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Editorial on the Research Topic 
Advanced Self-assembled Materials with Programmable Functions

The process of self-assembly―where building units of a system organize into an ordered and/or functional structure via the internal arrangement of molecules―has attracted researchers from a broad range of disciplines which varies from chemistry and material science to engineering and technology. Over the last two decades, the new knowledge generated through the concept of “self-assembly” based fundamental research has opened up the doors for potential applications in engineering (Cao et al., 2021). In particular, this novel and inspiring methodological strategy of fabricating functional materials via self-assembly provides more opportunities for acquiring and optimizing the desired morphological and physicochemical properties of a material through proper design and synthesis of molecular building blocks. Thus, amalgamating the chemistry of self-assembly along with materials science will lead to the efficient fabrication of innovative materials with programmable functions.
Scientists involved in “self-assembly” related research not only focus on extending a significant fundamental study, but also target on solving practical issues in applied engineering during the development of advanced materials (Wang et al., 2019). The current research topic entitled as “Advanced Self-assembled Materials with Programmable Functions” embraced related but diverse research disciplines and areas such as organic chemistry, inorganic chemistry, supramolecular chemistry polymer chemistry, coordination chemistry, colloid and surface chemistry, biomaterials, environmental science, nanotechnology, nano-science, as well as functional materials science.
In fact, supramolecular chemistry was originated from mimicking of nature, especially some particular biological phenomena and catalytic studies (Zhang et al., 2020). In this research topic, Dang et al. provided an interesting view on protein dimerization with molecular approaches, and discussed opportunities for supramolecular chemistry in depth. Furthermore, Zhu et al. recently carried out the research of G-motif construction and chirality in deoxyguanosine monophosphate nucleotide complexes, revealing that supramolecular crystals overcomes the inherent limitations of self-assembly. In addition, Liu et al. employed the man-made active catalysts with Pd(0) and phosphine-based bulky ligand to synthesize the thiophene-containing conjugated polymers. Supramolecular interactions utilized in these researches including π−π stacking, charge transfer interactions, and metal-ion coordination driven self-assembly render novel mechanisms and efficient strategies to create materials whose properties could not be obtained only by using conventional covalent bonds. Here, Kong et al. investigated diverse driving forces such as hydrogen bonding and covalent bonding with tannic acid as the natural cross-linker for catalyst-free silicone elastomers. Additionally, those non-covalent driving forces were further employed in the potential application to biomedicines, for example, Abbasi et al. utilized the strong capacity of RNA aptamer B40t77 in specifically binding gp-120, and reported the liquid crystal based binding assay for detecting HIV-1 surface glycoprotein. Interestingly, these supramolecular interactions could further pave the way for preparing other advanced supramolecular architectures, such as mechanically interlocked molecules.
In particular, during the study of supramolecular interactions, scientists like to use the term “host” and “guest” to classify different roles among those valuable species. In this research topic, Sun et al. utilized traditional macrocyclic molecules to fabricate interesting calix[4]crown-based 1,3,4-oxadiazole, and further explored the possible application to fluorescent chemosensor for Cu(II) ion detections. Meanwhile, Huang and Tan. recently investigated the host-guest interactions between metal-organic frameworks and air-sensitive complex at high temperature. In fact, the concept of host-guest chemistry was not limited only in “organic” and “polymeric” substances, and a lot of “inorganic” materials could also fall under the concept of host and guest species (Li et al., 2020). Here, Sun et al. introduced microwave-assisted solvothermal method for preparing MoO2 nanospheres, which played a role as host material for the detection of H2S guest in wide concentration range at low temperature. In addition, Zhang et al. found that the general industrial by-product fluid catalytic cracking catalyst could be recycled as raw material, such as host species, for solidification of heavy metals, and guest species, for prevention of groundwater pollution caused by inadequate disposal.
Moreover, self-assembly could be used to control morphology and dimensions of thus obtained materials from the one dimensional (1D), two dimensional (2D), and three dimensional (3D) nanoscale, as well as make those materials programmable and reversible based on internal/external stimuli and by selectively introducing diverse functional groups (Fernando et al., 2015). In this research topic, Zhou et al. found that building blocks, especially efficient nitrogen-donors, could be used for building multifunctional 3D supramolecular co-coordination polymeric materials, which exhibited interesting applications in CO2 adsorption, antibacterial activity, as well as selective sensing of Fe(III)/Cr(III) ions and 2,4,6-trinitrophenol. Further, the reversible modifying method and diverse functional groups could assist in achieving different geometries/topologies of materials, leading to the construction of multi-dimensional smart materials. Here, Shinmori et al. studied porphyrin photoabsorption and fluorescence variation by adsorptive loading on gold nanoparticles. In addition, Dong et al. prepared self-assembled particle systems, and further carried out experimental investigations on profile control in Fuyu oilfield. Finally, advanced self-assembled materials with programmable functions could balance morphologies and physiochemical properties, and have wide prospective applications in crystals and chirality, chemosensors, biosensors, absorption of pollutants in air and ground water as environmental protection materials, biomaterials, and optical materials.
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Surface protein gp-120 of HIV-1 virus plays an important role in the infection of HIV-1, but detection of gp-120 during the early stage of infection is very difficult. Herein, we report a binding bioassay based on an RNA aptamer B40t77, which binds specifically to gp-120. The bioassay is built upon a hydrophobic glass slide with surface immobilized gp-120. When the glass surface is incubated in a solution containing B40t77, the aptamer is able to bind to gp-120 specifically and remove it from the surface after a short incubation time of 30 min. The result of the binding event can be amplified by using liquid crystal (LC) into optical signals in the final step. By using this bioassay, we are able to detect as low as 1 μg/ml of gp-120 with high specificity within 30 min. No response is obtained when gp-120 is replaced by other protein such as bovine serum albumin (BSA). This is the first qualitative bioassay which provides a simple way for the detection of gp-120 with the naked eye. The assay is robust, low-cost and does not require additional labeling. Thus, the bioassay is potentially useful for the early detection of HIV-1 in resources-limited regions.

