanism for
such a CO; capture in ILs, but chemisorption was invoked for
some functionalized ILs. In particular, the solubility of carbon
dioxide in imidazolium acetate ionic liquids is remarkable and
this very high solubility was charged to chemisorption. In order
to fully understand the nature of such an interaction (with
acetate anion, imidazolium cation or NHC), many theoretical
and experimental studies have been carried out and such
papers shed light on the presence of endogenous NHC in
imidazolium acetate ILs. Rogers and coworkers (Gurau et al,
2011) reported the single-crystal X-ray structures of EMIm-OAc
and EMIm-OAc-CO, mixture and found that no NHC was
present when studying pure IL (as expected for the solid phase).
On the contrary, after CO, bubbling the corresponding NHC-
CO; adduct was present, along with the AcO™/AcOH dimer
(Scheme 2, equation 1), demonstrating the formation of NHC
and suggesting a two-step mechanism (formation of NHC and
then reaction with CO, to give the adduct).

Besnard and coworkers (Besnard et al., 2012; Cabago et al.,
2012) carried out theoretical (DFT) and experimental (Raman,
NMR) studies to understand the high CO, solubility in BMIm-
OAc and suggested a two-step mechanism dominated by an
irreversible chemical reaction leading to the formation of the
NHC-CO; adduct (Scheme 2, equation 2). In the suggested
mechanism a first reaction leads to the formation of a transient
NHG, stabilized by the interaction with carbon dioxide; although
the NHC formation is not favored in the liquid phase, it is
triggered by the interaction with CO,. The transient intermediate
then isomerizes to NHC-CO, adduct. Moreover, the acetic acid
molecule produced in this reaction interacts with the acetate
anion to give a hydrogen bonded dimer.

Kirchner and Holl6czki (Holloczki et al., 2013a,b) studied
the EMIm-OAc-CO; system by AIMD simulations and static
quantum chemical calculations and found that in the liquid
phase the NHC formation is facilitated by the physically absorbed
carbon dioxide, leading to the chemically absorbed CO, (NHC-
CO; adduct). Moreover, the authors underline the fact that the
occurrence of NHC induced reactions in EMIm-OAc does not
prove that NHC is present in this IL, but only that it is accessible.

DFT and ONIOM calculations on imidazolium acetate-CO,
system, both in the gas phase and in the liquid phase, considering
the one-step and the two step mechanisms (Scheme 2, equations
1 and 2) allowed Damodaran and coworkers (Mao et al., 2016) to
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propose a new two-step reaction mechanism: at first the addition  the imidazolium cation only in a non-polar or extremely weakly
reaction between the imidazolium cation (at C2) and carbon  polar environment (solvent). Moreover they suggest that the
dioxide, then the deprotonation of the C2-H of the adduct to yield ~ reaction of EMIm-OAc with carbon dioxide to yield NHC-CO,
NHC-CO,;. The authors emphasize the important role played by ~ adduct is a concerted process (Scheme 2, equation 3), in which

IL in the stabilization of the products. the intermediate has a sp> C2 which subsequently evolves toward
In a recent paper, (Yan et al., 2017) reporting ab initio results ~ the NHC-CO; adduct.
on EMIm-OAc, the effect of solvation is underlined also by Kim These NHC-CO, adducts are also useful NHC masked

and coworkers. The authors exclude the presence of NHC in such ~ organocatalysts for the carboxylation of organic compounds (see
an jonic liquid and suggest that acetate anion can deprotonate  asexamples: Tommasiand Sorrentino, 2006; Desens and Werner,
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2016; Stewart et al., 2016) and NHC-transfer agent in the
synthesis of NHC-metal complexes (see as examples: Voutchkova
et al., 2007; Voutchkova and Crabtree, 2010; Li et al., 2011).

CONCLUSIONS

The overview of the last decade literature on the possible presence
of NHC in imidazolium acetate ionic liquids evidences that the
question of the actual or potential presence of NHC in such
ionic liquids is still debated. On one side, theoretical calculations
seem to exclude the possibility of NHC presence in imidazolium
acetate, due to the highly polar environment which should
strongly unfavor the proton transfer from imidazolium C2-H to
acetate anion, and thus transform charged species into neutral
molecules. On the other side, experimental studies demonstrate
the possibility of using imidazolium acetates as a reservoir of
NHC, giving rise to the formation of products in which it is
necessary the formation of catalytic or stoichiometric amounts
of carbene. It is still possible that the deprotonation equilibrium
at room temperature lies far toward the charged species and
the presence of a “carbene-trap” (always present in NHC-
induced organic reactions) or an irreversible subsequent reaction
is necessary in order to move such an equilibrium toward the
formation of NHC and acetic acid. Moreover, it is possible that
in some cases the reactions between NHC and its trap and NHC
formation are concerted (as theorized for the reaction between
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Carbon dioxide, as a promising C1 synthon, has attracted great interest in organic
synthesis. Due to the thermodynamic stability and kinetic inertness of CO», developing
efficient strategies for CO, activation and subsequent conversion is very crucial. In
this context, lonic liquids (ILs) show great potential for capturing and activating CO»
owing to their unique structures and properties, making them become ideal alternatives
to volatile organic solvents and/or catalysts for CO, transformation. This minireview
aims at summarizing ILs-promoted reactions of CO, with N-nucleophiles (primary
amines)/O-nucleophiles (primary alcohols, water). Two catalytic systems i.e., metal/ILs
binary systems such as Cu/ILs systems and Ag/ILs systems as well as single ILs
systems including anion-functionalized ILs and bifunctionalized ILs have been developed
for CO» catalytic conversion, for instance, carboxylative cyclization of nucleophiles
e.g., propargylic alcohols, amines, 2-aminobenzonitriles and o-aminobenzenethiol,
and formylation of amines or 2-aminothiophenols with hydrosilanes to afford various
value-added chemicals e.g., cyclic carbamates, unsymmetrical organic carbonates,
a-hydroxyl ketones, and benzimidazolones. In a word, IL could provide a powerful tool
for efficient CO» utilization.

Keywords: CO5 conversion, carboxylative cyclization, catalysis, ionic liquids, green chemistry

INTRODUCTION

CCS strategy, carbon capture and storage/sequestration, has been proposed as a most potential
invention to reduce or mitigate CO, emissions, including the capture of waste CO,, the
transportation and deposition of CO, in a safe place. Nevertheless, high cost and energy
consumption of CCS process are the main obstacles. Carbon dioxide, as an abundant and
non-poisonous C; resource, has shown significant potential for constructing new C-C, C-0O,
and C-N bond in chemical synthesis (Shi et al., 2003; Zhang et al., 2008; He et al., 2009, 2010;
Aresta et al,, 2014; Liu et al, 2015, 2016a, 2017a,b; Song et al., 2017). However, the inherent
thermodynamic stability and kinetic limitation of CO;, become the main barriers in transforming
CO; into high value-added chemicals, fuels, and materials. Therefore, developing efficient strategies
for CO; activation and conversion from environmental protection and economic perspectives is
crucial. Carbon capture and utilization (CCU) strategy have been proposed by He group, which
could be an ideal alternative to address the energy consumption problem in CCS (Yang et al.,
2011a,b, 2012).
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Ionic liquids (ILs) have attracted widespread attention as
promising alternatives to solvents and catalysts on account of
their unique properties such as the low melting point, unlimited
tunability, negligible vapor pressure, and high stability (Zhang
et al,, 2006). As a novel green medium, ILs have been identified
the outstanding performance in the absorption and conversion
of CO, under mild conditions through tunning the structures of
cations and anions (Jutz et al., 2011; Yang et al., 2011b; Liu et al.,
2016b). ILs-promoted CCU processes have attracted numerous
attentions owning to ILs’ unique properties. In most cases, ILs
can be used as solvent, dehydrate, or catalyst, and these roles are
similar in CCU processes. Thus, we hope to be able to shed light
on all ILs-promoted CCU processes by using these limited but
systematic examples.

In this minireview, we aim at summarizing ILs-promoted
reactions of CO, with some nucleophiles. We would like to divide
this review into two parts that are metal/ILs binary systems such
as Cu/ILs systems and Ag/ILs systems as well as single ILs
systems including conventional ILs, anion-functionalized ILs,
and bifunctionalized ILs. Selected carboxylative cyclization
of nucleophiles, e.g., propargylic alcohols, amines, 2-
aminobenzonitriles and o-aminobenzenethiol, and formylation
of amines or 2-aminothiophenols with hydrosilanes, to afford
various value-added chemicals are taken into consideration.

METAL/IONIC LIQUID BINARY CATALYTIC
SYSTEM

Metal (Cu, Ag)-ILs system is an important part of the CO,
capture and utilization. Since its ability to activate carbon-carbon
triple bond, Cu/Ag has been used in various cyclization reactions
of CO;, as shown in Scheme 1.

Cu/lonic Liquid Catalysis

The first example of the synthesis of a-methylene cyclic
carbonates from CO, and propargylic alcohols in ILs is reported
by Deng and co-workers (Gu et al, 2004; FigureS1). By
screening of commercially available transition metal salts and
ILs, [BMIm][PhSO3]/CuCl system exhibits the best performance
in this reaction with a yield of 97%. Thanks to the reusability

Abbreviations: [BMIm][PhSO3], 1-butyl-3-methylimidazolium
benzenesulfonate; [BMIm][BF4], 1-n-butyl-3-methylimidazolium
tetrafluoroborate; [(n-C7H15)4N][Br], tetraheptylammonium  bromide;
[Pgss14] [DEIm], trihexyl(tetradecyl)phosphonium dimethyl 4,5-

imidazoledicarboxylate; [Bmim][OAc], 1-butyl-3-methylimidazolium
acetate; [Bmim][Cl], 1-n-butyl-3-methyl imidazolium chloride; [BMIm][Br],
1-n-butyl-3-methyl bromide;  [DMIm][BF4],  1-n-decyl-
3-methylimidazolium tetrafluoroborate; [Bmim][OH], 1-n-butyl-3-
methylimidazolium hydroxide; [BMIm][HSO4], 1-n-butyl-3-methylimidazolium

imidazolium

hydrosulfate; ~ [HMIm][OH],  1-hexyl-3-methylimidazolium  hydroxide;
[P4446][ATriz], hexyltributylphosphonium aminotriazole; [BuyP]3(2,4-
OPym-5-Ac], tritetrabutylphosphonium  2-oxidopyrimidine-5-carboxylate;

[N4444]2[WOy], tetrabutylamine tungstate; DBU, 1,8-diazabicyclo[5.4.0Jundec-

7-ene; TFE, trifluoroethanol; [DBUH][TFE], 1,8-diazabicyclo[5.4.0]undec-
7-ene trifluoroethanol; [DBUH][OAc], DBU acetate; [DBUH][Lac], DBU
lactate; [DBUH][Cl], DBU chloride; [n-Bu-DBUH][OAc], n-butyl DBU

acetate; [DBUH][MIm], DBU 2-methylimidazolide; [HDBU][Benlm], DBU
Benzimidazole; [HTMG][Im], 1,1,3,3-tetramethylguanidinium imidazolide;
[Ch][Im], (2-hydroxyethyl)-trimethyl-ammonium imidazole.
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SCHEME 1 | Plausible reaction mechanism of propargylic alcohols and CO».

of ILs, CuCl can be reused 3 times without losing activity after
immobilized in [BMIm][PhSO3].

A similar system, [BMIm]BF,/CuCl, is then used by the same
group in a similar reaction (Figure S1; Gu et al., 2005). IL is used
as the “green” reaction media and believed as the promoter for
this three-component reaction of propargylic alcohols, primary
amines and CO5.

The synthesis of a-methylene oxazolidinones only from
propargylic amines and CO; is reported by our group, in which
bifunctional Cu(II)-polyoxometalate-based ILs is used as catalyst
(Figure S2; Wang et al., 2016a). According to the experimental
results and NMR studies, this IL is found to be able to activate
propargylic amine and CO, at the same time (Figure S3).
And both terminal and internal propargylic amines successfully
deliver the corresponding 2-oxazolidinones in excellent yields.

Ag/lonic Liquids Catalysis

Compared with copper, silver displays better reactivity in
activation of carbon-carbon triple bond of propargylic amine/
alcohol. Therefore, Ag-IL catalyst systems have also been widely
applied for catalyzing cyclization propargylic amine/alcohols

with CO,.
In 2015, He et al. successfully developed a dual-
component catalytic system comprising AgOAc and

[(n-C7H5)4N][Br], which could effectively catalyze CO,
fixation with propargylic alcohols/amines to produce various
cyclic carbonates/oxazolidinones in the absence of solvent, ligand
or organic base (Figure S4; Song and He, 2016). This elegant
system can achieve the TON of 6024. Through experimental
results and DFT calculations, the cation with a longer alkyl chain
can enhance the nucleophilicity of anion resulting in improving
its activity.
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Besides of cations, tuning structures of anions in
ILs is another way that can control the activity of ILs.
Recently, Wang group has developed an efficient AgOAc/
[Pess14] [DEIm]  (trihexyltetradecylphosphonium  dimethyl
4,5-imidazoledicarboxylate) system for the synthesis of cyclic
carbonates from propargylic alcohols with CO; under mild
conditions (Figure S5; Chen et al, 2016a). The basicity of
the IL is found to play a dramatic role: only when IL with
moderate basicity, can it have excellent activity. According to
DFT calculation and NMR spectroscopic analyzing, weaker
basicity shows poor activity but stronger basicity will reduce the
yield because of the polymerization of propargylic alcohols.

Similarly, Agl/[OAc] is disclosed as a robust catalyst system in
the same reaction (Figure S5; Yuan et al., 2017). Only 1% of the
catalyst is needed to obtain excellent yield of cyclic carbonates.
The high concentration of [OAc] in this system is favorable for
the activation of hydroxyl in the substrate and CO-, which is also
identified by Steckel (Steckel, 2012). Another Ag binary catalyst
system, AgCl/[OAc], is reported by Han group in the reaction
of CO,, propargylic alcohols, and primary alcohols (Figure S6;
Hu et al,, 2017). AgCl/[BMIm][OAc] serves as both catalyst and
solvent, and can be easily reused at least five times without
reducing notably catalytic activity. The activation of alcoholic
hydroxyl by [OAc] and the activation of triple bond by Ag salt
are supposed as important steps in this reaction.

IONIC LIQUID CATALYSIS FOR CO,
CONVERSION

Traditional lonic Liquids

It has been a long time since ILs have been discovered the
good solubility for CO, (Blanchard et al, 1999; Bates et al.,
2002; Jessop et al, 2005). And this property can also make
IL a nice catalyst for CO, conversion (Ma et al., 2017; Wang
etal., 2018). Recently, two similar nonfunctional IL dual systems
(CsOH or Co(acac)3/[BMMIm][CI]) have been reported by Deng
et al. in the synthesis of symmetric urea derivatives from CO,
and amines (Figure S7; Shi et al., 2003; Li et al., 2010). In the
CsOH/[BMMIm][CI] system, symmetric urea derivatives can
be obtained in high yields, but no product is produced when
without IL, indicating that IL is indispensable for this reaction.
However, as a strong base, CsOH suffers from many weakness,
such as corrosion, deactivation, and even destructive action to
[BMMIm][CI] under high temperature. In order to overcome
these disadvantages, Co(acac)3/[BMIm][CI] system is developed
for this reaction. In this catalyst system, [BMIm][CI] is believed as
a physical dehydrant, importantly, it can be reused while keeping
high activity.

IL, such as [BMIm][Br], is also believed as an efficient
dehydrant in the synthesis of cyclic urethanes from 2-
aminoethanol and CO, (Figure S8; Fujita et al., 2006). K,COs3
is the catalyst in this reaction, while [BMIm][Br] acts as a
recyclable dehydrant and can activate the carbonyl group. In
another work to obtain oxazolidinone, Deng et al. developes an
ILs-catalyzed efficient three-component reaction of propargylic
alcohols, amines, and CO; (Zhang et al., 2005). Among all of the
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SCHEME 2 | CO, conversions catalyzed by ILg.

solvents they use, [DMIm][BF4] exhibits the best performance,
while traditional solvents like DMSO and toluene have no activity
(Figure S9). Therefore, it is indicated that IL has a strong impact
on this reaction. After recycling three times, high catalytic activity
can be maintained for the [DMIm][BF4].

Imidazole IL ([BMIm][CI]) is also applied by Liu group in
the reductive functionalization of CO, with amines to afford
formamide (Hao et al, 2015). The experimental results imply
that both anions and cations of ILs play important roles in
their activity. [BMIm][CI] can activate not only the Si-H bond
of phenylsilane to react with CO,, but the amine through the
hydrogen bond. In addition, [BMIm][CI] can be reused for five
times with high activity (Figure S10).

Anion-Functionalized lonic Liquids

Although many CCU processes can be promoted by traditional
ILs, most of them suffer from low ability for CO, activation, in
which high pressure (>1 MPa) or additional metal catalysts will
be needed. Recently, anion-functioanlized ILs are designed for
CO; absorption and some of their CO, absorption capacities are
even 100 times higher than traditional organic solvent (Gurkan
et al.,, 2010; Wang et al., 2011b; Yang et al., 2011a,b; Lei et al.,
2014; Cui et al.,, 2016; Song et al., 2017). In addition, compared
with traditional ILs, anion-functioanlized ILs also exhibit higher
catalytic activities even without metal catalyst (Scheme 2).

In 2009, Patil et al. developed an alternative method that
can obtain quinazoline-2,4(1H,3H)-diones easily from CO; and
2-aminobenzonitriles by using [BMIm][OH] as catalyst (Patil
et al,, 2009). Except for [BMIm][OH], many inorganic bases,
Et3N or traditional ILs ([BMIm][BF4] and [BMIm][HSO4]) show
weak or no activity (Figure S11). For the role of [BMIm][OH]
in this process, they propose that [OH] will activate the 2-
aminobenzonitrile to initiate the reaction, while [BMIm] can
stabilize the intermediate.

To elucidate the mechanism of this reaction, Wu et al.
conducts a systematic DFT calculation (Ren et al.,, 2011). In the
beginning, the mechanism proposed by Patil et al. is calculated
to be energy unfeasible. Inspired by NHCs-CO, adducts, they
think these adducts might be a potential catalyst. Although the
overall barrier is lower than the mechanism suggested by Patil
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et al. it is also too high to be taken into consideration. Then,
a new mechanism with a lower energy barrier (42.5 kcal/mol)
is proposed that [OH]™ initiated the reaction and the NHC,
which is generated from [BMIm][OH], is the real catalyst for this
process (Figure S12).

After that, in order to make catalyst’s recycling easier, SiO;
supported [HMIm][OH] is used by Bhanage group in the
reaction of 2-aminobenzonitriles and CO, (Nale et al., 2014;
Figure S11). This supported IL can be separated easily and
only a minor change is found through FT-IR spectrum and
surface areas analysis after using 3 times. Under optimized
conditions, various electron-rich and electron-deficient groups
on 2-aminobenzonitriles can react to give moderate to good yield.

Actually, imidazolium ILs are not stable under strong basicity
conditions (Wang et al., 2017). Thus, many anions with weak
basicity, such as acetate and azoles, are used instead of hydroxide.
Han et al. discovers [Bmim][OAc] can catalyze the reaction of
CO; and 2-aminobenzonitriles even under atmospheric pressure
of CO; (Figure S13; Lu et al., 2014). Through screening different
ILs, the anion in ILs is found to play a more significant role than
the cation in this transformation. On the other hand, traditional
organic/inorganic bases or non-functional ILs have no activity in
this reaction.

Recently, Liu and coworkers utilize [BMIm][OAc] as catalyst
in the cyclization of 2-aminothiophenols with CO, and
hydrosilane (Gao et al.,, 2015). A variety of benzothiazoles are
obtained in moderate to excellent yield in the presence of
[BMIm][OAc] and CO, (Figure S13). Moreover, benzimidazoles
can be also obtained in excellent yield by the same IL. Through
'H NMR analysis, [BMIm][OAc] is found to be capable of
activating CO5, substrates and hydrosilane at the same time.

[BMIm][OAC] is found to promote the cross-link of chitosan
by Guazzelli’s group [Figure S13; (Mezzetta et al., 2017)]. Two
amino groups in different chitosan chains can react with
CO; to form urea in [BMIm][OAc]. However, no cross-linked
chitosan is found when using N-methyl-2-pyrrolidone as solvent,
showing the importance of ILs. Moreover, the resulting products
have good stability under different conditions that would have
potential utility in drug delivery.

Azole-functionalized ILs are another kind of versatile ILs
that can be utilized in the absorption of different gases (Wang
et al., 2011a,b; Chen et al., 2015, 2016¢; Cui et al., 2016). Also
in the formation of urea, Deng and co-workers investigate the
performance of various ILs in the reaction of CO, with 1,6-
hexamethylenediamine to form polyurea (Wang et al., 2016b).
Since the importance of basicity of ILs is realized, [P4446] [ATriz]
is designed for this polymerization, and exhibits the best activity
among the ILs used in this work (Figure S14).

Previous to this work, by using azole-functionalized ILs
as catalysis, the group of Liu developes an efficient method
to easily obtain a-ahydroxy ketones by the hydration of
propargylic alcohol (Zhao et al, 2015; Figure S15). Azole-
functionalized ILs are disclosed can promote this reaction even
under atmospheric pressure of CO,. Based on the experimental
and NMR investigations, the anion in IL, [Im]~, is proposed to
capture CO; at the first and then attack the triple bond of the
propargylic alcohol to start the reaction.

In this mechanism, a-alkylidene cyclic carbonate is one of
intermediates. Recently, the same group discovers that this
reaction can stop at a-alkylidene cyclic carbonate when in an
anhydrous conditions, while [P4444][2-MIm] showes the highest
activity (Zhao et al., 2016; Figure S15). More importantly, the
similar reaction condition can be also utilized in other reactions,
such as CO, with 2-aminobenzonitriles, o-phenylenediamines
or 2-aminothiophenol. Since the ability to capture CO, from
atmosphere, [P4444][2-MIm] is believed to absorb CO,, then
the formed carbamate intermediate would further react with
substrates.

Although various kinds of substrates are suitable for this
system, a high temperature (353 K) is needed to get a-alkylidene
cyclic carbonate in that work. To lower down the energy
demanding, they then use a new IL, [BusP]3[2,4-OPym-5-Ac], as
catalyst in the cyclization reaction of propargylic alcohols with
CO; at ambient conditions (Wu et al., 2017; Figure $15). In
addition, cations in ILs also exhibit a significant effect on this
transformation, only the quaternary ammonium with C4 chain
can it have good activity.

Apart from these ILs, tungstate ILs are found to be also able
to catalyze this reaction under mild conditions (Kimura et al,,
2012b). Mizuno group calculates the natural bond orbital (NBO)
charges of O on different tungstates at the first, and [WO4]~
is found to have more negative charges than others, suggesting
that it should be the most basic among these tungstates. Then,
in the reaction of 1,2-phenylenediamine with CO, to give 2-
benzimidazolone, [N4444]2[WO4] exhibits the best performance.
Importantly, quinazoline-2,4(1H,3H)-diones, cyclic carbonates,
and urea derivatives can be also obtained in good to excellent
yield by using [Nyg444]2[WOy4] as catalyst. Through 14, 13C and
183W NMR spectra analysis, [WO4] ™ is identified can activate
not only substrates but CO,. After that, this dual-functional role
of [WO4] is also verified by DFT calculation in the reaction of
CO; and 2-aminobenzonitriles (Kimura et al., 2012a).

Bifunctionalized lonic Liquids

As noted above, anion-functionalized ILs can promote the CO,
utilization because of their basicity. In many cases, however,
cations in ILs are also helpful to lower down the energy barriers
through forming hydrogen bond, and we call this kind of ILs
as bifunctional ILs. Liu et al. have reported protic IL (PIL),
[HDBUT][TFE], as catalyst that can simultaneously activate
CO; and aminobenzonitriles to synthesize of quinazoline-
2,4(1H,3H)-diones (Zhao et al, 2014). In the mechanism
analysis, the hydrogen bond between [HDBU] and substrates is
found to facilitate the nucleophilic attack of substrates to CO,,
which is activated by [TFE].

Using a similar IL, [DBUH][OAc], they disclose that
o-phenylenediamines can react with CO, to obtain
benzimidazolones in mild condition (Yu et al, 2013). In
this reaction, three DBU-ILs with different anion and
[n-Bu-DBUH][OAc] are synthesized, then the activity is
showed in the order: [DBUH][Cl]< [n-BuDBU][OAc]<
[DBUH][Lac]< [DBUH][OAc]. NMR spectra demonstrate that
[DBUH][OAC] acts as a bifunctional catalyst: the cation [HDBU]
activated effectively CO,, while the nucleophilicity attack of
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o-phenylenediamine to CO; is enhanced by hydrogen bond with
[OAc] (Figure S16).

In 2014, Zheng et al. reported an IL-catalyzed route to
fix CX; (O, S) with 2-aminobenzonitriles for the synthesis
of quinazoline-2,4(1H,3H)-diones and quinazoline-2,4(1H,3H)-
dithiones (Zheng et al., 2014). The ILs can be formed via
the mixture of DBU and ethanol under bubbling atmospheric
pressure of CO, or CS; (Figure S17), which act as both catalyst
and solvent in CX; (O, S) conversion. As shown in previous, both
of the cation and anion in this IL are significant in this reaction
(Figure S18).

In 2015, Han and coworkers successfully developed a
new method of synthesizing a series of 2-oxazolidinones
from atmosphere CO, and propargylic amines by utilizing
[DBUH][MIm] as both catalyst and solvent under mild
conditions [Figure S19; (Hu et al., 2015)]. Based on the DFT
investigation, [MIm] ™ can capture and activate CO,, at the same
time, the H atom on [DBUH]T can attack the triple bond,
which promotes effectively the intramolecular cyclization step
(Figure S20).

Subsequently, Wang and co-workers firstly realize ILs-
catalyzed one-pot domino hydration of diyne alcohols to
synthesize 3-(2H)-furanones (Figure S21), where H,O acts as
both a substrate and solvent under atmospheric pressure CO,
(Chen et al, 2016b). This is the first time to predict the
catalytic activity of ILs through quantum calculation, and
[HDBU][BenIm] shows more effective on catalytic activity than
other ILs. Based on NMR spectroscopic investigation and DFT
calculation, both cations and anions in ILs are important
to keep a moderate basicity so as to reach an excellent
reactivity.

Apart from DBU-based ILs, He et al. report carboxylative
cyclization of 2-aminobenzonitriles with ambient CO;, by
employing [HTMG][Im], as highly efficient and recyclable
catalyst (Lang et al., 2016). This system has a broad substrate
tolerance, and [HTMG][Im] exhibits excellent reusability.

Recently, Wang et al. developed an efficient strategy for
generation of quinazoline-2,4(1H,3H)-diones from CO, through
varying the cations to design hydroxyl functionalized ILs,
in which the catalytic activity is affected by the basicity
of cation and the hydrogen bond from cation shows great
promotion for this reaction (Shi et al, 2018). The aprotic
IL (2-hydroxyethyl)-trimethyl-ammonium imidazole, [Ch][Im],
gives the best catalytic activity. In addition, the high yield
of quinazoline 2,4-(1H,3H)-dione can be obtained under one-
gram scale and flue gas simulation system using [Ch][Im] as
catalyst.

CONCLUSION AND OUTLOOK

As a sustainable C; source, CO;, capture and utilization is an
attractive field in view of environmental protection. Lots of
strategies have been developed for the utilization of CO,, and
the products have potential utility in biology and pharmacy.
However, there is still a long way for most of these reactions
to meet the requirement of industry, because of high cost

and low efficiency. ILs-promoted CCU processes have attracted
numerous attentions owning to ILs’ unique properties. In most
cases, ILs can be used as solvent, dehydrate, or catalyst, and these
roles are similar in CCU processes. Thus, we hope to be able to
shed light on all ILs-promoted CCU processes by using these
limited but systematic examples. Owing to the nature of ILs,
CO;-philic functional groups, such as oxygen atoms, and amine
groups, could be incorporated into the anion and/or cation in
ILs. Functional ILs show great potential for the absorption and
conversion of CO,, and have been used as solvent, dehydrate, or
catalyst in CCU processes. The anion-functionalized ILs exhibit
better catalytic effect than the functionalization of cation part. We
believe that ILs-promoted CCU protocol provides high efficient
conversion of CO; to synthesize a series of oxazolidinones,
ureas, etc. We believe this ILs-promoted CCU protocol will be
widely applied in CO; chemistry, especially chemical utilization
of CO; to produce added-value commodity chemicals in
industry.

However, a few of interesting or important fields are still
needed to explore. At first, the efficiency of these processes needs
to be improved, either new efficient CO, utilized reaction or
highly efficient and low-cost catalyst needs to be discovered.
On the other hand, decreasing the cost of these reactions, such
as lowering the pressure and temperature or using renewable
energy (light or electricity), is a tendency for these researches. In
addition, structures of ILs are related to their properties, which
exhibit dramatically influence on their activity. Therefore, the
investigation of the way structures affects their activity should
have a profound significance in this field. Only when we obtain
these answers, can we know how to design an efficient IL for
specific reaction without basing on experience and experimental
trial and error.
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CO» Electroreduction in lonic Liquids
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Laboratory of Molecular Catalysis, Institute of Chemistry, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil

CO» electroreduction is among the most promising approaches used to transform
this green-house gas into useful fuels and chemicals. lonic liquids (ILs) have already
proved to be the adequate media for CO, dissolution, activation, and stabilization of
radical and ionic electrochemical active species in aqueous solutions. In general, IL
electrolytes reduce the overpotential, increase the current density, and allow for the
modulation of solution pH, driving product selectivity. However, little is known about
the main role of these salts in the CO», reduction process the assumption that ILs
form solvent-separated ions. However, most of the ILs in solution are better described
as anisotropic fluids and display properties of an extended cooperative network
of supramolecular species. That strongly reflects their mesoscopic and nanoscopic
organization, inducing different processes in CO» reduction compared to those observed
in classical electrolyte solutions. The major aspects concerning the relationship between
the structural organization of ILs and the electrochemical reduction of CO» will be critically
discussed considering selected recent examples.

Keywords: ionic liquids, carbon dioxide, electrochemistry, reduction, oxidation

INTRODUCTION

The reduction of atmospheric carbon dioxide (CO,) is one of the major challenges of modern
life. This is due to the atmospheric increase in this gas by contemporary industrial activity and
its contribution to possible global warming issues, the consequences of which can affect the
future generation (Mac Dowell et al., 2017). Hence, alternative sources of energy that decrease the
use of fossil fuels, as well as the reduction of the CO, concentration in the air atmosphere, are
required. One of the most elegant ways to achieve this objective is the catalytic transformation of
CO;, into C1 feedstocks and fuels.

Efforts have been undertaken to use the sustainable energy of sunlight, directly or indirectly, to
convert CO, by photocatalytic chemistry (Sasirekha et al., 2006; Habisreutinger et al., 2013; Dong
etal., 2018; Lin et al,, 2018), electrochemical (Dong et al., 2018; Francke et al., 2018; Resasco et al.,
2018; Yuan et al.,, 2018), and photo-electrochemical approaches (Barton et al., 2008; Kaneco et al.,
2009; Sahara et al., 2016). For a sustainable and high energy efficiency process, CO; electrochemical
reduction reaction (CO,ERR) is expected to exhibit a high Faradaic efficiency at a low overpotential.
In this vein, ionic liquids (ILs) are among the most promising materials under investigation due
their unique physico-chemical properties.

This is mainly due to IL selectivity and relatively high CO, absorption capacity, as well as
their ability to stabilize charged CO, species (Shkrob and Wishart, 2009). ILs also present a wide
electrochemical window (Hayyan et al., 2013), thermal and chemical stability (Cao and Mu, 2014),
negligible volatility (Anthony et al., 2001), and possible use as electron transfer mediators for redox
catalysis (Balasubramanian et al., 2006), which makes them an interesting alternative to promote
the CO,ERR. The technology for using CO; as a renewable energy carrier is still far from practical
application, making the design of novel electrochemistry technologies using ILs for the CO,ERR a
“hot” field for recent research.
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The real challenge for sustainable and high energy efficiency
processes, and turning them into practical alternatives, is to
develop a way to lower the energy barrier for CO,ERR due to
the high stability of this compound. Decreasing the overvoltage
of the reaction as much as possible will make the CO, fixation
costs low enough for practical use (Haran et al., 1998).

The objective of the present review is to highlight the
use of ILs for CO,ERR, and the influence in the reactions
that have been attempted to this purpose. CO,ERR using ILs
is able to provide high product selectivity and conversion
efficiency (Alvarez-Guerra et al., 2015) (Table1). There are
several reviews on electrochemistry in ILs, but the main aspects
related to the roles of these fluids are only marginally treated for
specific applications (Buzzeo et al., 2004; Silvester and Compton,
2006; Hapiot and Lagrost, 2008; Ohno and Fukumoto, 2008;
Rees and Compton, 2011).

The role of the IL has been described as mainly absorbing CO,
and stabilizing the CO3™ (radical anion) that is related to the
electronic properties imposed by both the cation and anion. It
appears that in ILs containing basic anions the role of the IL is
not only related to the formation and stabilization of CO3™, but
also the pH control of the reaction mixture. We will first briefly
discuss the structural organization of bare ILs and solutions of
ILs. Second, the formation and stabilization of CO; in solutions
(aqueous and organic) of ILs associated with non-basic anions
will be addressed. Thirdly, CO,ERR employing ILs containing
basic anions, in which the role of bicarbonate and buffering
will be detailed. Finally, the influence of the macroscopic and
nanoscopic properties of ILs in solution on CO, diffusion and
electrochemical activation are discussed considering the most
recently published results.

BARE ILS AND IL SOLUTIONS

The well-known and unique physical-chemical properties cited
above are attributed to the structural organization of bare ILs,
which are highly ordered fluids described as a well-organized
hydrogen-bonded polymeric supramolecular structure in the
solid, liquid phase and is apparently maintained to a great extent
even in the gas phase. The most investigated classes of ILs are
imidazolium salts, and their properties can be finely tuned by
varying the N-alkylimidazolium substituents (Dupont, 2004).

However, taking into account that water-free ILs are extremely
difficult to obtain, it is expected that even traces of water may
present a profound effect on the organization and reactivity of
ILs at the nanoscopic level. Hence, it is important to consider
the presence of water when employing and analyzing physico-
chemical IL properties (Zanatta et al., 2016).

In the case of an aqueous system, the values of standard
reduction potentials (SRP) can be influenced by the water
and proton concentration. This effect can be derived from the
activity coefficients of the water and protons in solution. The
consequence of 18 mol% water in 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BF,]) is a 6 mV shift of the SRP
for the bare IL, and the addition of 0.1 M HCI shifts the SRP
by 28mV (Kim et al, 2004; Matsubara et al, 2015). This

effect causes an imprecise determination of the real SRP in
COZERR, resulting in lower overpotentials in comparison to
the real decreasing overpotential, making a precise comparison
impossible (Matsubara et al., 2015).

When other molecules are introduced into this organization,
a disruption of the hydrogen bond network occurs, generating
nanostructures with polar and non-polar regions. Under
this condition, the concept of polarity of the solvent,
generally used to describe other solvents, cannot be applied
to ILs (Dupont, 2004). This collapsed macrostructure starts
to form contact ion pair structures, and in an infinite
diluted solution can form a solvent-separated ion pair
network (Stassen et al., 2015).

There is a general misunderstanding when correlating the
physical-chemical properties attributed to bare ILs when the
studies are made in a different concentration regime, i.e.,
with the addition of other species or solvents in the media
(MacFarlane et al., 2017).

CO3~ RADICAL IN ILS

After the confirmation in 2007 that ILs are able to boost
organic carbonate synthesis by electrochemistry under
ambient conditions (Zhang et al, 2008) (Tablel, entry 1),
CO2ERR with ILs has grown exponentially due to the kinetic
effects that minimize the energy necessary for intermediate
COS™ formation.

The 1-ethyl-3-methyl-imidazolium trifluorochloroborate
([EMIM][BF3Cl]) IL can bind to CO; through a Lewis base
adduct, becoming active for CO,ERR and showing a high
faradaic efficiency at low overpotentials (Snuffin et al., 2011)
(Table 1, entry 2). The capability of lowering the overpotential
for CO,ERR was also confirmed when using [EMIM][BF4] to
“stabilize” CO3 ™~ (Rosen et al., 2011).

The studies presented this review have shown
that ILs are among the most efficient materials as both
electrolytes and active functionalized materials for CO,ERR.
Therefore, they may constitute a key compound in the
development of new technologies for large-scale applicability.
The most recent report showed that methylimidazolium
groups can be attached to the periphery of an iron
porphyrin, providing a pre-organized environment that
presents excellent selectivity for CO production at low
overpotentials, with water as a solvent and proton
source (Khadhraoui et al., 2018).

However, until now, the precise mechanisms by which ILs
decrease the overpotential have not been completely elucidated.
In many cases, even the global electrochemical reactions were
not clarified, making it difficult to determine the SRP and
the real decrease in the reaction overpotential. It can be
demonstrated by the simple modification of the imidazolium
cation, able to act like a proton source to the CO,RR (Matsubara
et al, 2015), and changes the equilibrium potential of the
CO,/CO acting.

The lifetime of a radical is one important factor for the
major efficiency in COERR. The lifetime of CO5~ was

in
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TABLE 1 | Selected examples of CO,ERR employing ionic liquids.

Entry Electrode Onset potential  Electrolysis potential Faradaic Current density  Electrolyte References
v) v) efficiency (mA cm~2)
product (%)
1 Ag reductive peak —1.80V vs. Ag/Adl dimethyl charge passed, Bare [BMIM][BF4] Zhang et al., 2008
—1.61V vs. Ag/Agl carbonate (74) 1.0F.mol~"
2 Pt disk reductive peak —1.8V vs. silver wire n/a 5.7 [EMIM][BF3CI] Snuffin et al., 2011
—1.8V vs. silver
wire
3 Au n/a —1.16 vs. Ag/AgCl CO (85) 7 0.1mol dm=3 KHCO3 Ohmori et al.,
2001
4 Ag n/a —1.50 vs. cell potencial CO (96) n/a 18% [EMIM][BF4] in Rosen et al., 2011
water
5 Bi-CMEC —1.80 vs. SCE —2.00 vs. SCE CO (82) 31 [EMIM][PFg] Medina-Ramos
etal, 2014
6 Bi-CMEC —1.80 vs. SCE —2.00 vs. SCE CO (82) 26 [EMIM][BF4] Medina-Ramos
etal., 2014
7 Bi-CMEC —1.80vs. SCE —2.00 vs. SCE CO (79) 17 [BMIM][CI] Medina-Ramos
etal., 2014
8 Bi-CMEC —1.80 vs. SCE —2.00 vs. SCE CO (74) 20 [BMIM][Br] Medina-Ramos
etal, 2014
9 Bi-CMEC —1.80 vs. SCE —2.00 vs. SCE CO (87) 25 [BMIM][OTH] Medina-Ramos
etal., 2014
10 Imidazole —0.32 vs. Ag/AgCl —0.80 vs. Ag/AgCl CH3OH (9) 0.095 0.1 mol dm=3 NaClOy4 ljima et al., 2018
incorporated into a HCOOH (30)
phosphonium-type CO (5)
IL-modified
Au electrode
11 Pb —2.30 vs. —2.40 vs. Ag/AgNO3  Oxalate (78) 0.6 0.1mol dm=3 Sun et al., 2014
Ag/AgNO3 CO (10 TEAP/ACN
12 Pb —2.12 vs. —2.25vs. Ag/AgNO3  Carboxylate (55) 0.6 0.1mol dm=3 Sunetal.,, 2014
Ag/AgNO3 CO (42) [EMIM][NTf2]/ACN
13 MoO»/Pb —2.22 vs. Fc/Fc+  —2.45 vs. Fo/Fc+ HCO; (38) 20 0.3M [BMIM][PFg] in Oh and Hu, 2015
020421_ ©®) ACN
CO (41)
14 MoO,/Pb —2.22 vs. Fc/Fc+ —2.45 vs. Fc/Fc+ HCO2’ (18) n/a 0.3mol dm—3 Oh and Hu, 2015
02042;_ ) [BMIM][PFg] in ACN +
CO (60) 0.1 mol dm=3 water
Ho (12)
15 MoO»/Pb —2.22 vs. Fc/Fc+ —2.45 vs. Fc/Fc+ HCOZT (10) n/a 0.3mol dm=3 Oh and Hu, 2015
020421* ) [BMIM][PFg] in ACN +
CO (52) 0.2mol dm=3 water
Ha (25)
15 MoOo/Pb —2.22 vs. Fc/Fc+ —2.45 vs. Fc/Fe+ HCO,_ (6) n/a 0.3mol dm=3 Oh and Hu, 2015
G057~ (@) [BMIM][PFg] in ACN +
CO (51) 0.3mol dm—3 water
Ho (29)
16 Ag ~ —0.62 vs. —0.70 vs. Ag/AgNO3 HCO; (95) Charge (10C) 0.1mol dm=3 Hollingsworth
Ag/AgNO3 [Pee614l[124Triz] in ACN et al., 2015
+ 0.7 mol dm~3 of water
17 Ag ~ —0.62 vs. —1.90 vs. Ag/AgNO3 HCO; (6) Charge (10C) 0.1mol dm=3 Hollingsworth
Ag/AgNO3 CO (6) [Pee614l[124Triz] in ACN et al., 2015
Hp (41) + 0.7 mol dm=3 of water
18 Ag reductive peak n/a n/a 0.7mA.cm—2 Bare [PMIM][NTf5] Tanner et al., 2016
—1.5Vvs. Cc+
/Cc
(Continued)
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TABLE 1 | Continued

Entry Electrode Onset potential  Electrolysis potential Faradaic Current density  Electrolyte References
) ) efficiency (mA cm—z)
product (%)
19 Ag reductive peak n/a n/a -1.5 Bare [EMIM][NTf5] Tanner et al., 2016
—1.5Vvs. Cc+
/Cc
20 Ag reductive peak n/a n/a —1.60 Bare [BMIM][NTfo] Tanner et al., 2016
(=1.1Vvs.
Cct/Ce)
21 Ag reductive peak n/a n/a -1.5 Bare[BMIM][NTf5] Tanner et al., 2016
—1.05V vs. Cc+
/Cc
22 Ag reductive peak n/a n/a -0.8 Bare [BMIM][BF4] Tanner et al., 2016
—1.05V vs. Cc+
/Cc
23 Ag reductive peak n/a n/a 0.75 Bare [BMIM][FAP] Tanner et al., 2016
—1.6Vvs. Cc+
/Cc
24 Ag —2.20V vs. —2.4V vs. Fc+/Fc n/a ~10.0 0.1 M [BugN][PFg] + Lauetal., 2016
Fc+/Fe 0.02 M [Ethyl 2-Methy!
Imimidazolium][BF 4] +
25 Ag —2.15V vs. —2.4V vs. Fc+/Fc n/a ~16.0 0.1 M [BugN][PFg] + Lau et al., 2016
Fc+/Fc 0.02M [Ethyl 2,3-
dimethyl
Imimidazolium][BF 4]
26 Ag —2.30V vs. —2.4V vs. Fc+/Fc n/a ~5.5 0.1 M [BugN][PFg] + Lau et al., 2016
Fc+/Fe 0.02 M [Ethyl 2,3,4,5-
tetramethy!
Imimidazolium][BF 4][BF 4]
determined by pulse radiolysis time-resolved resonance BASIC ILS AND THE BICARBONATE

Raman spectroscopy to be 10 ns (Janik and Tripathi,
2016). Furthermore, the dynamic effect of recombination
depends on the surroundings (FigurelA). A change
in the surroundings is possible by an alteration of the
ILs (Strehmel, 2012).

The physical absorption of CO, is possible because of the
ability of ILs to confine CO; inside cavities near alkyl groups
and aromatic protons (H4 and H5) of the IL, an interaction
that does not compete with the interaction of the IL counter ion
(Corvo et al., 2013).

ILs also play a role similar to surfactants near the electrode
(Figure 1D), where imidazolium cations help the stabilization
of CO2°~, avoiding the dimerization process, inhibiting oxalate
production, favoring CO, and decreasing the overpotential (Sun
etal., 2014) (Table 1, entry 11-12).