Keywords: liquid crystals, aptamer, gp-120, binding assay, PDMS


INTRODUCTION

Gp-120 is a surface glycoprotein of HIV-1 virion. It plays a central role in early immune dysfunction which is a characteristic of HIV-1 infection (Rychert et al., 2010). It is able to recognize and interact with specific receptors (e.g., CD4 in combination with either CCR5 or CXCR4) present on target cells (Wyatt and Sodroski, 1998; Banerjee and Mukhopadhyay, 2016). Therefore, targeting this step of gp-120 and CD4 interaction is very critical for diagnosis, inhibition and therapeutics of HIV-1 (Galdiero et al., 2011). Even though antibody-based immunoassays have been widely used in the detection of HIV-1, they do not allow early detection of HIV-1 due to low levels of antibodies present in the early stage of HIV-1 infection (Jangam et al., 2013). Detection HIV-1 infection in the so-called “window period” requires an analytical method that does not rely on antibodies (Branson and Stekler, 2012). Although there are molecular techniques that are readily available for the detection of gp-120, such as enzyme linked immunoassay (ELISA) (Rychert et al., 2010) and western blotting (Lee et al., 2000). However, these methods are very time-consuming, costly and require additional labeling, experienced personnel and well-equipped laboratories (Tsang et al., 2018). Therefore, there is a need to develop a new analytical method which is sensitive, simple, label-free and economical for the detection of gp-120.