According to a proposed mechanism (Duong et al., 2004),
ILs can chemically adsorb CO, through a carboxylation process
on the imidazolium C2 position for the decreases in CO,ERR
overpotential and posterior formation of CO. Following this
mechanism, other CO,ERR studies were made with the IL C2
position protected with a methyl group to avoid the carboxylation
process (Sun et al., 2014). Higher CO formation was observed,
indicating that the process does not depend exclusively on
carboxylation of the C2 position.

EFFECT

Anion basicity is also an important issue. By adjusting this
property, it is possible to obtain high adsorption values and,
in some cases, a positive effect in the presence of water
(Wang et al,, 2011; Taylor et al,, 2015). Reversible carbonate
formation when using gas mixture ILs has already been proposed,
considering that CO; capture can form bicarbonate species in
solution (Ma et al., 2011; Anderson et al., 2015). Bicarbonate
species formation is more efficient and more frequent than
expected when there is water contribution to the reactivity
and self-organization of ILs, providing a third kind of sorption
mechanism (Simon et al., 2017; Qadir et al., 2018).

The absorption parameters of CO; by ILs can make efficient
diffusion mass transport to the electrode surface with high
adsorption possible. There are two main processes of CO;
adsorption by ILs: non-covalent interactions, i.e., physical
adsorption of CO,, mainly in ILs with non-basic nucleophilic
anions, such as hexafluorophosphate and bis(trifluoromethyl)
sulphonyl amide (Figure 1A), and chemical adsorption by
carboxylation and CO, conversion to bicarbonate in proton-
rich media, occurring mainly in ILs with acid protons for easy
deprotonation and basic anions, such as acetate and imidazolium
(Figure 1B) (Simon et al., 2017).

Frontiers in Chemistry | www.frontiersin.org 51

March 2019 | Volume 7 | Article 102


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Faggion et al.

CO» Reduction

BXN
RS

Adsorption phenomena
(interactions and capture of CO,)

A

O\&

Current density

| —

H20/> [BMIM"] [HO-H] [OAc] —.CO,

[BMIM'] [OAC] [BMIM'] [OACH] [HCO, ] ¢

e

co,
Equilibrium changed
B

/\/\ﬁé\N/

NTf, BF, FA

Viscosity effect

Cation@®— Q\.
Bulk| Anione ./.

Helmholtz and
difusion layer

—————

Viscosity

Layers

Nanocavities
Active site

Like a supramolecular effects at
near electrodes in ionic liquids electrolytes

D

FIGURE 1 | (A) CO, adsorption phenomena in ILs, (B) bicarbonate equilibrium for the acetate anion in the presence of water and CO», (C) Effect of lower viscosity
and higher current density in ILs solutions and (D) a supramolecular-like effect near the electrode.

The role of water on CO,ERR has been described (Simon
et al.,, 2017), where depending on the IL anion structure, the
reaction of CO, with the confined and “activated” water can shift
the equilibrium to bicarbonate (Figure 1B). Water activation can
even occur in some IL aqueous solutions that act as a neutral base
catalyst as well as a proton buffer.

In the same study, it was also reported that basic ILs
with acetate and imidazolate anions in aqueous solutions can
have buffer properties. It is possible, considering that the
retained water molecules by the contact ion couple are active
and react reversibly with CO,, to form bicarbonate species
in solution. Therefore, water and CO, are active species in
these solutions and can modify the mechanistic steps from the
bicarbonate formation.

NEAR ELECTRODE ORGANIZATION ILS

For desired applications, better understanding of the self-
organization of ILs is crucial. Some properties, such as viscosity,
conductivity, polarity, and thermic properties, are important
for better understanding the ILs influences on the radical
stabilization process for CO,ERR (Strehmel, 2012).

The diffusion of species in ILs may be strongly affected
by both the macroscopic viscosity of ILs and molecular
parameters related to structural phenomena, like the
microviscosity (Yago and Wakasa, 2011; Strehmel, 2012).
These regions play an important role when confining species
near the electrode in the Helmholtz plane and diffusion layer,
favoring synergistic effects capable of inducing and catalyzing
specific reactions.

It was proposed that the reduction in the overpotential
for CO2ERR when using [EMIM][BF4] was a result of the
cation complexing with CO3~ (Rosen et al, 2011). Indeed,
when using 1-butyl-1-methylpyrrolodinium, a cation unable
to realize - 7 interactions (Tanner et al, 2016) (Tablel,
entries 18-23), the overpotential decreases at comparable value
than using cations able to realize it. This suggests that the
interaction previously proposed by Rosen et al. (2011) is
probably unlikely in the reduction of the overpotential. This
leads to another assumption proposed by a different mechanism,
which is an inner-sphere process (Tanner et al., 2016). This
mechanism involves the previous desorption of the cation
from the silver electrode surface, allowing CO, to access
the surface, before the irreversible CO,ERR. However, it is
assumed in this case that ILs are free ions and not structured
as ion pairs and aggregates, as usually observed in solution
(Stassen et al., 2015).

When the anion of the [BMIM] IL was varied, the current
density increase was observed in the following order: 1-butyl-
3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate
([BMIM][FAP)), [BMIM][BE4], and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([BMIM][NTf;]) (Tanner et al., 2016) (Figure 1C). For the
[BMIM] ILs with different anions the increase of density current
(at high dilution) follows the same trend of viscosity decreasing
(at low dilution) (Paduszynski and Domanska, 2014).

Such effects are also observed when varying the IL cation, with
the same trend of increasing current density with the decrease in
viscosity (Figure 1C) (Reche et al., 2014).

The solubility of CO; in conventional ILs, such as [BMIM]
and [EMIM], can increase according to the alkyl chain increase
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(Reche et al., 2014). The solubility is also correlated with
the anion nature, increasing with the fluorination nature
from the anion, indicating that CO, solubility increases with
charge delocalization.

The viscosity effect on lifetime, mobility, dimerization, and
radical coordination in ILs was evaluated (Strehmel, 2012),
where the radical lifetime and the recombination dynamic are
extremely dependent on the environment. An example of this
recombination is that the increase in the IL concentration
caused a decrease in oxalate production from CO,ERR and an
increase in CO (Sun et al., 2014). This indicated that the IL
was able to immobilize CO3™ at the electrode surface, making
the dimerization process more difficult and, consequently,
decreasing oxalate production.

The interaction between [IM]T and COj™ was also studied
(Lau et al., 2016) and the 4 and 5 positions of [IM] ™ were able to
make hydrogen bonds with the radical, providing higher current
density compared to the substituted [IM]™ at the same positions
(Table 1, entries 24-26).

The radical stabilization, increase in lifetime, mobility, and the
observation that ILs of [IM] " can promote hydrogen bonds with
the radical lead to the idea that reactive microregions could be
formed at the electrode surface.

The concept of microregions was demonstrated through
theoretical calculations (Lim et al., 2018), wherein the formation
of microenvironments promotes the formation of a “cage”
capable of promoting CO,ERR. It was also demonstrated
through calculations that instead of the conventional idea
of an intermolecular bond between the IL and COj3~, the
microregion effect promotes better catalytically efficiency, even
in diluted conditions. This mechanism suggests that even in high
diluted solutions, there is an important relationship between the
volume properties, such as resistance, solubility, gas diffusivity,
and viscosity.

This corroborates the idea of a microenvironment, similar
to the supramolecular structures formed in low diluted ILs.
The increase in IL concentration near the electrode surface was
proven by the Helmholtz and diffusion layer, which considerably
increases the electrolyte concentration in this region (Figure 1D).

The idea that the electric field effect at near electrode
surface leads to a local rise of the IL concentration (Lim
et al., 2018), is supported by the relationship among current
density, viscosity, reduction of dimerization effect, and
microenvironments formation.

These increases in concentration, even in diluted solutions, are
able to induce the formation of a thin organized structure on the
double layer region and diffusion layer, promoting considerable
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Biopolymer processing and handling is greatly facilitated by the use of ionic liquids,
given the increased solubility, and in some cases, structural stability imparted to these
molecules. Focussing on proteins, we highlight here not just the key drivers behind
protein-ionic liquid interactions that facilitate these functionalities, but address relevant
current and potential applications of protein-ionic liquid interactions, including areas
of future interest.

Keywords: ionic liquids, enzymes, proteins, intermolecular interactions, reactions, molecular organization,
physico-chemical relationships

INTRODUCTION

Proteins as both materials and catalysts have a number of practical features when considering global
challenges such as developing a circular economy and minimization of environmental impacts.
They are biodegradable and can be readily biosourced, are renewable, and can act as biocompatible
scaffolds. Being polymeric materials consisting of combinations of around 20 main building blocks
(amino acids), the range of materials properties that are accessible is substantial. The different
amino acid functionalities lend these polymers to further post-processing, which can further extend
the property scope. In addition to their catalytic properties as enzymes, proteins such as keratins,
collagens, silks, and plant-fibers are strong, can be highly elastic, and possess many other desirable
materials properties, including being suitable scaffolds for living cells. As such, these biopolymers
have found significant use in the medical industries in particular, due to this biocompatibility and
ability to replace or enhance existing tissues (Defrates et al., 2018).

Ionic liquids have firmly established themselves as useful industrial and laboratory solvents,
reflected by substantial and ever-increasing literature in the area. Due to the reduced vapor
pressure, arising from the strong electrostatic interactions of the constituent ions, they possess
a number of useful properties, some of which underpin their “green” reputation. This includes
minimal harmful vapor when handling, low flammability, and the lack of vaporization, which
gives an opportunity to recycle these liquids across many cycles. The number of different ion
combinations that can be considered leads to over 10° potential ionic liquids (Rogers and Seddon,
2003), before mixtures are even considered, each with different physical and chemical properties.
Thus, in principle, tuning of the properties for a particular task can be achieved through judicious
selection of ion combinations. They are especially good for the dissolution of recalcitrant materials,
as the combination of electrostatic, hydrogen-bonding, - and van der Waals interactions means
that non-covalent (and sometimes covalent) interactions within these materials are more readily
broken, with concomitant stabilization in the solution form.
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The interaction of ionic liquids with proteins adds a
significant new landscape for the understanding of ionic-liquid
solute interactions. With the vast range of cation and anion
combinations available (see Figure1 for those highlighted in
this review) affording a differing balance of intermolecular
interactions and thus interacting properties that can constitute
an ionic liquid, not to mention mixtures of ions, the different
anionic, cationic, hydrophobic, and polar interactions from
each amino acid of a protein backbone becomes a many
dimensional challenge.

STRUCTURAL PROTEINS

Keratins
Keratins are proteins that can be sourced from the skin, hair,
horns, nails, beaks, and teeth of different mammals, reptiles,
birds, and fish (Mckittrick et al., 2012), and constitute a
significant biowaste stream (Zoccola et al., 2009; Sharma and
Gupta, 2016; Holkar et al., 2018). As a natural fiber, wool is widely
used commercially in the textile industry (Lewis and Rippon,
2013), and has found many uses ranging from biomedical and
cosmetic applications (Rouse and Van Dyke, 2010; Silva et al.,
2014; Sharma and Gupta, 2016), (being documented in medical
use at least since ancient Greek times) (Alves et al., 2013), to
fertilizers and flame retardants (Sharma and Gupta, 2016).
Keratins can be categorized as either hard or soft, depending
on their sulfur content, with hard keratins, like wool, having
a high sulfur content, and therefore more covalent (disulfide)

crosslinks (Simpson and Crawshaw, 2002; Zoccola et al., 2009;
Mckittrick et al., 2012). Soft keratins can be found in the
outer layer of the skin and have lower sulfur content and
concomitantly fewer covalent (disulfide) crosslinks (Zoccola
et al., 2009; Mckittrick et al., 2012). The disulfide bridges and
strong inter- and intra-protein hydrogen-bonding of keratin
proteins provide a significant processing challenge (Liu et al,
2018), often addressed through using mixtures of different
solvents, with each solvent playing a key role in breaking
covalent and/or non-covalent bonds (Xie et al., 2005). Volatility,
corrosiveness, environmental impact, difficulty of recycling, and
lack of renewability have all been highlighted as issues with
these solvent regimes, in addition to the requirements for
multi-step processes and resultant keratin degradation leading
to regenerated keratin with a lower value (Hameed and Guo,
2009; Idris et al.,, 2013; Ji et al., 2014; Zheng et al., 2015; Liu
et al, 2017; Zhang et al, 2017b). As such, there has been a
growing demand to develop new solvents for keratin dissolution
that are able to overcome the disadvantages associated with the
traditional/existing solvents.

Ionic liquids have naturally been examined as solvents for the
post-processing of keratin (Xie et al., 2005; Hameed and Guo,
2009; Sun et al., 2009; Zhao et al., 2010b; Lovejoy et al., 2012;
Wang and Cao, 2012; Idris et al., 2013, 2014a,b; Li and Wang,
2013; Chen et al., 2014, 2015; Ghosh et al., 2014; Ji et al., 2014;
Plowman et al., 2014; Wang et al., 2014, 2016; Zheng et al., 2015;
Kammiovirta et al., 2016; Sharma and Gupta, 2016; Tran and
Mututuvari, 2016; Liu et al., 2017, 2018; Zhang et al., 2017a;

Rz

FIGURE 1 | Representative ionic liquid cation and anion structures presented throughout the text.
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Zhang et al., 2017b). The dissolution process of keratin fiber
starts with the swelling of the cuticle (outer layer) followed by
the swelling and preferential dissolution of the cortex (inner
layer). Of the two components, the cuticle generally takes longer
to dissolve due to the high number of disulfide bonds present
(Chen et al., 2014), however, selective swelling of the cuticle
retaining the cortex intact is possible through careful control of
conditions (Chen et al., 2015). According to Wang et al. (2014)
for imidazolium cation and chloride anion-based ionic liquids,
the combined effect of the anion and cation is responsible for
breaking the covalent and non-covalent interactions in keratin,
with each component participating through different interactions
with the substrate (Ghosh et al., 2014).

An extensive array of ionic liquids has been tested with
keratins (Table 1), reflecting the interest in reprocessing this
protein. Early on, [C4C;Im][Cl] gained significant traction as the
ionic liquid of choice for keratin dissolution (Xie et al., 2005;
Hameed and Guo, 2009; Sun et al., 2009; Lovejoy et al., 2012; Idris
et al,, 2013; Li and Wang, 2013; Chen et al., 2014; Ghosh et al.,
2014;Jietal, 2014; Plowman et al., 2014; Wang et al., 2014; Zheng
et al,, 2015; Tran and Mututuvari, 2016; Zhang et al., 2017a; Liu
et al., 2018), being effective for a broad range of keratin types,
including human hair, hooves, goat and sheep wool, and duck,
turkey and chicken feathers. Other small-cation imidazolium
ionic liquids, primarily [AMIM], [C,C;Im] and [C4C;Im]-based
derivatives have also been extensively trialed. It is the role of
the anion, however, that appears to be key in the quality of
regenerated keratin, with the nucleophilicity of chloride being
suggested as the reason behind the degradation particularly of
the disulfide bonds, and subsequent formation of cysteic acid
(Ghosh et al., 2014). Acetate has also been strongly implicated
in this process and was more effective than chloride, both for
keratin and model systems (Zhang et al., 2017a). The differences
between different cations with the same anion may potentially
be attributed to the differences in ion-ion interactions providing
a different effective availability of the corresponding anion. The
wider ionic liquid organizational structure, combined with the
specific structuring of the keratin, may also have implications
for selectivity of different disulfides in the degradation process
(Karimi et al., 2016).

There has been a growing drive to expand the range of suitable
solvents for keratin to those that have specific properties useful
for larger-scale processing, and, as such, both distillable and
protic ionic liquids have been utilized with good effect (Chen
et al., 2014, 2015; Idris et al., 2014a), alongside those containing
potentially more benign, bio-compatible (Lovejoy et al., 2012;
Zheng et al., 2015) and bio-derived (Idris et al., 2013; Chen
et al., 2014, 2015), cations. Ionic liquids that have been tested
and were reported to show either very poor or no detectable
solubility of keratins include: [C4C;Im][PF¢] (Xie et al., 2005),
[CiIm][Cl] (Zhang et al., 2017a), [C4Py][Cl] (Zheng et al,
2015; Zhang et al., 2017a), [C4C;Im][Br] (Zhang et al., 2017a),
[C4CiIm][DBP] (Zhang et al., 2017a), [P4,4,4.4][Cl] (Zheng et al.,
2015; Zhang et al, 2017a), [Ngg444][Cl] (Zheng et al., 2015;
Zhang et al., 2017a), [C4C;Im][H,POy4] (Zhang et al., 2017a),
[C4CPyr][NTf,] (Lovejoy et al, 2012), [C4CiIm][OctSO4]
(Lovejoy et al., 2012), [Pgg,6,14] [IN(CN)2] (Lovejoy et al., 2012),

[P1,sec—4,sec—4,5ec—4][OTs] (Lovejoy et al., 2012), [CgC1Im][BF4]
(Lovejoy et al., 2012), [Pege,14][Cl] (Lovejoy et al., 2012),
[P6)6,6,14][NTf2] (LOVejOY et al., 2012), [P6)6,6,14][BF4] (Lovejoy
et al,, 2012), [C1Im][BF4] (Lovejoy et al.,, 2012), [C4C;Im][BF4]
(Xie et al., 2005; Lovejoy et al., 2012) and [C4C;Im][FeCl4]
(Zheng et al, 2015). The ionic liquids [DMEA][OAc] and
[DMEA][CI] were also identified as potential candidates for
dissolution, but because they had poor processing parameters,
have not been tested for solubility (Idris et al., 2014a).

Recently a more systematic approach to determining useful
ionic liquids for keratin dissolution was successfully applied,
exploiting computational prediction of ionic liquid properties
(Keaveney et al., 2015), based on the parametrised COSMO-
RS methodology, with subsequent experimental verification
(Liu et al., 2018). Here the o-potential, a measure indicating
the hydrogen bond acceptor-donor interactions of the model
substrate, was matched for each model to generate the
logarithmic activity coefficient (In y, proportional to the ionicity
of the solution; Marsh et al, 1955), calculated against ionic
liquid ion pairs. By testing 621 ion pairs and ranking these
by cation and anion, a strong reliance on the anion was
identified with a much more subdued contribution from the
cation. Cations with additional hydrogen bonding groups, such
as hydroxyethyl-methylimidazolium, acted to improve solubility
over that predicted, and highlighted the role of hydrogen bond
disruption in solubilisation.

Collagens
Unlike the disulfide-reinforced, arginine/glutamate-rich keratins,
collagens are predominantly glycine-rich proteins, featuring also
proline and/or hydroxyproline. Collagens contribute a range
of structural roles in skin, ligaments, cartilage and tendons,
as well as in bones, teeth and the cornea (Chen et al., 2017).
Three strands of collagen-protein are able to form stable
triple-helicies, with macrostructural alignment further imparting
specific mechanical properties (Chen et al., 2017), attractive for
biomaterials development (Defrates et al., 2018). Since collagen
has different hierarchical, ordered layers to keratin, it provides
an alternative framework for understanding the interactions of
different jonic liquids on peptide dissolution and stabilization.
Choline salts have been examined in the context of collagen,
because they provide potential for more biologically benign
interaction agents suitable for biological implants. Cross-
linking has been achieved in [Ch][lactate] and [Ch][levulinate]
(Vijayaraghavan et al., 2010), along with the related, non-liquid,
[Ch][tartrate] (Vijayaraghavan et al., 2010) and [Ch][H,PO4]
(Vijayaraghavan et al., 2010; Mehta et al., 2015). The primary
mechanism of the cross-linking is facilitated by the strong
electrostatic interactions between the protein (Meng et al., 2012),
postulated as from the arginine residues, and the ionic liquid,
specifically the anion (Mehta et al, 2015). This was further
explored both experimentally and theoretically with [Ch],[SO4]
(Tarannum et al., 2018a), and subsequently a selection of amino
acid-based cholinium salts, [Ch][Ser], [Ch][Thr], [Ch][Lys],
and [Ch]Phe] (Tarannum et al., 2018b). In all these cases, the
cholinium-based ionic liquids showed some variation in their
interaction with collagen, based on features such as increases
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TABLE 1 | Summary of keratin solubility in selected ionic liquids.