Recently, aptamers have been exploited as molecular probes in various types of bioassays due to their high specificity, low cost, thermal stability, and ease of modification (Huang et al., 2015; Wen et al., 2015; Rahimizadeh et al., 2017). Aptamers are synthetic single-strand oligonucleotides (DNA or RNA) which bind to specific target molecules with high affinity (Robertson and Joyce, 1990; Tuerk and Gold, 1990). Because of their properties, aptamers can replace antibodies in various bioassays. For the diagnosis of HIV-1, aptamers are able to detect both early (viral genes and gp-120 protein) and late (antibodies) infection markers (Wandtke et al., 2015). In the literature, Dey et al. in 2005 isolated and characterized two anti-gp-120 RNA aptamers B40 and B40t77. Both of them are able to neutralize R5 strain of HIV-1 by binding specifically to its surface gp-120 (Dey et al., 2005). Recently, John et al. in 2014 presented an electrochemical biosensor based on 4 poly(propylene imine) dendrimer/streptavidin platform for immobilization of B40 aptamer to detect gp-120 (John et al., 2014). However, B40 is susceptible to nucleases and that caused some reliability issues. In contrast, B40t77 (77 nucleotide-long, the truncated form of B40) is resistant to nuclease because its 2' position of nucleobases is substituted by fluoro, amino or O-methyl groups (Osborne and Ellington, 1997; Dey et al., 2005). Despite of its short length, it is able to neutralize infectivity of HIV-1 R5 strains by binding specifically to its surface gp-120 and blocking viral entry (Dey et al., 2005). However, B40t77 has not been used for the development of a bioassay for gp-120 so far, because it was created for the purpose of HIV-1 therapeutics initially. In this study, we chose B40t77 as a molecular probe to develop a bioassay for detecting gp-120.

In traditional bioassays, detection signal was amplified by using fluorescence or enzyme-linked antibodies. However, these approaches require labeling of biomolecules with additional probes (fluorophores or enzymes). Recently, liquid crystals received much attention due to their unique optical properties and long-range orientational orders (Li et al., 2014; Hussain et al., 2016; Kim et al., 2018). Many research groups have exploited orientational response of liquid crystal to surface-bound biomolecules as a mechanism to develop various bioassays and biosensors which enable naked eye detection. In the literature, it has been reported that the orientational response of liquid crystal can be amplified by an intrinsic cooperative behavior associated with long-range interactions. The orientational response of liquid crystal also produces optical readouts which are visible to the naked eye under crossed polarizers. Thus, LC-based biosensors eliminate the need of labeling, amplification, and expensive instrumentation (Hussain et al., 2016). It can be used as a portable biosensor in resource-limited regions. Previously, there are many reports of LC-based biosensors for the detection of bacteria (Xu et al., 2010; Zafiu et al., 2016), viruses (Han et al., 2014), enzymes (Hu and Jang, 2012), proteins (Xue and Yang, 2008; Alino et al., 2012; Kim et al., 2018; Kim and Jang, 2019), organophosphate (Yang, 2005), DNA (Yang, 2005; Price and Schwartz, 2008; Chen and Yang, 2010), and glucose (Zhong and Jang, 2014) etc., but it has not been used for the detection of gp-120 due to the lack of specific molecular probes.

In this paper, we aim to combine liquid crystal and the molecular probe B40t77 to develop a bioassay which is suitable for the detection of gp-120. The bioassay consists of a hydrophobic glass slide, which allows non-specific adsorption of gp-120 on the surface. Liquid crystal is applied to the surface to report the spatial distribution of gp-120 on the surface. In an event that the glass surface is incubated in a solution containing B40t77 aptamer, we hypothesize that the aptamer is able to bind to gp-120 and remove it from the surface. The binding event can be probed by using LC after the incubation step. Recently, integration of biosensing platforms into lab-on-a-chip systems by introducing microfluidics has been an increasing interest (Haeberle and Zengerle, 2007). As previously reported, microfluidic based bioassays have attracted a lot of attention due to their high sensitivity, fast response and short assay time due to their large surface-to-volume ratios (Sia and Whitesides, 2003). In this study, we also aimed to combine the bioassay with a microfluidic device to shorten the response time of the bioassay. This is the first report showing the application of LC and aptamers combined together for the detection of gp-120 and potentially for the early detection of HIV-1.



EXPERIMENTAL SECTION


Materials

N, N-dimethyl-n-octadecyl-3aminopropyltrimethoxy-silyl chloride (DMOAP), bovine serum albumin (BSA), RNase free water, RNase ZAP and magnesium chloride were purchased from Sigma Aldrich (Singapore) and used as received. Microscopic glass slides were obtained from Merienfield (Germany). Liquid crystal 4-cyano-4-pentylbiphenyl (5CB) was purchased from Merck (Japan). Tris EDTA (1 × TE, pH 8) and PBS buffer (10 ×, pH 7.4) were purchased from 1st BASE (Singapore). TEM grids (copper, 100 parallel lines) were obtained from Electron Microscopy Sciences (U.S.A). Sylgard 184 (PDMS monomer and curing agent) was purchased from Dow Corning (U.S.A). Decon-90 was purchased from VWR (Singapore). Mylar transparency mask was purchased from Infinite Graphics (Singapore). Silicon tubing (ID 0.031× OD 0.094 inches) was purchased from Cole Parmer (U.S.A). Protein gp-120 was purchased from Abcam (U.K.). 2-fluoro pyrimidine substituted 77 nucleotides long B40t77 RNA aptamer was custom synthesized by Gene Link (U.S.A). Apt 8 (anti-IgG Aptamer) was purchased from IDT (Singapore). Aptamer stock solution was prepared by dissolving B40t77 in RNase-free water at room temperature and diluted by using TE buffer with 100 mM of magnesium chloride. Prior to use, the aptamer solution was heated to 95°C for 3 min, cooled at room temperature for 5 min and then cooled on ice to ensure correct spatial folding of the aptamer. All buffer solutions were prepared in 0.2 μm filtered milli Q water.



Chemical Modification of Glass Slides

Glass slides were first rinsed with deionized water two times and then immersed in a 5% (v/v) Decon-90 solution overnight. Then, the glass slides were cleaned ultrasonically in deionized water for 15 min and rinsed with copious amount of deionized water. To prepare DMOAP-coated glass slides, the cleaned glass slides were immersed in a 0.1% (v/v) DMOAP solution for 5 min. Subsequently, the slides were rinsed with deionized water five times to remove unreacted DMOAP from the surface and then dried under a stream of compressed nitrogen gas. Finally, the immobilized DMOAP was cross-linked in a vacuum oven at 100°C for 15 min.



Immobilization of gp-120 on a DMOAP-Coated Slide

All stock and working solutions of gp-120 and BSA were prepared in 0.01 M of phosphate buffered saline (PBS, pH 7.4). Next, TEM copper grids with parallel lines were used as a template to generate parallel protein lines on DMOAP coated glass slides as shown in Figure 1B. The TEM copper grids were cleaned by sonication with ethanol, methanol and acetone for 15 min sequentially followed by drying in an oven at 100°C overnight. To immobilize gp-120, a TEM copper grid was placed on a DMOAP-coated slide, and gp-120 solution with a concentration of 1 μg/ml was pipetted to cover the entire grid (~2 μl). After 1 h of incubation in a humidified chamber, the glass slide was blown dried under a stream of nitrogen and the TEM grid was removed with the help of a micropipette. To check the specificity and cross reactivity of proposed bioassay, patterns of BSA were also prepared by following the same procedure as described for gp-120, except that the BSA concentration was 6 μg/ml.
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FIGURE 1. (A) The working principle for the detection of gp-120 by using an RNA aptamer B40t77 and LC. (B) Optical images of surface-immobilized gp-120 (left) and corresponding LC images (right) showing that the pattern of surface-immobilized gp-120 on the glass slide closely ensembles a TEM grid. (C) Top view of a microfluidic device for the proposed binding assay. The inlet of the microfluidic device was connected to a piece of silicon tubing for delivering a solution containing B40t77 at a controlled flow rate.