lonic liquid Keratin type Solubility Dissolution conditions References
[AMIM][CI] Wool keratin 8 wt% 130°C, No, 10h Xie et al., 2005
Turkey feathers 50 wt% 130°C, No, 10h |dris et al., 2013
Wool keratin 21 wt% 130°C, 10.5h Li and Wang, 2013
Merino Wool 200 mg/g 130°C, Np, 10h |dris et al., 2014b
Duck feather 5 wt% 120°C, 60 min Jietal, 2014
Human hair 19 wt% 130°C Wang et al., 2014
Goat wool keratin 9 wt% 120°C, 30min Zhang et al., 2017a
Wool keratin 13 wt% 120°C, 24h Liu etal., 2018
[AMIM][N(CN)2] Merino Wool 475 mg/g 130°C, No, 10h |dris et al., 2014b
[BsC+Im][HSO4] Duck feather 4 wt% 120°C, 60 min Jietal, 2014
[C1Im][OTH] Duck feather <1 wt% 120°C, 60 min Jietal, 2014
[C2C1Im][OAC] Wool keratin 38 wt% 120°C, 24h Liuetal., 2018
Chicken Feathers 5 wt% 130°C, 2.5h Kammiovirta et al., 2016
Goat wool keratin 9 wt% 120°C, 30min Zhang et al., 2017a
[CoC4Im][CI] Wool keratin 14 wt% 120°C, 24h Liuetal., 2018
Goat wool keratin 9 wt% 120°C, 30min Zhang et al., 2017a
[CoCqIm][EtoPO4] Goat wool 8 wt% 120°C, 1.5h Liu et al., 2017
Goat wool keratin 9 wt% 80-140°C,° 30-180 min Zhang et al., 2017a
Wool keratin 22 wt% 120°C Liuetal., 2018
[CoCqIm][MeoPOy4] Wool keratin 8 wt% 130°C, 1.5h Zheng et al., 2015
Wool keratin 9 wt% 130°C Zhang et al., 2017b
[C4C+Im][OAC] Goat wool keratin 9 wt% 120°C, 30 min Zhang et al., 2017a
Goat wool 8 wt% 120°C, 2.5h Liuetal., 2017
Wool keratin 8 Wt% 130°C, 10min Zheng et al., 2015
Wool single fibers 120°C, 3min Chen et al., 2014
Merino Wool Cuticle removal 75°C, 35min Chen et al., 2015
Goat wool keratin 9 wt% 120°C, 30min Zhang et al., 2017a
[C4C4 Im][BF4]f Wool keratin n/d 130°C, No, 24h Xie et al., 2005
Human hair insoluble 130°C Wang et al., 2014
[C4C1Im][Br] Wool keratin 2 wt% 130°C, No, 10h Xie et al., 2005
Duck feather 4 wt% 120°C, 60 min Jietal, 2014
Human hair 10 wt% 130°C Wang et al., 2014
[C4C4Im][CI] Wool keratin 11 wt% 130°C, Np, 10h Xie et al., 2005
Wool 5 wt% 100°C Hameed and Guo, 2009
Chicken feather 23 wt% 100°C, Np, 48h Sun et al., 2009
Pig hoof powder 1 wt% 130°C, 10h Lovejoy et al., 2012
Turkey feathers 50 wt% 130°C, Np, 10h Idris et al., 2013
Wool keratin 15 wt% 130°C, 9h Li and Wang, 2013
Duck feather 5 wt% 120°C, 60min Jietal, 2014
Human hair 13 wt% 130°C Wang et al., 2014
Wool single fibers 120°C, 90 min Chen et al., 2014
Merino Wool 5 wt% 99°C, 18h Plowman et al., 2014
Merino Wool fabric 14 wt% 120, 150, and 180°C, Ghosh et al., 2014
30min
Merino Wool 250 mg/g 130°C, No, 10h Idris et al., 2014b
Wool keratin 8 wt% 130°C, 5h Zheng et al., 2015
Raw wool 6 wt% 125-130°C, 6-8h Tran et al., 2016
Goat wool keratin 9 wt% 120°C, 30min Zhang et al., 2017a
Wool keratin 35 wt% 120°C, 24h Liuetal., 2018
[C4C1Im][BusPO4] Wool 5.0% @ 120°C, Np, 12h Wang et al., 2016
[C4C1IM]N(CN)2] Wool keratin 1.5 wt% 120°C, 24h Liu etal., 2018

(Continued)
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TABLE 1 | Continued

lonic liquid Keratin type Solubility Dissolution conditions References
[C4C1Im][MeoPOy4] Wool keratin 8 wt% 130°C, 1.5h Zheng et al., 2015
[C4C1IM[HoPO4] Wool 5.0% 2 120°C, N, 10.5h Wang et al., 2016
Wool 5.0%2 120°C, No, 17h Wang et al., 2016
[C4C1IM[HSO4] Wool 5.0% @ 120°C, No, 13.5h Wang et al., 2016
[C4C+Im][NO3] Duck feather 4 wt% 120°C, 60 min Jietal, 2014
[C4C1Im][SCN] Wool keratin 8 wt% 130°C, 15h Zheng et al., 2015
Wool keratin <1 wt% 120°C, 24h Liu et al., 2018
[C4C1Pyr[Cl] Wool keratin 40 wt% 120°C, 24h Liu etal., 2018
Pig hoof powder 1 wt% 130°C, 10h Lovejoy et al., 2012
[C4PyI[Cl] Wool keratin 36 wt% 120°C, 24h Liu et al., 2018
[Ch][thioglycolate] Turkey feathers 45 wt% 130°C, No, 10h Idris et al., 2013
Merino Wool 225 mg/g 130°C, No, 10h Idris et al., 2014b
Wool single fibers 120°C, 10min Chen et al., 2014
[Ch][Pn] Wool single fibers 120°C, 45min Chen et al.,, 2014
Merino Wool Cuticle removal 75°C, 35min Chen et al., 2015
[DBNE][EtoPO4] Goat wool 8 wt% 120°C, 3h Liu et al., 2017
[DBNH][OAC] Goat wool 8 wt% 120°C, 20min Liu et al., 2017
[DBNM][MeoPO4] Goat wool 8 wt% 120°C, 8.5h Liu et al., 2017
[DMEA][HCOo] Turkey feathers 150 mg/g 100°C, 7h Idris et al., 2014a
[HOEMIm][CI] Wool keratin 3 wt% 120°C, 24h Liu et al., 2018
[HOEMIM][NTf5] Chicken feathers 21.75%P° 80°C, 4h Wang and Cao, 2012
[N2,2 2 1][MepPO4] Wool keratin 8 wt% 130°C, 3h Zheng et al., 2015
[P4.4,4,4]1CI] Pig hoof powder 1 wt% 130°C, 10h Lovejoy et al., 2012
[TMG][Pn] Wool single fibers 100°C, 6.5h, partial Chen et al.,, 2014
dissolution
Merino Wool Cuticle removal 75°C, 35min Chenetal., 2015

a wool fiber/ionic liquid mass ratio.
bextraction yield based on 1:45 mass ratio.
¢No diissolution reported below 110°C.

Bs, 1-sulfobutyl; Pn, propionate; OAc, acetate; DBNE, 1-Ethyl-1,5-diazabicyclo[4.3.0]-non-5-enium; DBNH, 1,5-diazabicyclo [4.3.0Jnon-5-enium; DBNM, 1-methyl-1,5-
diazabicyclo[4.3.0]non-5-enium; DMEA, N,N-dimethylethanolammonium; TMG, 1,1,3,3-Tetramethylguanidinium.

! Hydrolysable ionic liquid.

in the thermal denaturation temperature, fibril morphology,
and changes in FTIR spectra, with more destabilization of the
structure indicated for the lysinate and phenylalanate anions.

This dominance of the anionic interaction in governing
stabilization is, however, challenged by the observation that
[P44,4,1][Et2PO4], [Pya,4,1][MeSOs3], and [HN3 2 1][MeSO3] can
result in structural deformation (Tarannum et al., 2018b), with
[C4CiIm][Me;POy4] resulting in collagen structural degradation
(Tarannum et al., 2018a), rather than strengthening of the
interactions. The implication is that both the nature of the
anion is strongly important, and that the cation must also play
a not insignificant role. Physicochemical impacts, including on
thermal denaturation, were also observed for aqueous solutions
of imidazolium chlorides [C,CiIm][Cl], [C4C{Im][Cl], and
[C10C1Im][Cl] (Mehta et al., 2014).

Collagen fiber solution has been utilized extensively in
a broader range of imidazolium ionic liquids. In addition
to [C4CiIm][Cl] (Meng et al, 2012; Wang et al., 2013a;
Mehta et al., 2014), where around 6 wt% collagen could be
solubilised, [C,C;Im][OAc] (Hu et al, 2013; Zhang et al,

2014) showed temperature-dependant solubilisation ranging
from 3.1 to 7.4 wt% going from 25 to 45°C, respectively,
which was also impacted, and sometimes improved (up to
ca. 10 wt%) by addition of sodium salts (Hu et al., 2013).
This ionic liquid has been utilized in extracting collagen from
waste fish scales (Muhammad et al.,, 2017). Aqueous mixtures
of [C,CiIm][EtSO4] have been used with gelatin (partially
hydrolysed collagen) to prepare nanoparticle-embedded ionogels
with a variety of attractive properties. Other biomedical
applications have included composite hydrogels for skin
dressings (Igbal et al, 2017), and composite hydrogels for
bone applications (Igbal et al., 2018a), prepared with collagen
using the protic [CIm][OAc] as a carrier. The protic, non-
imidazolium [NH(CH,CH,OH)3][OAc] has similarly been used
for preparation of bone filler composites (Igbal et al., 2018b).
Similar to the work in keratin, COSMO has been utilized
in the calculation of activity coefficients with ionic liquids
and a collagen model (Muhammad et al, 2017). Here a
range of imidazolium cations; [C,C;Im], [C4C;Im], [C¢C;Im],
[CsCiIm], [C1oCiIm]; with a large selection of corresponding

Frontiers in Chemistry | www.frontiersin.org 60

May 2019 | Volume 7 | Article 347


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Schindl et al.

Proteins in lonic Liquids

anions was trialed, with lowest In y values obtained consistently
for the smallest cation, especially in combination with small
organic acid anions (acetate, propionate, formate, butanoate
and crotonate, respectively). This was followed by the chloride
anion, which interestingly had the largest variation in effect with
cation, with a dramatic difference in In y values on going from
[C2CiIm] to [C4CiIm] and again to [CeCiIm], compared with
other cation-anion combinations. Amino acid anions [Gly]~,
[Arg] ™, and [Glu]~ afforded intermediate predictions, with more
hydrophobic anions giving poor predictions for interaction, with
high In y values. As a result, [C,C;Im][OAc] was selected in this
study as extraction solvent of choice.

Plant Proteins

The use of ionic liquids with plant proteins is less extensive
than for those proteins from animals. The huge scale of soybean
production worldwide means that soy protein is readily accessible
(Nishinari et al., 2014). In practice soy protein is a mixture
of different proteins of different sizes and properties, with two
dominant, multimeric constituents, p-conglycinin and glycinin.
These proteins are particularly rich in glutamate and aspartate,
as well as arginine, lysine, serine, and proline, with higher
quantities of leucine and phenylalanine in more hydrophobic
subunits (Riblett et al., 2001). Soy protein has been used in a wet
spinning method through dissolution in [C4C;Im][Cl]/DMSO
mixtures (Deng et al,, 2014), and blend films of soy protein
with cellulose have been prepared with [AMIM][CI] as the
solvent (Wu et al., 2009).

The poorly-soluble zein protein is obtained as a by-product
of industrial corn processing, most recently through bioethanol
production (Gupta et al, 2016), and comprises around 7-8
wt% of the corn kernel (Shukla and Cheryan, 2001). Although
rich in glutamate, leucine, alanine, and proline, it is low in
basic amino acids such as arginine and deficient in lysine and
tryptophan, making it poor quality for human nutrition. In an
attempt to improve accessibility to reaction, nearly 15 wt% of
zein was shown to be soluble in [C4C;Im][Cl], with practical
viscosities in the range of 10 wt% when dissolved at 120°C
for 60 min, and benzoylation able to be demonstrated (Biswas
et al., 2006). The ionic liquid [C4C;Im][N(CN),] was reported
to be similarly effective with solubilities of 10 wt%, whereas
[Ch][CI] deep eutectic mixtures were not effective at dissolving
zein. With a focus on assessing green solvents, the imidazolium
ionic liquids [C,C;Im][OAc] and [C,C;Im][Br] were compared
with bioderived organic solvents. Here 1,4-dioxane and 2,3-
butanediol were indicated as more promising for zein extraction
applications (Gupta et al., 2016), although other ionic liquids may
have performed better had they been assessed.

In 2014, Tomlinson et al. (2014) examined zein solubility
in seven imidazolium ionic liquids; four non protic:
([C2C1Im][OAc], [CoCiIm][N(CN);], [C4CiIm][OAc], and
[C4CiIm][Cl]) and three protic: ([C;Im][OAc], [C;Im][OFo],
and [C1Im][HSO4]), and related their results to the Linear Free
Energy parameters o, 3, and * through multivariate regression.
This model gave polarisability (w*) as the key contributor,
increasing in importance at higher temperatures alongside the
ET(30) polarity scale. They concluded that good solvents for

zein would possess low hydrogen-bond accepting ability (B), low
polarisability (w*) and weak hydrogen-bond donating ability
(o), and that increases in water content within the ionic liquids
had little impact on solubility. In line with this, they concluded
that [CiIm][HSO4] was an extremely poor solvent and that
[CiIm][OAc] and [C,C;Im][N(CN),] were their preferred
solvents for zein, with solubilities measured at ca. 25 wt%
zein at 60°C. Other protic ionic liquids were also shown to be
successful in solubilising zein with [NH3(CH,CH,;OH)][OFo]
and [NH3(CH,CH,OH)][OAc] producing highly viscous 70
wt% solutions (Choi and Kwon, 2011). More practical solutions
of 20 wt% zein could be produced either by microwave heating,
or by conventional heating at 120°C.

Silks

Silk from the larval form of the silk moth Bombyx mori is a
material that has been used by humanity for thousands of years.
Whilst predominantly used for its properties as a textile, it has
desirable mechanical properties (Pérez-Rigueiro et al., 2000), as
well as potential biomedical applications (Reviewed Altman et al.,
2003; Kapoor and Kundu, 2016), and is attracting significant
research therefore in identifying mechanisms for reprocessing.
Similar to the complex, layered structures of keratins, silk fibers
are formed of two monofilaments called brins that are spun by
the spinneret of the silk moth larve into a single fiber (bave).
Each brin consists of two different proteinaceous substances: the
core consists of fibroins and these are coated by serecins. For the
sake of clarity when discussing solubility in ionic liquids, “silk”
here will refer to fibroin obtained from B. mori with the serecin
removed, unless explicitly stated.

The superlative mechanical characteristics of silk derive from
a glycine- and alanine-rich repeating motif of the hexapeptide
GAGAGX (where X =S, Y, A), periodically broken up by a GAAS
motif (Zhou et al., 2001). Within silk fibers, these repeat regions
make up a PB-sheet structure interspersed with less structured
regions. Further examinations of silk structure with small angle
electron diffraction have shown that the p-sheets are organized
into crystallites with dimensions of 66 + 34nm and 10 &+ 3nm
with the major axis being aligned with the fiber axis (Shen et al.,
1998), and it is this macrostructuring from the secondary level
upwards that provides the underpinning mechanical properties
of silk.

Previous attempts at solubilisation have required harsh
solvents such as either hexafluoroisopropanol (HFIP) (Park
et al., 2006), or aqueous inorganic salts, most commonly lithium
bromide (lizuka and Yang, 1966), that require subsequent dialysis
to remove them afterward. Other methods have been explored for
the dissolution of silk including calcium chloride in formic acid
as well as mixtures of inorganic salts, water and alcohols (Yue
et al, 2014; Cheng et al., 2015). In 2004, Phillips et al. (2004)
published the first communication on the use of ionic liquids
for silk dissolution, demonstrating [C4C;Im] and [C,C;Im]-
based ionic liquids as effective solvents. Ionic liquids have since
proven great utility in dissolving B. mori silk for a range of
applications (Phillips et al., 2004, 2005; Gupta et al,, 2007;
Mantz et al., 2007; Goujon et al., 2012, 2013; Silva et al., 2012,
2013; Wang et al.,, 2012, 2013b; Zhou et al.,, 2013; Yao et al,
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TABLE 2 | lonic liquid data for silk solubility found in the literature.

IL [Silkl/wt% References
AMIM][CI] 1-15 Wang et al., 2012
[C1Im][CI] Insoluble Mantz et al., 2007
[Colm][CI] Insoluble Lozano-Pérez et al., 2015
[C1C4Im][CI] >12 Lozano-Pérez et al., 2015
[C1C4Im][NO3] Insoluble Mantz et al., 2007
[CoC4Im][CI] 25 Lozano-Pérez et al., 2015
238.3 Mantz et al., 2007
[CoC4Im][NO3] Insoluble Mantz et al., 2007
[C2C4Im][OAC] 0.1-20 Zhang et al., 2016a
[C2C+Im][SCN] Insoluble Mantz et al., 2007
[CoC1Im][OTH] Insoluble Mantz et al., 2007

Lozano-Pérez et al., 2015

[CoC1ImM][EtSO4] Insoluble Lozano-Pérez et al., 2015
[CoC1Im][BF4] Insoluble Mantz et al., 2007
[CoC4Im][AICI4] Insoluble Mantz et al., 2007
[CoC4Im][Gly] 26.3 Mantz et al., 2007
[CoCqIm][Ala] >20 Mantz et al., 2007
[CoCqIm][Ser] >20 Mantz et al., 2007
[C3CIm][CI] >15 Lozano-Pérez et al., 2015
[C4C+Im][CI] >12 Lozano-Pérez et al., 2015

13.2 Phillips et al., 2004; Mantz et al., 2007
[C4C1Im][Br] 0.7 Phillips et al., 2004; Mantz et al., 20072
[C4C1Im][l] 0.2 Phillips et al., 2004; Mantz et al., 20072
[C4C1Im][OAC] 15 Li et al., 2015; Susanin et al., 2018
[C4C4 Im][BF4]r Insoluble Phillips et al., 2004; Mantz et al., 20072
[C4C4 Im][PFG]T Insoluble Lozano-Pérez et al., 2015
[C4C1Im][OctSO4]  Insoluble Lozano-Pérez et al., 2015
[C4C+Im][CI] 8.3 Phillips et al., 2004; Mantz et al., 2007
[CeCqIM][CI] >11 Lozano-Pérez et al., 2015
[CgC+Im][CI] Insoluble Lozano-Pérez et al., 2015
[C10C1IM][CI] Insoluble Lozano-Pérez et al., 2015
[3-MEP][EtSO4] Insoluble Lozano-Pérez et al., 2015
EtAN Insoluble Lozano-Pérez et al., 2015
[N4,4.4,4][Gly] Insoluble Mantz et al., 2007

aSolubility data obtained from whole cocoons including serecin.
3-MER, 3-methyl ethylpyridinium; EtAN, Ethanolammonium nitrate.

7tl—lyd/o/ysab/e ionic liquid.

2014a,b, 2018; Li et al., 2015; Lozano-Pérez et al., 2015; Zhang
et al, 2016a; Susanin et al, 2017, 2018; Stanton et al., 2018;
Table 2). Successful dissolution has been achieved with a range
of 1-methyl-3-alkylimidazolium ionic liquids, particularly when
partnered with chloride or carboxylate anions. In a similar
fashion to other proteins, maximal solubility is achieved with the
small methyl and ethyl alkyl groups on these cations. This trend
for smaller side chains does not extend to the protic [C;Im][Cl],
in which silk is insoluble. Alkylation at the 2-position of the
imidazole ring also decreases silk solubility. As this is a known
site of H-bonding within the imidazolium ionic liquids, it implies
that cation H-bonding is also a critical interaction in stabilizing
silk solutions.

From the surveyed ionic liquids, only three classes of anion
have shown good solubilising properties: chloride, acetate, and
amino acid anions. Although halides have shown to be effective
anions, a direct comparison regarding solubility in [Cl]-based
ionic liquids is difficult, as the [C4C;Im][X] (X = Br—, I") ionic
liquids were tested on whole cocoons including the serecin. These
ionic liquids, as well as the hydrolysable [C4C;Im][BF4] (Freire
et al., 2010), are capable of dissolving serecin whilst displaying
minimal to no fibroin solubility, a trend also confirmed in
later work (Mantz et al, 2007). The imidazolium acetates
have been utilized extensively in cellulose dissolution (Swatloski
et al, 2002), but interestingly it was not until 2016 before
[C2CiIm][OAc] was used on silk (Zhang et al., 2016a). Particular
anions (NO3, SCN™, TfO~, EtSO,, OctSO, , BF, , AICI,, PF,)
do not appear to sufficiently perturb the H-bonding of silk to act
as useful solvents.

Amino acid-based ionic liquids, where the [C;C;Im] cation
was paired with the carboxylate anion form of the 20 natural
amino acids, were initially developed by Fukumoto et al. (2005)
with a subset of these ionic liquids characterized for their silk
dissolution capacity (Table 2; Mantz et al., 2007). These amino
acid anion-based ionic liquids provide some of the highest
dissolution capacities for silk, showing promise in the area
for more biocompatible dissolution solvents. One consideration
however is whether the marginal gains in dissolution capacity,
coupled to enhanced biocompatibility, are sufficient to justify the
added complexity of their synthesis.

Solubility characterization has a direct impact on mechanisms
of processing to afford silk in a desired functional form, such
as the non-exhaustive examples highlighted in Table 3, which
include composite formation for biomedical use (Silva et al.,
2012). Silk coagulation from solution, although unsuccessful, also
provides information on the underlying multi-way interactions
between solvent, silk and coagulant. In general, small alcohols
have been the most popular choice of coagulant, due to their
ability to reform the B-sheet network critical to the strength of
the silk II polymorph (Asakura et al., 1985). Water too has been
utilized with differing levels of success where a regenerated silk
will either not form at all ([C4C1Im][Cl] and 9.51 wt% silk,
consistent with amorphous silk being soluble in water) or form
brittle films, unless both cellulose is used as an additive and the
correct ionic liquid ([C,C1Im][OAc] or [AMIm][CI]) is chosen.
Typical antisolvent choices for polar systems seem to yield either
no coagulation or a brittle film or fiber (Table 3; Phillips et al.,
2005). These observations emphasize that both solvent choice
and the choice of coagulant are of paramount importance, with
dominant options well-explored in the literature.