Fabrication of Microfluidic Devices

The surface of PDMS with embossed microfluidic channels was prepared by casting Sylgard 184 on a silicon master with raised features (Width × Depth × Length/0.2 × 0.04 × 40 mm). Silicon master was fabricated by defining the channel patterns through photolithography onto a negative photoresist (SU-8). Microfluidic channels were then molded from PDMS using standard soft lithography techniques (Xue et al., 2009; Alino et al., 2012). In brief, silicon elastomer and curing agent were mixed in a weight ratio of 10:1 and the mixture was degassed for 60 min after pouring on silicon master to remove air bubbles. After degassing, PDMS was cured at 65°C for 4 h. Finally, the cured PDMS with micro-channels was carefully peeled off from silicon master and cut into appropriate size. Holes were punched out on the PDMS to form inlets and outlets. To clean the PDMS, it was soaked in absolute ethanol overnight, washed with deionized water and dried under a stream of nitrogen. Finally, a closed microfluidic device was prepared by binding the PDMS with a piece of DMOAP-coated slide with surface-immobilized gp-120. The microfluidic channel was carefully aligned with the immobilized gp-120 on the surface as shown in Figure 1C. To ensure good sealing, pressure was applied to the system for 30 s.



Removal of Surface-Immobilized gp-120

The gp-120 adsorbed glass slides in parallel patterns was incubated with different concentrations (10, 16, 20, and 40 μg/ml) of B40t77 (~2 μl) aqueous solution for 1 h at room temperature in a home-made humidified chamber to allow B40t77 to bind with adsorbed gp-120 on glass slide and subsequently pulling these proteins off the surface of glass slide. Thereafter, these slides were rinsed with filtered Milli Q water and dried under a stream of nitrogen gas. Finally, results were examined by using LC as signal reporter as depicted in working principle shown in Figure 1A.



LC-Based Binding Bioassay by Using Microfluidic Device and Syringe Pump

To further streamline the assay, we used microfluidic flow channel device which is connected to the syringe pump (PHD Ultra, Harvard) through silicone tubing. Fifteen microliter of aptamer solution with different concentrations was flowed through the micro-channels by using the infuse function of the syringe pump. The volume of the aptamer solution was controlled by using the withdrawal function of syringe pump. After washing the micro-channels with 2 μl of water under a continuous flow mode, the PDMS microfluidic device was peeled off from glass slide followed by blow drying of the sample glass slide under stream of compressed nitrogen gas. Finally, results of this assay were analyzed by using LC as signal reporter.



Preparation of LC Optical Cells for Imaging Protein Patterns

A piece of sample glass slide and a piece of DMOAP-coated slide were used to prepare an LC optical cell. The two glass slides were put together and separated by Mylar films (thickness ~6 μm) at both ends of the glass slides. The optical cell was secured at both ends with binder clips. Approximately 10 μl of LC was loaded into the empty space between the two glass slides by using capillary force. After 15 min, the prepared LC optical cell was analyzed by using 1x objective lens under a polarized optical microscope Nikon ECLIPSE LV100POL (Japan) in the transmission mode.




RESULTS AND DISCUSSION


Detection of Surface-Immobilized gp-120 Using LC

We first investigated whether LC can be used to detect surface-immobilized gp-120 and effect of gp-120 concentrations on the LC optical responses. In this experiment, a piece of DMOAP-coated glass slide was chosen as a platform to immobilize gp-120. In literatures, the DMOAP-coated slide has been widely used to control the orientations of LC and for immobilization of biomolecules (Naemura, 1980; Xue and Yang, 2008). To understand the effect of gp-120 on the orientations of LC, we spotted droplets of gp-120 solution (~0.5 μl) with different concentrations on the DMOAP-coated slide in an array format. After 1 h of incubation in a humidified chamber at room temperature, the slide was blown-dried and used to make an LC optical cell. Optical images of LC under crossed polarizers were shown in Figure 2A. It can be seen that the orientation of LC was disrupted by the surface immobilized gp-120 and gave a bright spot only when the concentration of gp-120 was 1 μg/ml or higher. In other regions without any gp-120 or in regions where the gp-120 concentration was lower than 1 μg/ml, the orientation of LC was not disrupted, as is evident by the dark color. This result suggests that the lowest concentration of gp-120 which can disrupt the orientation of LC on the DMOAP-coated slide is 1 μg/ml. Moreover, Figure 2A shows that the degree of disruption and brightness increased with increasing concentration of gp-120 from 1 to 10 μg/ml. In the literature, the interference color of LC can be used as a means to report concentration of an analyte (Chen and Yang, 2012). Herein, we also observed that a higher concentration (10–2 μg/ml) led to a bright color whereas a low concentration (1 μg/ml) led to a white or gray color. For comparison, we also spotted different concentrations of BSA and observed how they have disrupted the orientations of LC. Figure 2B shows that the lowest concentration of BSA which can disrupt LC and gave a bright signal is 6 μg/ml. When the concentration of BSA was lower than 6 μg/ml, the LC remained dark, because the surface density of BSA was too low to disrupt LC orientation. The lowest concentrations (gp-120, 1 μg/ml and BSA, 6 μg/ml) which can disrupt LC were chosen to generate parallel lines pattern of gp-120 and BSA for subsequent experiments of competitive binding bioassay.
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FIGURE 2. Optical images of LCs supported on a DMOAP-coated surface immobilized with different concentrations of (A) gp-120 and (B) BSA. Number above each spot is the protein concentration (μg/ml).




Removal of Surface-Immobilized gp-120 by Using B40t77

Next, we investigated if the surface-immobilized gp-120 can be removed by incubating it in a B40t77 solution. Firstly, a TEM grid was used as a template to immobilize gp-120 on a DMOAP-coated glass slide. Successful immobilization of gp-120 was confirmed by using the optical image of LC as shown in Figure 1B. The line pattern of the surface-immobilized gp-120 resembled the shape of the TEM grid. Following the procedure, ~2 μl of a solution containing B40t77 was dispensed onto the surface to cover the immobilized gp-120 completely. After 1 h of incubation, the solution was blown dried and LC was used to examine the remaining gp-120 pattern on the surface. Figure 3A shows that when the B40t77 concentration was 40 μg/ml, no gp-120 could be detected. This result suggests that B40t77 is able to bind to the surface-immobilized gp-120 and remove it from the surface. The result was expected because the B40t77 was specifically designed and constructed for binding gp-120 with high affinity (Dey et al., 2005). From Figure 3A, it can also be seen that the binding event is concentration-dependent. When the concentration of B40t77 was decreased to 16 μg/ml, no gp-120 could be detected. At this condition, the amount of B40t77 was still sufficient to reduce the density of surface-bound gp-120 below the limit of detection. However, when the B40t77 concentration was further reduced to 10 μg/ml, LC gave a bright signal which can be easily distinguished from the dark background. The bright signal was caused by gp-120 which remained on the surface. Thus, it was proposed that 16 μg/ml is the minimal B40t77 concentration which is needed to clear surface-immobilized gp-120. Whereas, in Figure 3B, B40t77 shows no binding for BSA, even if the B40t77 concentration was 40 μg/ml. As a result, remaining BSA on the surface was still able to disrupt the orientation of LC supported on DMOAP-coated slide and gave a bright spot. To test binding specificity, we replaced the B40t77 solution with an anti-IgG aptamer (Apt 8) solution at four different concentrations. As shown in Figure 3C, no interaction of Apt 8 with gp-120 was found in these control experiments. LC was still disrupted by surface-bound gp-120 after the incubation.


[image: Figure 3]
FIGURE 3. Effect of aptamers solution concentrations on the removal of surface-immobilized (A) gp-120, (B) BSA, and (C) gp-120. Numbers above are concentration of Aptamer solution used in the study, B40t77 in (A,B) whereas Apt 8 in case of (C). Optical images of LC show that surface-immobilized gp-120 can be released from the surface only when the concentration of B40t77 was 16 μg/ml or higher whereas bright images were observed in case of BSA treated with B40t77and gp-120 treated with Apt 8 instead of B40t77.


To investigate whether the incubation time also played a role in the binding event, we varied the incubation time from 5 to 60 min while fixing the B40t77 concentration at 16 μg/ml. As shown in Figure 4, an incubation time of 60 min was required; otherwise, the surface-immobilized gp-120 could not be removed completely by using B40t77. A shorter incubation time led to incomplete removal of surface-immobilized gp-120, as shown in Figure 4.