In contrast to water or alcohols as the coagulant for the
regeneration of silk from solution, the tunability of ionic
liquids offers an alternative approach to regeneration, and
highlights the potential of these solvents. Protic ionic liquids
(pILs) have been used to develop an all ionic liquid process
for the dissolution and regeneration of silk (Goujon et al,
2012). Initially 5% w/w silk solutions in HFIP were regenerated
using pILs based around the triethylammonium (TEA™) cation
with differing anions: lactate (La™), triflate (OTf™), mesylate
(OMs™) and dihydrogenphosphate (H,PO, ), each of which
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TABLE 3 | A representative sample of methods by which silk is dissolved and subsequently reformed listing silk concentrations, additives, coagulants and processing

methods.
IL [Silk] Additives Coagulant Processing method RSF morphology References
(wt%)
[CoC4Im][CI] 10.4 7% water MeOH Pipetted into coagulant bath, soaked for 24 h. Fibers Mantz et al., 2007
10.4 7% water EtOH Pipetted into coagulant bath, soaked for 24 h. Precipitate Mantz et al., 2007
10.4 7% water 0.1M Pipetted into coagulant bath, soaked for 24 h. - Mantz et al., 2007
H3Ct—0.1M
NaH,Ct pH 2.96
10.4 7% water 0.1M Pipetted into coagulant bath, soaked for 24 h. Precipitate Mantz et al., 2007
NaH»>Ct—0.1M
NapHCt pH 4.29
10.4 7% water 0.14 Pipetted into coagulant bath, soaked for 24 h. Precipitate Mantz et al., 2007
NaH»Ct—0.06M
NapHCt pH 4.05
10 - MeOH Wet spinning. Solid, clear fibers Phillips et al., 2005
10 - MeCN Wet spinning. Solid, white crusted, Phillips et al., 2005
brittle fibers
10 - Water Wet spinning. Dissolved leaving Phillips et al., 2005
small residual fiber
10 - Acetone Wet spinning. Formed immiscible  Phillips et al., 2005
droplets, no
precipitation
10 - Ethyl Acetate Wet spinning. Formed immiscible Phillips et al., 2005
droplets, no
precipitation
10 - Hexanes Wet spinning. Formed immiscible Phillips et al., 2005
droplets, no
precipitation
1 Cellulose 9 wt% Water Cast film between glass slides in coagulant Clear, solid film Stanton et al., 2018
bath.
[CoC4Im][OAC] 0.1-20 - Water Gellation. Gel Zhang et al., 2016a
5-10 - Water Gellation. Conductive Gel Yao et al., 2018
5-10 - Water/EtOH Gellation. Conductive Gel Yao et al., 2018
1 Cellulose 9 wt% Water Cast film between glass slides in coagulant Clear, solid film Stanton et al., 2018
bath.
[AMIM][CI] 1 Cellulose 9 wt% Water Cast film between glass slides in coagulant Clear, solid film Stanton et al., 2018
bath.
[C4C+Im][CI] 9.51 - MeOH Cast film in coagulant bath. Transparent film, Phillips et al., 2004,
high crystallinity Mantz et al., 2007
9.51 - MeCN Cast film in coagulant bath. White film due to Phillips et al., 2004,
surface light Mantz et al., 2007
scattering, low
crystallinity
9.51 - Water Cast film in coagulant bath. Dissolved Phillips et al., 2004,
Mantz et al., 2007
5 - MeOH Electrospun into coagulant bath with Fibers Mantz et al., 2007
subsequent rinsing.
1 Cellulose 9 wt% Water Cast film between glass slides in coagulant Clear, solid film Stanton et al., 2018
bath.
10 Water 25 wt% MeOH Spin Coating and immersion in coagulant. Clear film Gupta et al., 2007
10 - MeOH Vapor Cast film in vacuum oven with MeOH vapor,  Clear fim Zhou et al., 2013
then water rinse and pressed between glass
plates and dried under reduced pressure.
7.5 Cellulose 2.5 wt% MeOH Vapor Cast film in vacuum oven with MeOH vapor, ~ Clear fim Zhou et al., 2013
then water rinse and pressed between glass
plates and dried under reduced pressure.
5 Cellulose 5 wt% MeOH Vapor Cast film in vacuum oven with MeOH vapor, ~ Clear fim Zhou et al., 2013

then water rinse and pressed between glass
plates and dried under reduced pressure.

(Continued)

Frontiers in Chemistry | www.frontiersin.org

May 2019 | Volume 7 | Article 347


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Schindl et al.

Proteins in lonic Liquids

TABLE 3 | Continued

IL [Silk] Additives Coagulant Processing method RSF morphology References
(Wto/o)
2.5 Cellulose 7.5 wt% MeOH Vapor Cast film in vacuum oven with MeOH vapor, ~ Clear fim Zhou et al., 2013
then water rinse and pressed between glass
plates and dried under reduced pressure.
0 Cellulose 10 wt% MeOH Vapor Cast film in vacuum oven with MeOH vapor,  Clear fim Zhou et al., 2013
then water rinse and pressed between glass
plates and dried under reduced pressure.
[C4C1Im][Br] 1 Cellulose 9 wt% Water Cast film between glass slides in coagulant Translucent, brittle Stanton et al., 2018
bath. film
[C4C4Im][OAC] 5 - 80% TMG.La: Injected silk solution into coagulant bath, left  Silk foam Goujon et al., 2012
20% water for 1 hr and then rinsed 3x with water.
10 - EtOH Molds immersed in EtOH for 24 h then Cast hydrogel Silva et al., 2013
Soxhlet extraction with EtOH for 5 days then
into MeOH/water (80/20 vol%) to form beta
sheets.
2.8 Chitosan 1.2 wt% EtOH Molds immersed in EtOH for 24 h then Cast hydrogel Silva et al., 2012
Soxhlet extraction with EtOH for 3 days then
into MeOH for 10 min to form beta sheets.
2 Chitosan 2 wt% EtOH Molds immersed in EtOH for 24 h then Cast hydrogel Silva et al., 2012
Soxhlet extraction with EtOH for 3 days.
1.2 Chitosan 2.8 wt% EtOH Molds immersed in EtOH for 24 h then Cast hydrogel Silva et al., 2012
Soxhlet extraction with EtOH for 3 days.
15 - EtOH 1-2h at 25°C 65% RH then into EtOH and Clear film Lietal, 2015
finally into water.
[C4C1Im][MeSO3] 1 Cellulose 9 wt% Water Cast film between glass slides in coagulant Translucent, brittle Stanton et al., 2018

bath.

film

was in an 80%:20% w/w ratio of pIL to water. Fourier self-
deconvolution of the FTIR spectrum was used to determine
the secondary structure content of the silk foams regenerated
with each of these coagulant solutions. The different anions
were able to generate silk foams with very different structures.
SEM showed a much more open and porous morphology for
silk in [TEA][OMs] and a major peak at 22° shown in the
XRD spectrum. Conversely, [TEA][H,PO4] showed a much
tighter foam-like morphology and a single peak at 18.5° in
the XRD spectrum, which is possibly a native-like structure
(16.5°) but with a greater intersheet spacing. Focussing on the
underlying secondary structure, [TEA][H,PO4] yielded the most
native-like secondary structure with 55% B-sheet content (1,621
1,630 cm™') and no a-helices (1,655-1,662 cm™!) whereas
[TEA][OMs] yielded a silk foam with a large amount of a-helical
structure (45%) as well as a large B-sheet content (50%).
Previous work with the amyloid peptide AB(1-40), best known
for its implied role in Alzheimer’s disease, foreshadowed the
helix-inducing properties of [TEA][OMs] (Debeljuh et al., 2011).
Through CD spectroscopy the secondary structure of AB(1-
40) was monitored under varying [TEA][OMs] content. From
0 to 50% w/w [TEA][OMs] in water, the AB(1-40) retained
its B-sheet secondary structure and ability to form fibrils. At
50-90% w/w the AP(1-40) changed to an a-helix secondary
structure and no fibrils were formed. Finally at 90-100% w/w
the AP(1-40) adopted the random coil conformation. Two
potential hypotheses have been given for the mechanism by
which pILs drive these conformational changes: the first is

that the unique H-bonding network that pILs exhibit may
drive proteins to preferentially form intermolecular bonds over
intramolecular bonds. Alternatively, the microheterogeneity of
pILs could be providing a membrane-like environment where
a helical structure is preferred. Both of these hypotheses could
help explain the preferential formation of a-helices by silk
in [TEA][OMs].

For [TMG][La] (1,1,3,3-tetramethylguanidinium lactate) the
general trend was that as water content increased, the p-sheet
content fell, and the propensity for a microsphere morphology
increased. Changes in the H-bonding network, alongside changes
to the surface tension could drive the microsphere morphology.
Yields decreased and coagulation time increased with increasing
water content, consistent with amorphous silk being soluble in
water. With this in mind an 80%:20% w/w [TMG][La]:water
composition was used to coagulate silk from a 5% w/w solution
in [C4CIm][OAc]. The choice of both coagulant and solvent
affects both morphology and secondary structure content. When
HFIP was used to dissolve silk, a much finer foam structure
was formed compared to [C4C;Im][OAc], containing larger,
disordered voids. The secondary structure differed also with
HFIP showing 55% f-sheet, 14% silk I structure, 12% o-
helix and 9% f-turns, whereas using [C4C;Im][OAc] there was
64% PB-sheet, 6% silk I, 27% a-helices and 2% p-turns. The
demonstrated capability of pILs to alter protein conformation in
a tunable sense is a compelling phenomenon and could provide
good potential for generating precise morphology for future
protein formulations.
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ENZYMES

Potential applications for ionic liquids in the biotech-industry are
numerous and an exhaustive list is not possible here. However,
the limiting biocompatibility of these electrolytes has led to the
emergence of very specific fields of implementation, whereby
the advantage in overcoming issues of common chemical
synthesis by deploying a reaction-selective biocatalyst outweighs
the challenges of finding a suitable ionic liquid system. In
this regard, the solubility of either the substrate or product
can be identified as the primary driver that indicates use of
an ionic liquid solvent may be valuable. The major focus
areas of published research concerning biocatalysis in ionic
liquids over the last decade have been in biofuel production,
followed by the use as biosensors, and the production of
enantiomerically-pure compounds (reviewed in Itoh, 2017b;
Meyer et al, 2018). Protein stability in ionic liquids has
been examined (Kumar and Venkatesu, 2014; Zhao, 2016),
and provides part of the story, but cannot always accurately
predict activity. A more thorough understanding of salt and
enzyme interactions, including a classification of the impact
of different anions and cations on enzyme activity, will enable
applications that lie outside these dominating research fields,
and is one of the rising areas of interest in the ionic
liquid field. Some recent highlights for specific systems are
provided here.

Cellulases

Cellulases and their use in aqueous ionic liquids have one
major, documented application: the saccharification of cellulose
from various lignocellulose biomass sources for the production
of biofuels. The treatment of the biomass with ionic liquids
and the saccharification by the enzymes can be performed
simultaneously, limited by the stability of the biocatalyst in such
media. Pretreatment can be established through alkali, steam,
acid or aqueous ammonia soaking, used for different substrates
and exhibiting different yields (Ruiz et al., 2008; Cho et al., 2013;
Govumoni et al., 2013; Maurelli et al., 2013). Pretreatment with
ionic liquids dissolves lignin and hemicellulose by disruption
of the hydrogen bonds of the cellulose to reduce crystallinity,
thereby facilitating access for the hydrolytic enzymes (Tan and
Macfarlane, 2010).

There is not a great variety of ionic liquids used for this
process, as they need to have the ability to effectively compete
with existing intermolecular H-bond interactions to separate
the polymer chains (Table 4; Pinkert et al., 2010). The most
usual cations are [C4C;Im] and [C,C;Im], and occasionally
[AMIM] or [HEMA] (tris-(2-hydroxyethyl)-methylammonium).
Similar to the situation with proteins, increasing the chain
length of the imidazolium cation also leads to a decrease in
dissolution of the cellulose (Kosan et al., 2007; Vitz et al,
2009; Cao et al., 2017). The anions [Cl], [OAc] and [BF4] have
been most commonly investigated, followed by [Et,PO4] or
[Me;PO4] and [MeSOy4]. The hydrophobic [NTf;] ion is not
capable of interacting strongly with the hydroxyl groups of the
polymer chains. The H-bond acceptor ability and size of the
anions primarily determine the ionic liquid dissolution ability

(Pinkert et al., 2009), with a loose ranking of [SCN] < [Br] <
dialkylphosphates < [OFo] ~ [OAc] ~ [Cl].

A comprehensive overview of reports on enzymatic
lignocellulose treatment is given in a publication by Wahlstroem
and Suurnaeki (Wahlstrom and Suurnédkki, 2015). Early
publications  investigated = Trichoderma  reesei  cellulase
effectiveness in ionic liquids (Turner et al, 2003; Kamiya
et al., 2008), and found very low enzymatic activity and stability.
Following this, very interesting results were obtained by a
study from Datta et al. (2010) on three structurally similar
family-5-celullases obtained from the three different domains
of life (Eukarya, Bacteria and Archaea; Trichoderma viride
and thermophilic cellulases from Thermogata maritime and
Pyrococcus horikoshii, respectively), which showed dramatically
different activities in [C,C;Im][OAc] over a concentration
range of 0-50% (v/v) (Datta et al, 2010). Relative specific
activity was vastly different between all three. While T. viride
cellulase activity had already declined to a third at 5% (v/v)
IL, a linear trend of decreasing activity was observed for the
cellulase from T. maritima, with about a third of the activity
remaining at 20% (v/v). Activity stayed almost constant and
equally high in comparison to the absence of ionic liquid for
P. horikoshii cellulase in up to 20% (v/v) ionic liquid. However,
by 50% (v/v) [C,CiIm][OAc], activity had completely declined
for all enzymes, with only that from P. horikoshii showing the
slightest activity.

Picking up on these differences Jaeger et al. (2015) conducted
a MD study on those very same systems and found the
impact of the jonic liquid derived in each case from individual
local structural disturbances (Jaeger et al., 2015). Simulating a
concentration of 0, 15, and 50%, they found that for P. horikoshii
and T. viride only a few unstructured loops were displaced
at both concentrations, while the secondary structure of the
T. maritima cellulase is intensely disrupted. Moreover, results
suggest that the secondary structure is more heavily disrupted
at low to medium concentrations of around 15% and some
kind of refolding or “reassuming of a prime-similar structure”
occurs at 50%. The observation of refolding also held true
for both of the other enzymes. RMSD values for these two
enzymes indicated an even higher stability in 50% ionic liquid,
compared to the buffer system. Their reported trajectories for
the positively charged surface of T. maritima suggest that key
salt bridges within the protein are broken and enable large
structural changes. The RMSD values at 15% (v/v) suggest higher
conformational stability, most likely due to the trapping of the
enzyme in a less favorable conformation, reflected in the gradual
decrease of activity in the study by Datta et al. (2010) For T.
viride they suggest a likely competitive inhibition for substrate
binding. Indeed, a recently published enzyme kinetic analysis
of a commercially available cellulase cocktail finds competitive
inhibition by [C4CiIm][Cl] is highly likely (Nemestothy et al.,
2017). In the case of the halophilic P. horikoshii cellulase, a
possible deactivation at 50% (v/v) due to aggregation is suggested,
because no major structural changes occur in the simulation
(Jaeger et al., 2015).

Although many enzymes of other classes do not display their
best activities in ionic liquids comprising chloride ions, a great
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TABLE 4 | Summary of selected cellulase reactions in ionic liquids.

lonic Liquid Organism Concentration range Experimental outcome References
[AMIM][CI] Hu-CBH1 20-40% (v/v) ag, 2 M NaCl ~100-5% relative activity, respectively Zhang et al., 2011
Celluclast T. reesei 10% (v/v) ag ~ 25% relative residual activity (30 min) Engel et al., 2010
Cel5A from T. 2M 50% relative residual activity after 5h at Liang et al., 2011
tengcongensis room temperature
[AMIM][Meo PO4] T. reesei 20, 50, and 100% (v/v) aq 34.36, 0.3, and 0% conversion, Yang et al., 2010
respectively, with ultrasonic heating
pretreatment
[AEIM][EtoPO4] T. reesei 20, 50, and 100% (v/v) aq 11.00, 0, and 0% conversion, respectively, Yang et al., 2010
with ultrasonic heating pretreatment
[C1CqIm][MesPOy4] T. reesei 20, 50, 100% (v/v) aq 53.18, 1, and 0.3% conversion, Yang et al., 2010

[01 01 Im][MeSO4]

[C1C1MIm|[MeSOy]

[CoC4Im][Br]

[C2C1IM][CF5CO0]

[CoCqIm][C]

[CoC1Im][EtoPO4]

[CoC1IM][EtSO4]

[CoC1Im][MeoPO4]

[CoC4Im][MeSO3]

[C2C1Im][OAC]

Celluclast T. reesei

a-galactosidase
Thermatoga maritimia
a-galactosidase T.
maritimia
Pseudoalteromonas sp.
cellulase

CelA2

TmBgl1A

S. cerevisiae MT8-1

Hu-CBH1
S. cerevisiae MT8-1

T. reesei

T. reesei

C. rugosa lipase

T. reesei

Pseudoalteromonas sp.
cellulase

T. maritimia
endogluconase

T. viride celullase
Pyrococcus horikoshii
endogluconase
Cellulases from A. terreus
TmBgl1A

S. cerevisiae MT8-1

Paenibacillus tarimensis

Pseudoalteromonas sp.
cellulase

10% (v/v) ag
0,9, 27, and 45% (V/v)

0-33% (V/v)

1-20% (v/v) aq

30% (V/v) aq

200, 500 mM

50-1000 MM

20% (v/v) agq 2M NaCl
50-1,000mM

< 40% (v/v) aq

20, 50, and 100% (v/V) aq

20% wt

20, 50, and 100% (v/v) agq

1-20% (vA) aq

5,10, 15, and 20% (vV/v)
aq
5,10, 15, and 20% (v/V)

ag

5, 10, 15, and 20% (v/v)
ag

5,10, 15, and 20% (v/v)
ag

200 and 500 mM
50-1,000mM

20% (v/v) aq

1-20% (v/v) aq

respectively, with ultrasonic heating
pretreatment

40% relative residual activity after 11 days

42.7,33,6.2, 5.8 Keat/Km s~ 'mM~1
respectively to the concentrations

Similar activity profile to [C4C1Im][MeSO4]
but less soluble

115% relative activity at 5% (v/v)
506 mU/mg

1.32 x 103 Kggt/Km (571 mM~—1) at
200 MM

0.7 g/l ethanol production after 200 h

~120% relative activity
1.4 g/l ethanol produced after 200 h

In situ one pot synthesis

2.18, 0, and 0% conversion at respective
concentrations in ultrasonic heating
pretreatment

Simulation revealed, that effect of altering
enzyme charge is confined to short range
(<1 nm) ordering of the IL

48.14, 0.7, and 0% conversion at
respective concentrations in ultrasonic
heating pretreatment

98% relative activity at 5% (v/v)

52% decrease in specific activity at 15%
(v/v)

100% decrease in specific activity at 15%
(v/v)

5% decrease in specific activity at 15%
(V/v)

100% relative activity at 10% (v/v)

3.15 x 108 kggt/Km (s~ mM~T) at
200mM

1 g/l ethanol production after 200 h

90 and 80% relative activity at 80 and
50°C, respectively

105% relative activity at 5% (v/v)

Engel et al., 2010
Ferdjani et al., 2011

Ferdjani et al., 2011
Trivedi et al., 2013
lImberger et al.,
2012, 2013

Kudou et al., 2014
Nakashima et al.,
2011

Zhang et al., 2011

Nakashima et al.,
2011

Kamiya et al., 2008
Yang et al., 2010

Burney et al., 2015

Yang et al., 2010

Trivedi et al., 2013
Datta et al., 2010
Datta et al., 2010
Datta et al., 2010
Gunny et al., 2014
Kudou et al., 2014
Nakashima et al.,
2011

Raddadi et al., 2013

Trivedi et al., 2013

(Continued)

Frontiers in Chemistry | www.frontiersin.org

66

May 2019 | Volume 7 | Article 347


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Schindl et al.

Proteins in lonic Liquids

TABLE 4 | Continued

lonic Liquid Organism Concentration range Experimental outcome References
B-glucosidase T. reesei 15 and 20% (w/v) 77 and 65% relative activity, respectively Wang et al., 2011
Hu-CBH1 20% (v/v) aq, 2M NaCl ~ 100% relative activity Zhang et al., 2011
[CoC4Im][OTH] CelA2 30% (v/v) aq 54% relative activity lImberger et al.,
2012, 2013
CelA3 30% (V/v) aq 68% relative activity lImberger et al.,
2012, 2013
CelA Thermatoga 60% (V/v) aq 115% relative residual activity after 4 days lImberger et al.,
maritimia 2012, 2013
[CoColm][EtoPO4] T. reesei 20, 50, 100% (v/v) aq 18.55, 0.1, and 0% conversion at Yang et al., 2010

[C4C1ImI[BF4]
[0401 Im] [C|]

[C4C1Im][OAC]

[04 01 Im] [OTﬂ

[C4C+Im][PFg]
[BMMIM][CI]

[C4C1Pyr[OTH

[Tris-(2-HOEY)-
MAMI][MeSOy]

Humicola insolens
Cellulases from A. terreus

Cel5A from T.
tengcongensis

TmBgl1A

T. reesei engineered

H. insolens
Paenibacillus tarimensis
P, tarimensis

Hu-CBH1
Pseudoalteromonas sp.
cellulase

Cellulases from A. terreus

TmBgl1A
89C12

Pseudoalteromonas sp.
cellulase

H. insolens
CelA2

CelA3

CelA2

CelA84

CelA84

CelA10

CelA24
Pseudoalteromonas sp.

cellulase

A. niger
endo-1,4-B-D-glucanase

IL:Buffer 1:1

5,10, 15, and 20% (v/v)
aq

40% (V/v) aq

200 and 500 mM

0-5% (v/v) aq

IL:Buffer 1:1

40% (v/v) aq

20% (v/v) aq

20% (v/v) aq, 2M NaCl
1-20% (v/v) aq

5,10, 15, and 20% (v/v)
aq

200 and 500 MM

30% (V/v) aq

1-20% (v/v) aq

IL:Buffer 1:1
30% (V/v) aq

60% (vAv) aq

60% (V/v) aq

30% (V/V) aq

60% (V/v) aq

30% (vA) aq

30% (V/v) aq

1-20% (v/v) aq

0, 10, 50, and 99% (vV/v)
ag

respective concentrations in ultrasonic
heating pretreatment

1.5 yc (9/l) after 6h
60% relative activity at 10% (v/v)

80% relative residual activity after 5h

1.89 x 103 Kggt/Km (s~ mM~—1) at
200 MM

~ 38, 18, and 16% conversion of 0.25
wt% lignin by succinylated, acetylated and
wt enzyme, respectively

0.3 yc (9/)) after 6h

40 and 45% relative activity at 80 and
50°C, respectively

75 and 70% relative activity at 80 and
50°C, respectively

~105% relative activity

102% relative activity at 5% (v/v)

60% relative activity at 10% (v/v)

~23 U/mg at 200 mM (80°C)
111 mU/mg

94% relative activity at 5% (v/v)

1.8 yc (9/)) after 6h
181 mU/mg

79% relative residual activity after 4 days
11% relative residual activity after 5 days
8% relative activity

81% relative residual activity after 4 days
74% relative activity, 0.8% relative residual
activity after 17 h

2% relative activity

93% relative activity at 5% (v/v)

Higher than average thermal stability; up
to 140% relative activity at 75°C

Paljevac et al., 2006
Gunny et al., 2014

Liang et al., 2011

Kudou et al., 2014

Nordwald et al.,
2014

Paljevac et al., 2006
Raddadi et al., 2013

Raddadi et al., 2013

Zhang et al., 2011
Trivedi et al., 2013

Gunny et al., 2014

Kudou et al., 2014

lImberger et al.,
2012, 2013

Trivedi et al., 2013

Paljevac et al., 2006

lImberger et al.,
2012, 2013

lImberger et al.,
2012, 2013

lImberger et al.,
2012, 2013

lImberger et al.,
2012, 2013

lImberger et al.,
2012, 2013

Pottkamper et al.,
2009

Pottkdmper et al.,
2009

Trivedi et al., 2013

Bose et al., 2012
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number of cellulases seem to be particularly affected by [Cl]
(Paljevac et al, 2006; Salvador et al., 2010; Ilmberger et al.,
2013; Yoshimoto et al., 2013; Jaeger et al., 2015). For the highly
positively surface-charged T. maritima celullase, which is also
particularly enriched in a-helices, an investigative comparison
between [C4CiIm] and [C,CiIm], in combination with [Cl]
and [OAc], revealed that although conformational stability in
low concentrations (0.2M) of [C4CiIm][Cl] was extremely
similar to the aqueous system with 10 mM phosphate buffer,
a considerably decreased conformational stability in 0.2-0.5M
[C4CiIm][OACc] correlated with a considerably higher relative
activity than for the other solvent systems, including the aqueous
environment (Kudou et al., 2014). This relative activity was found
to be highly temperature dependent and had an optimum at
80°C, which is unsurprising given it is a hyperthermophile-
derived cellulase. Conformational restriction in [C,C1Im][OAc]
manifested as an increased stability but to the point where the
lowest activity was observed, as the active site could no longer
be accessed effectively. These results imply that, as long as
either catalytic residues are not displaced or the active center
is not inhibited, a decreased conformational stability is rather
preferable to a “rock-solid” conformation, where the active center
is not flexible enough. The kc/Ky values were also found
to be considerably increased for [C4CiIm][OAc], indicating
higher enzyme-substrate affinity (Kudou et al., 2014). These
findings complement the observations by Jaeger et al. (2015)
and Datta et al. (2010).