[image: Figure 4]
FIGURE 4. Effect of incubation time on removal of surface-immobilized gp-120. Optical images of LC supported on DMOAP coated glass slide decorated with gp-120 patterns after incubation in a B40t77 solution (16 μg/ml) for different incubation times (60, 30, 15, and 5 min).




Development of a Microfluidic Bioassay

To streamline the procedures, we further developed a binding assay for the detection of gp-120 in a microfluidic device. Firstly, gp-120 was patterned on the surface as shown in Figure 5A. Next, we prepared a closed microfluidic channel by aligning an open PDMS micro-channel with the surface-immobilized gp-120 pattern on a DMOAP-coated slide by physical attachment as shown in Figure 1C, Fifteen microliters of TE buffer containing aptamer with different concentrations (0, 10, 16, 20, and 40 μg/ml) were flowed at a constant flow rate of 0.5 μl/min through the micro-channel. The total assay time was 30 min. As shown in Figure 5B, surface-patterned gp-120 can be removed after the aptamer solution passed through the micro-channel. The same result can be obtained by using LC as a signal reporter as shown in Figure 5C. From the results, it can be concluded that aptamer concentration at 16 μg/ml or higher could lead to complete removal of surface-immobilized gp-120 from the flow path. However, when the aptamer concentration was 10 μg/ml, the surface-immobilized gp-120 could be removed only partially. Moreover, in the case of TE buffer with no aptamer, we found that the pattern of gp-120 before and after the flow remained unchanged. These results clearly showed that the removal of surface-immobilized gp-120 (1 μg/ml) was caused by binding of B40t77 and gp-120. Furthermore, the comparison of the present work with already available HIV-1 gp-120 detection methods in literature is listed in Table 1. Despite of the fact that the limit of detection (LoD) is not the lowest but the present biosensing technique is easy to operate, simple and requires minimal sample volume as compared to other methods e.g., ELISA.


[image: Figure 5]
FIGURE 5. Effect of aptamer concentration on the removal of surface-immobilized gp-120 from a DMOAP-coated surface. (A,B) Optical images of gp-120 patterns before and after flowing of different concentrations of B40t77 (0, 10, 16, 20, and 40 μg/ml), respectively. (C) Optical images of LC after the assay was completed. The flow rate was 0.5 μl/min.



Table 1. Comparison of present work with available HIV-1 detection techniques.
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Effect of Flow Rate

One of the advantages of using a microfluidic device to deliver B40t77 is that the flow rate can be controlled precisely by using a syringe pump. To check the effect of flow rate on the performance of the assay, we repeated the experiment by varying the flow rates from 0.1 to 1 μl/min. The total B40t77 solution volume was fixed at 15 μl and concentration used was 16 μg/ml. From Table 2, it is apparent that a higher flow rate leads to a decrease in the residence time (Aubin et al., 2009). As shown in Figure 6, when the flow rate was in the range of 0.1–0.5 μl/min, the surface-immobilized gp-120 was completely cleared by the flowing solution inside the flow path due to the interaction of B40t77 with target protein gp-120. On the other hand, flow rate was >0.5 μl/min leads to assay failure as shown in Figure 6, when flow rate was 1.0 μl/min; the surface-immobilized gp-120 remained on the surface. On the basis of our observation during the experiment, a higher flow rate inevitably led to solution leakage from the side of the micro-channel. Thus, the surface-immobilized gp-120 could not be removed by the aptamer solution. These results suggest that a low flow rate is better than high flow rate. However, a very low flow rate at 0.1 μl/min led to a long assay time which is also not desirable. These results, when combined, suggest that a flow rate of 0.5 μl/min is suitable for the assay.


Table 2. Residence time, time to complete assay, and working outcomes of bioassay under different flow rates.