Halophilic cellulases appear to be promising biocatalysts and
a recent patent out of the research on Halorhabdus utahensis
cellulase Hu-CBH1 highlights this. This particular cellulase was
found to display the same activity at 20% (v/v) [C,C;Im][OAc]
and [AMIM][CI] as in 2M NaCl-buffer and activity was even
slightly improved at 20% (v/v) [C2CiIm][Cl] (Zhang et al.,
2011). The molecular basis for this improvement was postulated
as due to the highly elevated negative surface charge brought
about by a high proportions of Glu and Asp residues. There
has been increasing interest in the investigation of halophilic
celullases since Zhang’s pioneering study (Ilmberger et al,
2012; Raddadi et al, 2013; Gunny et al., 2014; Nordwald
et al, 2014). Ilmberger et al. (2012) used a concentration of
30% (v/v) of [C4CiIm][Cl] and [BMMIM][CI] (1-butyl-2,3-
diemthylimidazolium), which yielded moderate specific activities
from newly isolated, moderately thermophilic and halotolerant
enzymes CelA2 and CelA3 from a biogas plant.

Raddadi et al. (2013) assayed a crude lysate of Paenibacillus
tarimensis and demonstrated a clear correlation between
temperature and salt concentration, which was also found in
other studies regarding halophilic enzymes (Zhang et al., 2011;
Gunny et al., 2014). While an increase of salt concentration
in aqueous buffer systems leads, at low-moderate temperatures,
to a decrease in activity, at high temperatures the opposite
is found. However, this does not apply to ionic liquid
concentrations. Mixtures of aqueous solution of 20 and 40%
(v/v) [C4CiIm][Cl] without NaCl in the buffer showed lower
activity for the higher concentration at higher temperatures
(Raddadi et al., 2013). Interestingly, if the buffer-ionic liquid
solution contained an additional 5M NaCl, a slight increase

in activity at higher temperatures was effected at 20% (v/v)
[C4CiIm][C]] and [C,C;Im][OAc]. The sodium ions are likely
the essential mitigators, coordinating to the negatively charged
surface residues. Systems with [C,C;Im][OAc] displayed overall
the highest activity with ~90% relative activity. Optimum activity
for an Aspergillus terreus-derived cellulase was reached in low
to medium concentrations of 10% (v/v) [C;C1Im][OAc] with
almost the same relative activity compared to the buffer system
(Gunny et al,, 2014). This study also found a similar salt-
mitigating temperature dependence as per the Raddadi study.

Finally, another study examining T. reesei cellulase once
more, modified the enzyme surface charge by succinylation and
acylation, finding a moderate improvement for succinylation and
a slight negative effect for acylation in [C4C;Im][Cl] (Nordwald
et al., 2014). This adverse effect of acylation in comparison to
natively, negatively-charged enzymes could be explained by, and
at the same time verify, the theory that negatively-charged surface
residues are not randomly placed, but rather “strategically”
favorable (Madern et al., 2000). This placement acts either to
have these residues repel and lend the protein more flexibility;
or to coordinate positively charged ions to secondary structural
regions of interest, e.g., to a-helices, which seem to be more
affected by salt than B-sheets; or a combination of both.

In conclusion, the studies of cellulases in ionic liquids have
demonstrated that small positively charged ions (Na™*, K) seem
to be essential for structural integrity, at least to enzymes that
possess a negatively-charged surface. If the surface charge is
positive, symmetrical, smallish, negatively-charged ions (Cl™)
are attracted to the surface and disrupt the secondary structure
substantially, with the coordinating strength of the anion to the
surface depending on its H-bond acceptor ability. This disruption
does not automatically lead to a major disturbance of the active
center, unless inhibition by the ionic liquid ions occurs. Upon
increasing ionic liquid concentrations, overall enzyme structure
can get trapped by the charged molecules; this applies already at
low to moderate concentrations for mesophilic proteins and at
higher concentrations of ionic liquid for halophilic proteins. In
the latter case, the negatively charged surface residues most likely
repel the negatively charged ions of the solution.

Alcohol Dehydrogenases

Alcohol dehydrogenases (ADHs) are valuable biocatalysts due
to their enantioselective reactions with prochiral ketones and
alcohols. Productivity for a broad range of substrates, however,
is limited by the incompatibility of the solubility of the required
redox cofactor NAD(P)H in non-aqueous media and sparingly
water-soluble ketone substrates. This makes ionic liquids an
attractive medium for reaction, where compatibility with the
enzyme can be established.

A range of ionic liquids, primarily based on either
imidazolium or ammonium cations (Table5), have been
employed with ADHs. The mechanism of impact of ionic liquids
on ADH can be interpreted through the prism of three ionic
liquid classifications: (a) hydrophilic ionic liquids (b) water-
immiscible ionic liquids, which drive the partition coefficients
of substrates and products in favor of the enzyme without direct
interaction and (c) water-miscible, amphiphilic ionic liquids,
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TABLE 5 | Summary of ADH reactions in selected ionic liquids.

lonic Liquid Enzyme Concentration Experimental outcomes References
ranges
[C4C4Im][PFg] YADH IL:EtOH:H, O Catalytic activities between 0.7 and 11 mol [ Zhang et al., 2011
min~" recorded, depending on (up to 0.55 IL)
YADH IL:HoO:TritonX-100 Catalytic activity 51 mol L= min~" with ratios Zhang et al., 2011
0.1:0.3:0.6, respectively.
HL-ADH 0.025-0.4 g/ml Enhanced activity (up to 145% at 0.025 g/ml) Shi et al., 2006
dropping to 95% and then <50% at 0.075 and
0.15 g/ml and above, respectively. Half-life 1.6 h
with residual activity at 50 h.
RE-ADH 10% v/v (aq) Conversion rate 98.5%; Activity 28% Half-life Hussain et al., 2008
135h.
R. ruber 20, 50, and 80% v/v Conversion rates ~30, 20, and 15%, respectively De Gonzalo et al., 2007
ADH-A (aq)
[C4C1Im][NTfo] LB-ADH Biphasic with 50 mM 88% conversion; 61% conversion in MTBE/buffer Eckstein et al., 2004
phosphate buffer
W110A 50% v/v (aq) Conversion 52% - >99% with a selection of Musa et al., 2008
TE-ADH substrates
R. ruber 20, 50, and 80% v/v Conversion rates ~25, 10, 5%, respectively De Gonzalo et al., 2007
ADH-A (aq)
[C4C+Im][CI] HL-ADH 0.025-0.4 g/ml Enhanced activity (up to 155% at 0.05 g/ml) Shi et al., 2006
dropping to 90% and then <50% at 0.2 and 0.4
g/ml, respectively. Half-life 14.5 h with residual
activity at 50 h.
YADH 0.01-0.6M 98-20%, respectively; enzyme parameters. Dabirmanesh et al.,
2011, 2012
[C4C4Im][Br] HL-ADH 0.025-0.4 g/ml Enhanced activity (up to 185% at 0.05 g/ml) Shi et al., 2006
dropping to 90% and then <50% at 0.15 and
0.4 g/ml, respectively. Half-life 5.3 h with residual
activity at 50 h.
[C4C1Im][BF4] HL-ADH 0.025-0.4 g/ml Activity ~30% at 0.025 g/ml dropping to ~0% at Shi et al., 2006
0.075 g/ml. Half-life <0.5h.
RE-ADH 10% V/v (aq) Conversion rate 99.5%; Activity 38% Half-life Hussain et al., 2008
82h.
W110A 50% Vv/v (aq) Conversion 40-96% with a selection of Musa et al., 2008
TE-ADH substrates
YADH 0.01-0.4M 95-20%, respectively; enzyme parameters. Dabirmanesh et al.,
2011, 2012
[C4C+Im][OAC] R. ruber 20, 50, and 80% v/v Conversion rates ~40, 10, and 0%, respectively De Gonzalo et al., 2007
ADH-A (aq)
[C4C4Im][OTH] HL-ADH 0.025-0.4 g/ml Activity ~25% between 0.025 and 0.1 g/ml Shi et al., 2006
dropping to ~0% at 0.15 g/ml. Half-life 1.5h.
[C2C4Im][OAC] R. ruber 20, 50, and 80% v/v Conversion rates ~ 45, 2, and 0%, respectively De Gonzalo et al., 2007
ADH-A (aq)
[CoC4Im][CI] HL-ADH 0.025-0.4 g/ml Enhanced activity (up to 155% at 0.025 g/ml) Shi et al., 2006
dropping to 95% and then <50% at 0.075 and
0.4 g/ml, respectively.
[CoC1Im][EtoPO4] LB-ADH 10% Vv/v (aq) Activity ~ 5% Kohlmann et al., 2011
[CoC1Im][MeoPO4] LB-ADH 10% v/v (aq) Activity ~ 80% Kohlmann et al., 2011
[CoC1ImM][EtSO4] RE-ADH 10% v/v (aq) Half-life 147 h. Hussain et al., 2008
[C5C4Im][MeSO3] R. ruber 20, 50, and 80% v/v Conversion rates ~5, 0, and 0%, respectively De Gonzalo et al., 2007
ADH-A (aq)
LB-ADH 10% V/v (aq) Activity ~ 105% Kohlmann et al., 2011
[C2C1IM][MDEGSO4] RE-ADH 10% v/v (aq) Half-life 22 h. Hussain et al., 2008
LB-ADH 10% Vv/v (aq) Activity ~ 70% Kohlmann et al., 2011
[CoC4Im][OTs] RE-ADH 10% v/v (aq) Conversion rate 89%; Activity 51% Half-life 45 h. Hussain et al., 2008
[C1CqIm][MesPOy4] RE-ADH 10% V/v (aq) Conversion rate 38.5%; Activity 66% Half-life Hussain et al., 2008

182h.

(Continued)
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TABLE 5 | Continued

lonic Liquid Enzyme Concentration Experimental outcomes References
ranges
[C1Im][BF4] YADH 0.01-0.6 M 85-0%, respectively with zero activity from 0.4 M; Dabirmanesh et al.,
enzyme parameters. 2011, 2012
[C1Im][C] YADH 0.01-0.2M 80-0%, respectively; enzyme parameters. Dabirmanesh et al.,
2011, 2012
[3- RE-ADH 10% V/v (aq) Conversion rate 100%; Half-life 266 h. Hussain et al., 2008
HOMeC,Py|[EtSO4]
[C4C1Pyr][NTf] RE-ADH 10% V/v (aq) Activity 43%; Half-life 144 h. Hussain et al., 2008
AmmoEngTM 100* R. ruber 70, 80, and 90% Conversion rates 77.5, 73.1, and 27.0%, De Gonzalo et al., 2007
ADH-A respectively
LB-ADH 10% Vv/v (aq) Activity ~ 150% Kohlmann et al., 2011
AmmoEngTM 101* R. ruber 70, 80, and 90% Conversion rates 78.2, 77.4, and 28.3%, De Gonzalo et al., 2007
ADH-A respectively
LB-ADH 10% V/v (aq) Activity ~ 180% Kohlmann et al., 2011
AmmoEngTM 102* RE-ADH 10% v/v (aq) Conversion rate 100%; Activity 9.4%; Half-life Hussain et al., 2008
12h.
R. ruber 70, 80, and 90% Conversion rates 69.7, 67.1, and 7.5%, De Gonzalo et al., 2007
ADH-A respectively
LB-ADH 10% Vv/v (aq) Activity ~ 110% Kohimann et al., 2011
AmmoEng™ 110* RE-ADH 10% V/v (aq) Half-life 77 h. Hussain et al., 2008
AmmoEngTM 112* LB-ADH 10% V/v (aq) Activity ~ 100% Kohlmann et al., 2011
AmmoEngTM 120 RE-ADH 10% V/v (aq) Half-life 40 h. Hussain et al., 2008
AmmoEng™ 140 LB-ADH 10% V/v (aq) Activity ~ 90% Kohlmann et al., 2011
[Ng,8.8,11[NTf>] R. ruber 20, 50, and 80% v/v Conversion rates ~40, 20, and 10%, respectively De Gonzalo et al., 2007
ADH-A (aq)
[Tris-(2-HOEY)- LB-ADH 10% V/v (aq) Activity ~ 120% Kohlmann et al., 2011
MAM]MeSOy4]
R. ruber 70, 80, and 90% Conversion rates 79, 76.4, and 65.3%, De Gonzalo et al., 2007
ADH-A respectively

MDEGSO,, 2-(2-methoxyethoxy)ethylsulfate; "REACH registered.

which provide H-bonding through the hydrophilic part and
substrate solubility within their alkyl-tail-pockets.

a) Hydrophilic ionic liquids

i. Ion effects

The impact of hydrophilic ions, such as Me4N, choline,
and imidazolium cations, and Cl, Br, BF4, PFs, OTI,
Me, POy, EtpPO4, MeSOs3 anions, has been examined for
a number of ADH systems, with the caveat that PFs or
BF, ions can be hydrolysed in aqueous solutions. While
PF¢ hydrolysis is mainly promoted only under acidic
conditions so that the PFg ion can be suitable for use at
moderate temperatures in aqueous solutions, activity in
BF4 might not be fully attributed to the biocatalyst, as it is
not stable in water and will hydrolyse readily (Freire et al.,
2010). The ionic liquids [C,CiIm][Cl], [C4C;Im][PF¢],
[C4CiIm][CI] and [C4C;Im][Br] were able to enhance
activity of HIADH at low concentrations between 0.05
and 0.075 M, when compared to pure buffer systems (Shi
et al., 2006). This finding may hold true for many more
small-molecule ions, but unfortunately not many ADH
studies in ionic liquids apply alternatives to imidazolium

cations or examine such low concentrations (see Table 5).
Comparability of results in this field is also challenging as
reported results vary between conversion rates, yields and
residual activity. Regardless, conversion rates and half-
life of enzymes seem to show considerable improvements
upon addition of aqueous ionic liquids, relative to buffer
solutions at low to moderate concentrations. In particular,
improvements have been seen for [C4C;Im][OAc] and
[CoC1Im][OAc] at 20% (v/v) (De Gonzalo et al,
2007), for [CyCiIm][MDEGSQy4], [C,CiIm][MeSOs],
and [C;C;Im][Me,POy4] at 10% (v/v) with respect
to conversion rates (Kohlmann et al, 2011), and
for [EMP][ES], [C4C1Im][BF4], and [C,C;Im][OTs] at
10% (v/v) with respect to half-life stability (Hussain
et al., 2008). In contrast, imidazole and imidazolium
derivatives, because of their similarity in structure to
parts of the cofactor NADPT (Dabirmanesh et al.,
2012), have been reported as exhibiting competitive
inhibition of the active center of ADHs (Zhang et al,
2008), and with smaller alkyl chains lengths for these
imidazolium-based ionic liquids the inhibitory effect
increases (Dabirmanesh et al., 2012).
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Chloride-ion based ionic liquids do not act as
a challenge to ADH-systems. YADH assayed in
[C4C1Im][CI] lead to a slight decrease in activity (~95%)
at very low concentrations (~0.01 M), but activity (~20%
remaining) was maintained up to a concentration of
~0.6 M ionic liquid, while for [C;C;Im][Cl] only 80%
remaining activity was observed at 0.01 M and activity
had completely declined at ~ 02M (Dabirmanesh
et al., 2011). For HIADH assayed in [C4C;Im][CI]] a
maximum relative activity of 150% was observed at
0.075M and decreased slowly to 25% at 0.4 M ionic liquid
concentration. Use of [C,C1Im][Cl] lead to a maximum
relative activity of 150% at 0.05M, but activity values
were ~50% less on average at higher concentrations
(0.1-0.3 M) than for [C4C;Im][Cl] (Shi et al., 2006).
However, activity ended up being about the same at
0.4M in both ionic liquids, which was the highest
concentration assayed. Of the other hydrophilic ionic
liquid systems that have been assayed, [C,C;Im][Et,PO4]
is strikingly detrimental to the enzymatic activity of L.
brevis ADH with only 5% relative activity left at 10%
(v/v) for the reduction of 2-octanone. This contrasts
with [C;C;Im][Me,POy4], with 85% relative activity,
and is comparable to the activity of YADH found for
[C1C1Im][CI] (above), and [C,C1Im][MeSO3] with 105%
relative activity (Kohlmann et al., 2011).

Simulation studies have been able to shed light on the
specific interactions that may be at play in controlling
activity. Ionic liquid ions with low charge density (most
cations) do not tend to exhibit any preference of vicinity
on the protein surface, since coulombic forces for these
ions are less dominant due to delocalisation and are
competitive with the van der Waals interactions of the
alkyl chains. Thus, these ions tend to be more mobile
on the protein surface, than those ions with high charge
density (most anions) (Tomé et al., 2012; Lim and Klahn,
2018), and this gives a rationale for the relatively more
significant impact ascribed ionic-liquid anions. At all
concentrations, the cations with their alkyl chains are able
to contact like-charged-ions, but at low concentrations,
since there are only a few about, they will, as single
ions or small clusters, be able to closely associate to the
protein surface.

The shorter the alkyl chain, the smaller are the
polar domains that can interact with other species
meaning, [C;C;Im] or [C,C;Im] can associate more
closely and individually onto the surface of the protein
and more easily into the binding pocket, than, for
example C4C;Im. The peak in activity at very low
concentrations of ionic liquid, and the consequent
decrease in activity at increasing concentrations of ionic
liquid may be attributed to the different numbers of
cations being able to aggregate on the protein surface.
As the cations continue to coordinate to the protein
surface at increasing concentrations (Lim and Klihn,
2018), the ions form ever bigger patches, that are still
small enough to amass onto the protein surface, but
with the increasing patch-size an increased rigidity of

ii.

the protein is conferred. The discrepancy of ~50% less
activity between [C4C;Im] and [C,C;Im] at medium
range concentrations (0.1-0.3) underlines the different
interactions of the ions with the protein surface, as
[C2CiIm] having shorter chains will be able to associate
more closely overall. This close association allows an
optimum effect on the flexibility (and activity) of the
protein at a slightly lower concentration (0.05M), than
[C4CiIm] with 0.075M, and at the same time having a
much higher impact on constraining the protein flexibility
at medium concentrations. At low ionic strength, the
ring and tail of the imidazolium ions are equally often
in contact with the protein surface, whereby the tail
mainly has a steric interaction (fitting into clefts on the
surface) and the ring has a mostly charged interaction,
which becomes more pronounced and dominant at higher
ionic strengths (Haberler et al., 2011). In comparison,
high-charge density ions, if located on the surface,
preferentially reside at positions with oppositely charged
amino acids and hardly associate with like-ions. At low
ionic liquid concentrations the number of low charge
density ions populating the protein surface is far greater
than the number of high charge density ions, which
prefer the hydration of water molecules in the bulk phase
(Haberler et al., 2011), leading to asymmetric influence at
different concentrations on the protein.

Anions with high charge density, being dispersed in
bulk water at low concentrations, may strip off a small
number of tightly bound, structuring water molecules
from the protein surface, leading to an increase in entropy
and hence more flexibility and activity of the enzyme, up
to the maximum point, upon thereafter the disruption
of the secondary structure and subsequent rigidity of
the protein (as seen for cellulases) becomes detrimental.
This can affect the binding pocket significantly, as
was proposed by the study on the enantioselectivity of
Thermoanaerobacter ethanolicus ADH (Musa et al., 2008).
In aqueous solution, the binding pocket of T. ethanolicus
ADH includes a bound, ordered water molecule, which
is displaced when a bulky (R)-substrate binds, yielding
a substantial entropy increase (Heiss et al., 2001). For
smaller substrates there is no enantioselective conversion
in aqueous solution because they are unable to displace
the water molecule. Addition of ~50% (v/v) of the
hydrolysable ionic liquid [C4C;Im][BF4] was able to
facilitate the asymmetric reduction of small phenyl-
ring containing ketones, with this result suggested as
indicating the expulsion of the tightly bound, structured
water molecule by the ionic liquid (Musa et al., 2008).
A similar result was obtained using ~50% (v/v) of
the water immiscible [C4C1Im][NTf;], where the lower
concentration of substrate in the aqueous phase was
used to account for the increase in enantioselectivity,
highlighting that a more microscopic view of the reaction
may be required to fully interpret the role of the ions.
Water-effects

The change in activity seen for ADHs, spiking around
one mole fraction of water (Xm0 ~ 0.9) highlights the
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finding of a “magic point,” reported in a computational
solvation study of a small zinc-finger protein in aqueous
ionic liquids (Haberler et al., 2011). This point hints
at a change in the organization of the ions and water
molecules at ca. 0.075M ionic liquid-aqueous mixture,
which appears to correlate with a transition from
dipolar screening (achieved by small water molecules
intercalating between protein residues and attenuating
residue-residue interactions) to charge screening (by
ion-charge interactions) of electrostatic forces. At this
transition point the protein is at its highest total energy
and lowest level of ordering of the secondary structure
(Haberler and Steinhauser, 2011; Haberler et al., 2011,
2012). At comparably high ionic strengths the mean
residence times of ions, especially anions, on the protein
surface, i.e., their interaction with specific residues,
is raised from picoseconds to nanoseconds (Haberler
et al, 2011), and a weakening effect on the binding
affinity of the substrate to the enzymes is observed
(Dabirmanesh et al., 2011, 2012).

Furthermore, at increasing concentrations of ionic
liquids, simulation studies show that the water molecules
change their behavior significantly (Gehrke et al., 2018).
At relatively low mole fractions of water (0.38) water
molecules tend to form larger clusters of around 12
molecules, and they are apparently present either as
single molecules or on-average as dimers at higher
mole fractions of ~ 0.82 (Gehrke et al., 2018). Here,
the underlying structuring force of the van der Waals-
induced, tetrahedral-coordinating water molecules
becomes replaced by an ionicity driven network, which
removes interstitial water molecules as the number of
high-charge density ions increases in the bulk. This is in
agreement with the observation of an overall dielectric
decrement at reduced mole fractions of water, which
is especially consequential in the first hydration shell
(Haberler et al., 2012).

b) Water-immiscible ionic liquids (biphasic systems)

The water-immiscible ionic liquid [C4CiIm][NTf,] was
one of the first jonic liquids successfully implemented for
improving the enantioselective reduction of ketones with
ADH (Eckstein et al., 2004), and since then biocatalysis
in multiphasic ionic liquid reaction systems has advanced
to show the potential for industrial scale applications of
these systems (Meyer et al, 2018). In comparison with
hydrophilic ionic liquids, for which a maximum tolerance
of around 20% (v/v) of [C,C;Im][OAc] (the best candidate
with regards to conversion rates), was found, biphasic systems
can provide meaningful application maxima of ~80% (v/v)
and still retain the enzymes hydration shell (De Gonzalo
et al.,, 2007). Since the enzyme and the cofactor are in this
case “immobilized” in the aqueous phase, it is the partition
coefficient of the substrate and co-substrate in the ionic liquid
and aqueous phase that drives the thermodynamics of the
reaction. In this regard, these biphasic systems are optimal
replacements for conventional organic co-solvents as they

<)

can be ion-specifically selected to facilitate different partition
coefficients for particular substrates and co-substrates, as
has been shown for 1-hexyloxymethyl-3-methyl-imidazolium
and 1, 3-dihexyloxymethyl-imidazolium based ionic liquids
with alcohols, water, ketones and hydrocarbons (Domanska
and Marciniak, 2007). In particular, programmes such as
COSMO-RS have been successfully validated for predicting
phase equilibria for such systems containing imidazolium and
pyridinium-based ionic liquids (Freire et al., 2007).
Water-miscible, amphiphilic ionic liquids

Hydroxyl-functionalised ionic liquids, including the
AmmoEng™ series of task-specific ionic liquids (Figure 2),
have been shown to enhance the activity of ADHs even at very
high concentrations of up to 90% (v/v) ionic liquid content
(De Gonzalo et al., 2007), with the optimal concentration
dependant on the experimental set-up. Up to 90% (v/v) is
tolerated when whole cell-biocatalysts or lysates thereof are
applied (De Gonzalo et al., 2007), whilst for purified enzyme,
solution concentrations of 10% (v/v) AmmoEng™ 101 were
shown to enhance the relative activity of L. brevis ADH by
180% (Kohlmann et al., 2011). A major advantage of the use of
these amphiphilic ionic liquids is the much higher than usual
solubility of difficult substrates, as has been demonstrated for,
for example, 4’-Br-2,2,2-trifluoroacetophenone and 6-bromo-
pB-tetralone (Hussain et al., 2008). Rhodococcus erythropolis
ADH and GDH 103 did not show any residual activity for
those substrates when used in buffer, but GDH 103 showed
65% (w/w) residual activity in 10% (v/v) AmmoEng™
102. Both ADH and GDH 103 enzymes showed 50%
(w/w) residual activity in the water-immiscible ionic liquid
[C4CPyr][NTf,] (Hussain et al, 2008). The amphiphilic
oligoether-based ionic liquids AmmoEng™ 100 and 101, with
a 14-carbon coconut oil-derived group, were found to either
impart the most activity or increase conversion by 150 and
180%, respectively (De Gonzalo et al., 2007; Kohlmann et al,,
2011), with the main difference being the anion [MeSOy4 (100)
and Cl (101)]. AmmoEng™ 102, which has an 18-carbon
tallow-derived group, a 5-fold longer oligio(ether-) chain than
AmmoEng™ 101 and a greater ability to absorb water due
to the higher ether content (Ribot et al., 2012), was found to
increase activity of L. brevis ADH by 110%. In AmmoEng™
140 only a 90% increase in activity was observed.

Lipases

Lipase biotransformations have significant application, and this
is reflected in the ionic liquid field by a substantial literature
(Itoh et al., 2002; Zhao et al., 2010a, 2018; Latif et al., 2014; Kim
et al., 2016; Carvalho et al., 2018; Itoh, 2018; Lisboa et al., 2018;
Park et al.,, 2018; Zhong et al., 2018). As such, lipase-catalyzed
biotransformations have been the topic of recent reviews,
covering enantioselective transesterification, biofuel production
and polymer synthesis in ionic liquids (Itoh, 2017a; Elgharbawy

et

al., 2018), and ionic liquid-mediated activation of lipase-

catalyzed reactions (Itoh, 2018). Further, for specific lipase-
catalyzed reactions there has been a more extensive fine tuning
of the use of ionic liquids than for other enzymatic systems. A
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prominent example is the deployment of [BDMIM] instead of
[C4CiIm] in the prevention of oligomerisation of acetaldehyde,
where the polymer product inhibits the reaction after repeated
cycles (Itoh et al., 2002).

Dynamic kinetic resolution (DKR) can be enhanced through
the use of lipase in ionic liquids. The polymerisable ionic liquid
[VEIm][Br] (1-vinyl-3-ethylimidazolium bromide) was used to
immobilize the lipase CalB as a hydrogel, with application for the
kinetic resolution of 1-phenylethanol through transesterification
(Grollmisch et al., 2018). Upon immobilization, the conversion
after 5h was nearly 15% higher and only the (R)-product
was formed with an ee of > 99%, whilst the unreacted (S)-
educt accumulated in the reaction mixture with twice the ee
relative to the non-immobilized system (Grollmisch et al,
2018). Another immobilization study applying CalB focused
on the catalytic selectivity toward diacylglycerols production
(Zhong et al., 2018), where the immobilization substrate was
modified with one of either [C4CiIm], [C4C4Im] or [C4Cglm]-
like cations combined with either the [BF4] or [PFg] anion.
Here the [BF4] anion-modified material improved activities,
whereas those coupled with the [PFg] anion did not. Fish oil
production has also been attempted with imidazolium-based
ionic liquid-immobilized lipase systems utilizing the two
hydrolysable ionic liquids [C4C;Im][BF4] and [C4CiIm][PFs],
and the hydrophobic ionic liquid [C4CiIm][NTf,]
(Fu et al., 2018).

Revisiting the Candida rugosa lipase (CRL) for the
enantioselective hydrolysis of racemic ketoprofen ethyl ester,
Park et al. (2018) assessed six different [C4CiIm] derivatives,
finding 5% (v/v) solution of [C4C;Im][MeSO,] afforded highest
conversion (47.3% after 23h) and enantiomeric excess (ee,
> 99%), but observed long term instability for this ionic
liquid mixture (Park et al., 2018). A 20% (v/v) solution of
[C4C1Im][PF¢] yielded a conversion of 48% with 96.9% ee, and
the enzyme showed much higher long term stability. With the
exception of [MeSOy], for which an acid effect was attributed to
the improved activity, decreasing H-bond basicity of the ionic

liquid anion correlated with an increase in enantioselectivity
(Park et al., 2018).

Biodiesel production with lipase has had well-designed early
strategies (Arai et al., 2010; Zhao et al., 2010a; Lozano et al.,
2013), although inactivation of the enzyme through the effect of
ethanol during transesterification is still an obstacle preventing
large scale applications. This challenge may soon be overcome,
with an effective model reaction to describe the inactivation
of the lipase Novozyme 435 recently being proposed, and
a circulating feed mixture being introduced into the reactor
design to remove the by-product glycerine (Endo et al., 2018).
The immobilization of Burkholderia cepacia lipase onto silica
xerogel with protic ionic liquid (N-methylmonoethanolamine
pentanoate) and in-depth characterization of the activity and
operational stability could afford appropriate catalysts for such
a circulating reactor (Carvalho et al., 2018). Experimental data
of the physical adsorption of B. cepacia lipase on an aerogel-
ionic liquid system based on [Ny ;1,18][NTf,], with an isotherm
model fitted to the data, provides an alternative, characterized
immobilization system (Lisboa et al., 2018).

Simulations of lipases in ionic liquids have been used to
elucidate surface interactions between the enzyme and the
cations and anions. Combining experimental and simulation
techniques, chloride anions of [C4C;Im][Cl] were identified as
inducing a conformational switch between an a-helix and turn in
CalB, with a specific interaction with Lys290 leading to a narrow
cavity entrance and directly reducing the activity (Kim et al.,
2014). The transesterification of butyl alcohol was carried out
in pure [C4C;Im][OT{], [C4C;Im][CI], tert-butanol and 0.3 M
NaCl, and simulation in these solvents showed that in water the
cavity to the catalytic center can be opened and closed, in tert-
butanol and [C4C;Im][OTf] it resumes the open conformation,
but for [C4C;Im][Cl] the cavity is closed. The electrostatic energy
between the anion and the enzyme was proposed as the driving
force for the change in conformation. A follow-up study in 2016,
using all-atom MD simulations to look at cation effects by varying
the lengths of the alkyl tails of Imidazolium ions, found that
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medium length (butyl-hexyl) alkyl chains disrupt the catalytic
activity the least, while [C,C;Im], having a high ion coordination
number, prevents the interaction between the key lysine and
isoleucine residues controlling the cavity conformation. Longer
alkyl chains (e.g., octyl) exhibit strong hydrophobic interactions
with a nearby leucine, which leads to the complete loss of the
secondary structure of the a-helix. Interaction of [CgC;Im] with
the hydrophobic leucine next to the catalytic center induces an
opening up of the pocket and allows [NTf,] to locate and interact
with the catalytic residues (Kim et al., 2016).

The role of water is important in understanding the action of
aqueous ionic liquids on enzyme activity. Simulations of Candida
antarctica lipase B (CalB) and CRL in the [C4C;Im]-based ionic
liquid systems, with the counter-ions [PFs], [BF4], [Cl], [OTf],
and [NTf,], respectively, found a bell-shaped dependency of
enzyme structural deviations (RMSD values) mirroring water-
content (Latif et al., 2014), as had been previously reported for
organic solvents and other ionic liquid-enzyme systems (Laszlo
and Compton, 2001; Micaélo and Soares, 2008). Non-localized
water molecules were stripped off the enzyme surface with
the degree of observed removal related to the solubility and
hydrophobicity of the anions (Latif et al., 2014). Ions with high
charge density (most anions studied) are preferentially dispersed
in bulk water at low concentrations (Haberler and Steinhauser,
2011; Haberler et al., 2012), and are those that strip the non-
localized water molecules. Chloride ions in aqueous solution
require six water molecules to form a first hydration shell; in
a study of the behavior of [CgCiIm][Cl] at both the interface
and in bulk solution, the calculated water to ion pair molar
fraction was found to be 3.6 at ~20 wt%, meaning that the
chloride ion was preferentially surrounded by one cation and
3-4 water molecules (Cheng et al., 2018). This structuring, and
rearrangement of anionic coordination sphere could also have
implications for the nature of the interaction of ions with a
protein surface at different water contents. In addition, different
surface topologies could also produce differential hydrogen-bond
and ion-interaction dynamics (Dahanayake and Mitchell-Koch,
2018), leading to localized effects, individual to each protein and
for particular solvation conditions.

Laccases

Solubilizing wood-derived biomass really dictates the need for
ionic liquids, in the same way as these solvents are required for
cellulases to access the cellulose substrate. Protein engineering
to enhance activity and stability of laccase in the required
ionic liquids is an attractive approach, as engineering of the
ionic liquid-based reaction media can be challenging within the
constraints of lignin solubility. Alternatively, two-phase systems
have been successfully utilized (Xue et al., 2011).

Liu et al. (2013) reported the directed evolution of a laccase
from Trametes versicolor, which increased its stability and its
activity by 4.5-fold in 15% (v/v) [C2CiIm][EtSOy4], relative
to buffer. Upon alteration of two residues, activity was also
increased in buffer, but only by 3.5-fold. Fungal laccases comprise
of three domains, whereby domains 2 and 3 are connected via
an exceptionally long loop (Bertrand et al., 2002). A synergistic
substitution of a residue in the connecting loop and a residue

in the catalytic center led to an increase in hydrophobicity in
the loop region, increasing stability and providing better access
to the catalytic center of the protein (Liu et al, 2013). The
increase in hydrophobicity is proposed to enhance interactions
between domains 2 and 3 under the augmented ionicity of
the ionic liquid solution. Based on the identified importance
of the changes in hydrophobicity of the domain-connecting
loop, a follow-up study focused on synergistic substitutions
of alanine residues to (mainly) charged residues in the loop
region (Wallraf et al., 2018). The improved rigidity imparted
by removing the flexible alanine residues, afforded a particular
synergistic improvement in activity at a concentration of 5-15%
(v/v) [C2C1Im][EtSO4] (Wallraf et al., 2018). Structural stability
to improve activity has also been exploited for Myceliophthora
thermophile laccase in [C,C;Im][EtSO4], where immobilization
on agarose also prevented inactivation of this enzyme by 50%
(Fernandez-Fernandez et al., 2014).

Lysozyme

An experimental and MD simulation study by Ghosh et al.
(2015) was able to show that the hydrodynamic radius of
lysozyme decreased by more than a third when exposed to
1.5M [C3C;Im][Br], while also conformational relaxation time
decreases, implying structural stabilization and constraint by the
ionic liquid. A preferential solvation of the protein surface by the
cations over anions was demonstrated and further confirmed the
much more compact structure and closer interaction between the
two protein domains of lysozyme in ionic liquid, promoting the
closed conformation (Ghosh et al., 2015). This finding underlines
the importance of conformational entrapment of the protein by
ions, with significant potential to alter reactivity.

Wijaya et al. (2016) highlighted the importance of the
solvophobic effect and the role of ions by demonstrating
favorable lysozyme stability and activity in highly concentrated
or neat, non-aqueous solutions of protic ionic liquids. For those
ionic liquids containing hydroxyl groups (ethanolammonium-
based), a similarity to the effect of glycerol and its lower dielectric
constant in creating additional stability was postulated. These
hydroxyl moieties can result in stronger hydrogen bonds and
screening of charged groups (Pérez and Griebenow, 2000),
consistent with the results seen for ADH in ionic liquids. The
effect of stabilization and destabilization on lysozyme followed
the Hofmeister series (Kumar and Venkatesu, 2014), and the
increased role of anions appeared to correlate with the positive
surface charge of this enzyme (Wijaya et al., 2016). In a follow-
up study Wijaya et al. (2018) further underlined the activity-
increasing influence of reduced ion-protein interactions on
lysozyme, as promoted by kosmotropic (ordering) ions, relative
to the opposite impact that chaotropic (disordering) ions have on
activity (Wijaya et al., 2018).

Other Proteins

Cytochrome ¢

Complementing the finding of positive influence of hydroxyl
groups on the structural stability of lysozyme, Papadopoulou
et al. (2016) found hydroxyl ammonium based ionic liquids to
mitigate the denaturing effect of H,O, on the metalloprotein
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cytochrome ¢ and increase the catalytic efficiency, relative to
the buffer system. The combination of a more hydrophilic, and
thus more chaotropic cation, such as hydroxyl alkyl ammonium
cations, in combination with a kosmotropic anion was proposed
to enhance cytochrome c peroxidase catalytic activity through
perturbation structure and especially of the haem center. A
considerable decrease in activation energy, and resultant increase
in reaction rate, was observed when chaotropic cations were used
(Papadopoulou et al., 2016).

Ikeda et al. (2018) used a bi-phasic system of [P4 44 4][TMBS]
(2,4,6-trimethylbenzenesulfonate) and buffer to show a favorable
residence distribution of reduced and oxidized cytochrome
¢ in the buffer and the hydrophobic ionic liquid phase,
respectively. Using temperature gradients and applying
a potential, cytochrome c could be reversibly transferred
between phases. They found the oxidized form of cytochrome
¢, which resides in the IL, was more thermodynamically
stable (Ikeda et al., 2018).

Tyrosinases

Tyrosinase catalyzes the oxidation of tyrosine through a
copper active site and is connected to processes as diverse as
melanin production and the over-ripening of fruits. In this
regard, mainly kinetic mechanisms and the inhibition of the
active site are of interest. Heitz and coworkers carried out a
combined experimental kinetics and molecular docking study
on mushroom tyrosinase in imidazolium-based cations (Heitz
and Rupp, 2018; Heitz et al., 2018), with anions covering the
range of the Hofmeister series (Kumar and Venkatesu, 2014).
An increase in hydrophobicity of the ions led to an increase
in preferential site interactions with the protein surface and
active site. The anion [NO3] had the least impact on activity
and was equally distributed on the enzyme surface. In contrast,
the anion [MeSO3] had three preferential sites of interaction,
which were dominated by positively charged and polar amino
acids. The presence of fluorine atoms in [TFMS] had significant
impact on the anion behavior in comparison to [MeSOs3], and this
fluorinated ion was mainly localized around the active site. The
most detrimental ion to activity was [NTf,], which showed both
competitive inhibition and preferentially interacted with active
site residues, due to its hydrophobicity and electronegative atom
composition. A similar preferential interaction within the active
site was found for all cations, regardless of alkyl chain length,
but an increasing hydrophobicity of the cation was correlated to
a slight energy decrease in the docking values, indicating worse
predicted binding (Heitz and Rupp, 2018; Heitz et al., 2018).

Transaminases

Transaminases are catalysts for the production of
enantiomerically pure compounds, and in this regard they
are similar in value to ADH for biotechnological applications.
Again, poor solubility of the substrate or product in water
is an issue, that is mainly overcome by the use of organic
solvent. An alternative to overcoming the issue of inactivation in
organic solvent by applying ionic liquids has been not by using
them as a replacement for the organic phase, but to coat the
enzyme in ionic liquids. Grabner et al. (2018) demonstrated an

improved method for the coating of enzymes by ionic liquids for
application in organic solvents by deploying §2-transaminases.
Co-lyophilisation of enzyme, ionic liquid ([AMIM][CI] or
[C2CiIm][Br]) and buffer yielded the best results, affording an
8-fold higher activity than compared to that of the free enzyme.
The [C,CiIm][Br] coating was more favorable in increasing
the yield for both enzymes in all solvents tested, relative to
[AMIM][CI], with the exception of the yields under the organic
solvents Et;O and MTBE for one of the assayed enzymes
(Grabner et al., 2018).

Selenate Reductase

Selenate reductase catalyzes the NADPH-dependant reduction
of selenate and selenite to elemental selenium, which has
multiple applications including in batteries, glass production,
and solar cells. In a study by Mesbahi-Nowrouzi and Mollania
(2018) two imidazolium-based ionic liquids were tested and
the enzyme showed increased residual activity (~110%) in low
concentrations of [C,C;Im][Br] [5-10% (v/v)] relative to buffer,
which linearly decreased to 30% residual activity in 30% (v/v)
ionic liquid. The thermal stability in this ionic liquid was also
increased, indicating stabilization of the enzyme structure. For
[C4CiIm][CI]] a linear decline in activity over all concentrations
was observed (Mesbahi-Nowrouzi and Mollania, 2018), but this
could be recovered on diluting the solution, suggesting an
inhibition effect. Both ionic liquids also had an impact on the
size of selenium nanoparticles that were produced by the enzyme,
compared to the absence of ionic liquid.

Carbonic Anhydrases

Carbonic anhydrase enzymes have been attracting substantial
interest because of their ability to “fix” CO, through hydration.
These enzymes thus have potential in carbon capture, provided
they can be made robust enough to withstand the conditions
needed, so thermotolerant and halotolerant variants have been
attractive targets. To this aim, rational engineering of a
mesohalophilic carbonic anhydrase has been achieved to generate
extremely halotolerant variants, and subsequently the activity
tested in the ionic liquids ethanolammonium formate (ETAF),
ethyl ammonium formate (EAF), ethyl ammonium nitrate (EAN)
and [C;C;Im][Me,PO4] (Warden et al., 2015). The ETAF
protected against thermal unfolding for the most halotolerant
variants with increasing concentration, consistent with the effects
seen for lysozyme (Wijaya et al, 2016), and cytochrome ¢
(Papadopoulou et al., 2016). The other ionic liquids tested had
only a moderate impact on thermal stability of the extremely
halotolerant enzyme.

FUTURE OF PROTEINS AND ENZYMES IN
IONIC LIQUIDS

The scope with which ionic liquids have already been utilized
with proteins and enzymes is substantial with many exciting
application areas already emerging. This includes the ability to
analyse and sequence recalcitrant proteins (Plowman et al., 2014;
Deb-Choudhury et al., 2016), the use of enzyme-ionic liquid
solutions for the restoration of heritage materials (Hrdlickova
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Kuckova et al., 2014), the production of ionic gel-like materials
(ionogels) that could be used in applications as diverse as
biocatalysis, batteries, environmental applications, and soft
robotics (Ribot et al., 2012; Shamsuri et al., 2012; Silva et al.,
2012, 2013; Wang et al., 2013a; Kapoor and Kundu, 2016; Igbal
et al., 2017; Singh et al., 2017; Grollmisch et al, 2018; Yao
et al,, 2018), and extension to the spinning, casting, and 3D-
printing of reprocessed materials (Phillips et al., 2005; Gupta
et al., 2007; Meli et al., 2010; Deng et al., 2014; Gunasekera et al.,
2016; Zavgorodnya et al., 2017; Gunasekera, 2019). Bio-sensing
and stimuli-responsive applications also show significant scope
(reviewed in Kavanagh et al., 2012). Clearly, there are still many
unanswered questions and challenges in the selection and use
of the correct ionic liquid for the correct application to ensure
effective and productive outcomes.

Challenges With Protein Processing

A number of challenges still need to be progressed in the
reformation of protein-based materials, especially because of
their applications in biotechnology and tissue engineering (Dal
Pra et al.,, 2005; Park et al., 2006; Gupta et al., 2007; Rouse and
Van Dyke, 2010; Vijayaraghavan et al., 2010; Silva et al., 2012,
2014; Kapoor and Kundu, 2016; Tran et al., 2016; Egorova et al.,
2017;Igbal etal., 2017, 2018a,b; Mahmood et al., 2017), with work
being carried out to develop practical processing techniques.
Among these are the issues with ionic liquid toxicity (Zhao et al.,
2007; Ostadjoo et al., 2018), and by extension removal (Gupta
et al., 2007; Silva et al., 2012, 2013; Igbal et al., 2017), to ensure
that the final materials are reliably biocompatible. Already the
work on more biocompatible ionic liquids, such as those based on
either cholinium cations or amino acid anions shows promising
results, and is an area that should be further explored, not only in
the context of biocompatibility, but also in sustainability. Primary
human epidermal keratinocytes have been demonstrated as being
able to grow on patterned films of silk, spin-coated from a 7.5%
(w/w) solution of [C4C1Im][Cl] and 25% (w/w) water (added to
reduce viscosity) (Gupta et al., 2007), and this study illustrated
that tracking characteristic ionic liquid peaks in the ATR-FTIR
spectrum (in this case, 1,463 cm~! of [C4C;Im][Cl]) before and
after methanol treatment, is able to confirm successful ionic
liquid removal and simultaneous development of the B-sheet
structures (indicated by a shift in the amide I peak from 1,650
to 1,622 cm ™).

Several studies have investigated the stability of both silk
and keratin during their processing with ionic liquids and
both proteins are quite often found to be degraded upon
regeneration, either at the molecular level or with respect
to secondary structural elements (Goujon et al, 2012; Idris
et al, 2013; Ji et al, 2014; Cheng et al,, 2015; Zheng et al,,
2015; Liu et al, 2017; Zhang et al, 2017a,b). For keratins,
decomposition of the disulfide linkages within the protein is
expected as a natural part of dissolution, as without this the
protein chains are too strongly bound. The high temperatures
(>100°C) required for dissolution of keratin in ionic liquid
provide an impetus for decomposition, and the temperature
impact has been systematically studied by characterization of
amino acid compositions of regenerated wool (Ghosh et al,

2014). Degradation of cysteine (comprising initially about 10%
of the total keratin content) with some oxidative formation
of cysteic acid and other derivatives increases with increasing
temperature, with less than half remaining after 30 min treatment
at 150°C (Ghosh et al., 2014). Cleavage of the disulfide bonds
was attributed, at least in part, to the attack of chloride ion
from the [C4C;Im][CI] solvent. Variation both in the degree of
retention of disulfides and presence of free sulthydryl groups is
seen with changing ionic liquid, with the dissolution capability
mirroring the capacity to cleave the disulfide bonds and inversely
proportional to the recovery percentage on regeneration (Zhang
etal, 2017a). A minimum level of 65% cleavage was proposed as
abenchmark requirement for adequate keratin dissolution, based
on these data. A minimum temperature of 110°C for dissolution
in [C,CyIm][Et;PO4] was also necessary.

The biggest issue with silk degradation seems to lie in the
serecin removal stage, which is common to all silk processing
methods. The prolonged heating of silk has an effect on the
level of degradation observed, similar to keratin. To overcome
this issue, Lozano-Pérez et al. (2015) utilized ultrasonication to
dissolve silk in ionic liquids and determined the level of peptidic
chain fragmentation with SDS-PAGE. Where conventional
heating of silk in ionic liquid can take several hours for full
dissolution, the use of ultrasound reduced this time substantially
with [C,CIm][Cl], reaching 23 £ 0.3% w/w in 17 min. SDS-
PAGE analysis, tryptic degradation, and HPLC/MS confirmed
that the silk treated with sonication in ionic liquid retained both
much more of its integrity and, in addition, the lower molecular
weight components of the silk, indicating a reduction in the
thermal degradation of the silk. Combination of ultrasonication
with other tailored and characterized dissolution methods (Wang
et al.,, 2013b), may provide much improved methodology for the
preservation of silk structure and properties going forward, along
with enhanced recovery and reuse of the ionic liquids involved.

Biomaterials and Composites Formation
The access to ionic liquid-soluble proteins, and other recalcitrant
biomass, has naturally led to the production of composites
in order to create materials with a great depth and breadth
of physical and chemical properties (Mahmood et al., 2017).
Popular have been combinations of protein and cellulosic
derivatives (Xie et al., 2005; Hameed and Guo, 2009; Wu et al.,
2009; Shang et al.,, 2011; Wang et al., 2013a, 2014; Yao et al,
2014a,b; Zhang et al, 2014; Kammiovirta et al., 2016; Tran
and Mututuvari, 2016; Tran et al., 2016; Stanton et al., 2018),
alongside other sugar polymers such as chitosan (Silva et al., 2012;
Tran and Mututuvari, 2016), chitin (Park et al., 2006), and starch
(Leroy et al., 2012). Both protein structuring and macrostructural
morphology provide insight into the impact of ionic liquids in the
formation of these materials.

Initial approaches to regeneration of keratin already focussed
on composite formation with cellulose (Xie et al, 2005),
with regeneration by soaking in methanol overnight. Fiber
structuring was not seen for 1:5 mixtures of keratin (10
wt% in [C4CiIm][Cl]), with blending resulting instead in a
homogenous membrane, as visualized by SEM. Cellulose acetate
(CA) composites with wool at 20 and 40 wt% CA regenerated
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in water, in contrast, were less homogenous, although separate
composites could not be easily distinguished (Hameed and
Guo, 2009), neither at these or higher CA:wool ratios of 60
and 80 wt%, respectively. For these higher CA ratios, DSC
analysis indicated a single phase, with significantly higher glass
transition temperatures, along with increased thermal stability,
relative to the pure regenerated components. This implies
cooperative interactivity and new, strong hydrogen bonding
between the wool and CA components, and changes to the
hydrogen bonding were confirmed by FTIR. Industrial chicken
feathers and cellulose (5 wt% in [C,C;Im][OAc]) in ratios
from 70:30 to 0:100, respectively, were wet-spun and coagulated
in ethanol (Kammiovirta et al, 2016). At 10:90 ratio, the
strength and tenacity of the spun fiber was at its highest, and
reinforced the fiber strength over pure cellulose. FTIR analysis
suggested an unfolding of the B-sheets of the protein in the
regenerated material. Characterization by SEM indicated a lack
of phase separation, as per previous studies, however, keratin was
unevenly distributed at the highest ratios and afforded a more
porous structure, ascribed to asynchronous regeneration relative
to cellulose. With this in mind, this result highlights how changes
to the ionic liquid solvent may impact on regenerated properties,
and how also tuning the solvent might be exploited.

Tran and coworkers have carried out the most extensive
experiments to date on keratin-based composites formed from
[C4CiIm][Cl], and regenerated with water with the ionic
liquid recycled (Tran and Mututuvari, 2016; Tran et al., 2016).
Similar to previous composite studies, the keratin-sugar-based
composites had improved mechanical properties and were
homogenous by SEM analysis, although displayed increased
roughness with an increasing keratin content. Different sources
of keratin, due to differences in their underlying primary
and secondary structures, afforded different microcrystalline
structures, as assessed by SEM, and their composites displayed
different antimicrobial activities (Tran et al., 2016). This latter
property was linked to the differences in secondary structure.
On either chitosan or cellulose addition (Tran and Mututuvari,
2016; Tran et al., 2016), the a-helix content of the keratin
reportedly dropped or stayed consistent, with an increase in p-
sheet structuring, attributed to specific stabilization from the
hydrogen-bonding of the sugar hydroxyl-moieties.

Silk-based biocomposites have attracted the strongest
attention of the biocomposite studies, particularly in
understanding the conditions for appropriate regeneration.
Silk-cellulose composite films from [C4C;Im][Cl] were exposed
to methanol vapor and then dried under vacuum (Zhou et al.,
2013), in contrast to non-composite silk films that are commonly
exposed to humid conditions as part of their processing method
(Li et al., 2015). Subsequent SEM analysis indicated that a more
fibrous microstructure with larger pores was observed with
increasing silk loading. Cellulose content drove the formation
of B-sheets and turns, as indicated by the change from 13 + 4%
in the pure silk sample to 41 £ 9% in the 75:25 cellulose-silk
film, monitored by using deconvolution of FTIR spectra. The
shift in the B-sheet peak from 1,629 to 1,623 cm™!, attributed
to intramolecular and intermolecular p-sheets respectively
(Hu et al, 2006), suggested that decreasing the silk content

and increasing the cellulose content promotes intermolecular
associations between neighboring fibroin polymer chains.
Alternatively, this could be ascribed to the interaction of nearby
cellulose chains with the hydrogen bonding network of the
B-sheets (Zhang et al., 2016a). The eradication of XRD peaks
associated with silk T (26 = 8°) and silk II (20 = 28°) structures
suggest a reduction in silk ordering, however previous WAXS
data for silk have shown a peak at 26 = 21° that could be
masked by the cellulose peaks (20 = 22.4°) (Stanton et al., 2018),
especially considering the continued presence of a strong f-sheet
peak in the FTIR (Phillips et al., 2004).

The mechanical strength of these composite films was also
correlated with cellulose content with the dry films ranging from
49.8 £ 7.4 MPa breaking stress when the silk-cellulose ratio was
75:25 to 146.9 £ 18.8 MPa for pure cellulose. The hydrated films
were much weaker ranging from 0.9 & 0.1 MPa to 10.7 £ 3.1
MPa, respectively. A qualitative inspection of cell viability using
murine fibroblast cells 1929 was carried out for the composite
films, with cell density correlated with silk content. Further work
in this area would help to establish key composite parameters for
viability of cell adhesion and proliferation.

The effects of different ILs on composite films made from a
9% w/w cellulose and 1% w/w silk solution (Table 3), indicated
that [C4CyIm][Br] and [C4C;Im][MeSOs3]-derived composites
formed translucent and brittle films, while all the others were
solid and clear (Stanton et al., 2018). The brittle films exhibited
the highest B-sheet content (58.6% for [C4C;Im][Br] and 58.9%
for [C4C;Im][MeSO3], respectively), as determined by Fourier
self-deconvolution of the amide I region of the FTIR spectra of
the films and the H-bonding capability of the anion was inversely
proportional to the degree of B-sheet formation. The rationale
provided was that the high PB-sheet formation was driven
by stronger interactions between the biopolymer components
relative to those with the anions of the ionic liquid, allowing the
reformation of original, albeit disrupted, B-sheets, as well as new
ones upon coagulation.

Surface topography of silk-cellulose blends seems also
to be very closely linked to anion character; regeneration
with chloride-ionic liquid displayed a smooth surface for
the biocomposite film, whereas the acetate-derived film had
small pores and the [MeSO3] and bromide-derived films both
showed a fibrous structure. A role for the cation was indicated
by X-ray scattering data, where moving from [AMIM][Cl]to
[C2CiIm][C]] increased the amorphous nature of the blend,
shown by the backbone spacing between the cellulose and the silk.
X-ray scattering peaks for [C,C;Im][OAc] broadened, indicating
an increase in the interaction with the anion and a resultant
rise in the blending of the silk and cellulose chains in the film.
For the [C4C;Im][MeSO3] and the [C4CiIm][Br] there were
clear peaks for both the cellulose crystallites and the B-sheets,
which, combined with the high crystallinity shown in the FTIR
spectra, are indicative of separated microphases. This could be
the basis for the brittle nature of the films made with these ionic
liquids. Previous studies with [C4C;Im][Br] have demonstrated
that it is a poor solvent for silk providing a rationale for
microphase formation (Phillips et al., 2004; Mantz et al., 2007;
Stanton et al., 2018).
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The similar solubilising properties [C4C;Im][OAc] possesses
for chitin and silk also allows them to be blended into a single
structure (Park et al., 2006). This builds on the previously
determined solubility of chitosan in ionic liquids (initially by
Mantz et al., 2007) toward the production of a blended hydrogel
for evaluating the seeding of human Dermal Fibroblasts (hDFs).
The different ratios of chitin and silk (Table 3) have differing
properties; primarily a greater p-sheet structure when the silk to
chitosan ratio was 70:30, as determined by FTIR measurements of
the amide peaks. The higher silk ratio imbued the hydrogel with
greater rigidity and superior elastic behavior over the frequencies
tested. The chitosan in these hydrogels exhibited changes to its
secondary structure that, along with the homogenous structure
observed in SEM, indicate physical interactions between the two
biomaterials most likely in the form of either direct hydrogen
bonding or ionic liquid anions being locked into the structure of
the hydrogel.

lonogels and lonic Liquid-Mediated

Entrapment
Ionogels or gel-polymer electrolytes (GPEs) are conducting gel-
like materials that can arise from confinement of ionic liquids
within ordered matricies (Marr and Marr, 2016). Such gels have
found potential application in the areas of environmental cleanup
(Billeci et al., 2018), and batteries (Cerclier et al., 2015), with
further scope for areas where flexible conductive gels would
be useful, such as soft robotics and smart bioelectrochemical
devices (Fujita et al., 2012). Desirable properties of such gels
include responsiveness to stimuli [e.g., thermoresponsive (Ribot
et al., 2010) and electrochromic gels (Benedetti et al., 2015)]
and self-healing abilities. Proteins and their composites offer
nanostructuring opportunities for ionic liquid ions through their
hydrogen-bonding network and ionic interactions, consistent
with the reported gel-formation of some wool and silk materials
prior to regeneration.

Ton jelly®, formed from gelatine and ionic liquid (including
a range of cholinium-based ionic liquids), has been shown
to be extremely versatile, with applications including selective
membranes, gas separation, conductive coatings for textiles,
development of antimicrobial fibers, solid-state electrochromic
systems, and as a gas sensor (Vidinha et al, 2008; Nuno
et al, 2011; Couto et al,, 2013, 2015; Rana et al., 2013; Santos
et al, 2013; Carvalho et al., 2014; Benedetti et al., 2015).
Gelatine-based ionogels have also been partnered with silver
oxide nanoparticles to generate microbe-resistant and highly
stretchable materials that are also self-healing and have shape-
memory (Singh et al., 2017). Gelatine with a propionic acid-
functionalised ionic liquid [(C,CO,H)C;Im][Br] and embedded
Eu*t ions retained luminescence, in contrast to aqueous
solutions of Eu**, and could be utilized in UV-emitting LEDs
(Li et al, 2014). Entrapment of enzymes within ionic liquid
gels also offers an alternative to standard immobilization, with
the benefits imparted by the ionic liquid. The protection of
horse-radish peroxidase by entrapment in Ion Jelly® formed
from [C,C1Im][EtSOy4] is one such example (Lourenco et al.,
2011). Similarly, glucose oxidase was able to be stabilized

and utilized as a gel-coating for the sensing of glucose with
this system.

Hydrogel formation in silks is well established (Kapoor and
Kundu, 2016), and has been extended to ionogel formation
(Zhang et al., 2016a; Yao et al., 2018). By varying silk, water, and
[C2C1Im][OAC] ratios, differing mechanical properties could be
obtained with the best being 10% silk, 50% [C,C;Im][OAc] and
40% water (all w/w) (Yao et al., 2018). The major drawback to
silk-IL-water hydrogels is the gelation times, which has also been
an issue in previous work (Zhang et al., 2016a). The gelation
times for the silk:[C;CiIm][OAc] (50% w/w): water (40% w/w)
hydrogel ranged from 30 days for mixtures containing 5% w/w
silk, to 9 days for 10% w/w silk. Depending upon amount of
ethanol added to a gel with 10% w/w silk, the gelation times could
be improved from approximately 40 h for 10% v/v in water to just
over an hour with 60% v/v, with little difference in the mechanical
performance of the final gel in the range of 0-40% v/v, with the
exception of a slight improvement to tensile properties (except
stiffness). Increasing ethanol concentration also increases the rate
at which the B-sheet folding transition occurs, giving another
mechanism for tuning the mechanical properties of silk hydrogels
formed in this manner.

Beyond gelatine and silk, scope for developing ionic liquid-
based ionogel formation with other proteins also remains (Zhu
etal., 2016). Enzyme immobilization in the context of biosensors
and stimuli-responsive materials, including entrapment in both
ionogels and polymerisable ionic liquid matricies (Grollmisch
et al., 2018), has been well-reviewed recently (Kavanagh et al,,
2012; Zuliani et al., 2014; Marr and Marr, 2016; Zhang
et al., 2016b). Commonly, sensors have utilized glucose oxidase
(GOx) with a view to producing accessible glucose sensors,
primarily in combination with imidazolium-based ionic liquids
(Sharma et al, 2015). Lactate oxidase in [C,C;Im][EtSO4]
has been similarly employed for lactate sensing (Khodagholy
et al., 2012). Cellulases (Hosseini et al., 2018) and lipases (Suo
et al., 2019) have recently been used as immobilized catalytic
components, where additional functionalities such as magnetism
can also be incorporated. As per other ionic liquid-protein
applications, more biocompatible ionic liquids, such as those
based on cholinium cations and amino acid anions, have been
recently demonstrated as being useful in developing laccase-
based biosensors (Zappi et al., 2018) and more generic enzyme-
based sensors (Zappi et al., 2017). Certainly, as dissolution
and gelation technology advances, tailored ionic liquid-based
immobilization incorporating alternative biopolymers, and with
a broader range of sensing capabilities, offers exciting and
sustainable opportunities.

Potential for Driving Reactions of Proteins

One of the future application areas for proteins will not only
be the reprocessing of existing biopolymers, but the ability to
derivatise these materials to create new materials properties.
For Zein, proof of principle has been achieved in benzoylation
(Biswas et al., 2006), and for silks sulfation has been effective (Liu
etal., 2015). Such reactions could therefore readily be extended to
other proteins. One key consideration, however, is how the ionic
liquid solvent is organized around the protein (Hayes et al., 2015;
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Sprenger et al., 2017). Beyond the demonstrated impact of these
interactions in creating the initial solubilisation, as noted through
the extensive experimental work in this review, it has been
well established that the organization of an ionic liquid around
a potential reactive center plays a significant role in directing
reactions at that center (Yau et al., 2008, 2009a,b, 2012, 2013;
Tanner et al., 2013a,b; Keaveney et al., 2016, 2017, 2018; Hawker
and Harper, 2018; Hawker et al., 2018; Schaffarczyk Mchale et al.,
2018; Gilbert et al., 2019). The surface site interactions, leading to
potential inner site interactions if hydrogen bonds are disrupted,
are governed by the relative affinity of the ionic liquid ions
for specific amino acids (Sprenger et al., 2017). Ionic liquids
should thus be able to be tailored to enhance specific interactions,
and, in addition, cooperative effects based on sequence are
likely to generate differential organization, leading to different
accessibility of reactive residues. In this way, specificity for
particular sites on an enzyme could be engendered that can afford
some selectivity in reaction. Further, where competitive reaction
mechanisms exist, then another level of selectivity can be applied
through the appropriate selection of ionic liquid (Tanner et al.,
2013b; Yau et al., 2013; Hawker and Harper, 2018). Still, however,
much further work needs to be done to develop the predictive
rules for these interactions, although initial work has begun in
this regard (Sprenger et al., 2017).

SYNOPSIS

The areas of application at the intersection of protein
biochemistry, enzymology and ionic liquids are extensive and
show promise for future applications. A variety of ionic
liquids have been trialed with both structural proteins and
enzymes, often with the exact set differing depending on
purpose. The focus to date in all areas has been primarily on
imidazolium-based ionic liquids, presumably due to their wide
accessibility and established effectiveness. For most purposes
involving solubilisation of a protein component, short chain
substituents on the imidazolium have been most successful. Some
other classes of ionic liquid cation are represented, including
ammonium-based ionic liquids, pyrrolidiniums, and increasingly
more functional ionic liquids such as protic ionic liquids, and/or
bio-derived ionic liquids (including cholinium and amino-acid
based species). The limited, but promising, studies utilizing the
latter classes leaves a broad scope for future studies with good
potential for even greener and more sustainable methodologies
and applications.

The properties of regenerated biopolymers show variation
with the ionic liquid used for dissolution, and the antisolvent
used to generate the material. Films, membranes, gels and
nanoparticles can all be formed under different conditions,

although in pure biopolymers the secondary structure disruption
on dissolution and imperfect reconstitution on regeneration, for
example the increase in B-sheet formation in keratins and silks,
can impact on properties. This can be mitigated to some extent
by blending with sugar-based biopolymers, which are able to
stabilize the protein structures and impart enhanced mechanical
properties on the final composite, relative to the initial pure
components, once regenerated.

Progress is also being made on the predictive understanding
of ionic liquid-protein interactions in order to optimize them.
In the enzyme sphere, the Hofmeister series provides an
initial benchmark, with more detailed molecular simulation
studies supporting a more detailed insight per enzyme feeding
into more generalized principles. For solubility, increasingly
sophisticated methods based on computational screening,
such as use of COSMO to calculate In y values, appears
to be effective, and other more general computational
approaches are being developed that should allow more
detailed interrogation of how structure is impacted by
interactions with ions. A near future can be envisaged,
whereby a pick-and-mix approach, included tailored binary
and ternary mixtures, could be achieved to rapidly match a
desired application.
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