[image: Table 2]


[image: Figure 6]
FIGURE 6. Effect of flow rate on the removal of surface-immobilized gp-120 from a DMOAP-coated surface by using B40t77. (A) Before flowing B4077 solution. (B) After flowing B40t77 solution at different flow rates (0.1, 0.3, 0.5, and 1 μl/min). (C) Optical images of LC after the assay was completed. The B40t77 concentration used was 16 μl/ml and the sample volume was 15 μl.




Specificity, Stability, and Reproducibility

One of the reasons to choose B40t77 as a molecular probe for detecting gp-120 protein was the high specificity of B40t77 toward gp-120. To test the specificity, we used BSA to check cross reactivity of the proposed bioassay. All experimental conditions and procedures were same except that gp-120 was replaced by BSA. Next, solutions containing different concentrations of aptamer (10, 16, and 40 μg/ml) were flowed through the surface coated with BSA. Figure 7 shows that the surface pattern of BSA before and after the flow of B40t77 were same, indicating that the aptamer did not interact with BSA even at the highest concentration (40 μg/ml) tested. As a result, it can be concluded that the bioassay shows no cross-reactivity against other proteins such as BSA.


[image: Figure 7]
FIGURE 7. Specificity by using BSA protein as a control experiment. (A) Optical image of BSA patterns after flowing different concentrations of B40t77 (10, 16, and 40 μg/ml). (B) Optical images of LC after the assay was completed. The flow rate was 0.5 μl/min.


Due to various influencing factors, the stability and reproducibility of biosensors are worthy of research attention. In order to make our microfluidic device more stable and reproducible all the influencing factors were kept same while preparing sensor substrate. We observed that the protein pattern on our substrate remained stable for more than 2 weeks at 4°C and can be used to prepare closed microfluidic flow channel device by placing PDMS flow channels on dried glass substrate with little pressure for 30 s. Moreover, the thickness of LC film is also of keen interest, we have used mylar film (~6 μm) while making the LC optical cell. All experiments were carried out at room temperature and the flow rate and reaction time were also kept constant after optimization.




CONCLUSIONS

In summary, we have successfully developed a binding bioassay for gp-120 by using aptamer B40t77 as a molecular probe and liquid crystal as a signal reporter. This bioassay shows high specificity against gp-120 without any cross-reactivity with BSA. The bioassay was integrated with a microfluidic device to control the flow rate and the total assay time was 30 min. At the optimal flow rate of 0.5 μl/min, the surface-immobilized gp-120 can be released from the surface by flowing 16 μg/ml of B40t77 through binding events. For detection purposes, this event can be transduced and amplified by using liquid crystal into optical signal visible with the naked eye. The simple and low-cost microfluidic device has the potential to detect HIV-1 in early stages.
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This study focuses on the recycling of a spent fluid catalytic cracking (FCC) catalyst to produce catalyst-based non-sintered bricks (CN-bricks) for the recovery of its aluminosilicate components and the solidification of heavy metals. The effects of the content of cement (10–20%), the proportion of FCC (10–40%), and the type of an activator (NaOH/Na2SiO3/Na2SO4) on the performance of a CN-brick were investigated in terms of the mechanical strength and leaching behavior. The results show that an optimal binder system of 20% cement + Na2SO4 could promote the compressive strength up to 42.3 MPa; the proportion of an optimal spent FCC catalyst of 20% could achieve the lowest porosity and water absorption. The microscopic mechanism of a cementitious process was analyzed by x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM), proving that C-S-H and ettringite (AFt) are the two main hydration products of a CN-brick. Na2SO4 is superior to NaOH or Na2SiO3 as an activator since Na2SO4 takes advantage of the aluminum-rich property of a spent FCC catalyst and specifically promote the formation of a needle-like AFt. Quantitative environmental risk assessment for the utilization of a CN-brick on roads was carried out based on the leaching test of a toxicity characteristic leaching procedure (TCLP), NEN 7371 maximum availability test, and the hazard Index (HI) identification, and a final HI 0.0045 (<1.0) indicates an acceptable risk for environment and nearby residents as CN-bricks are utilized on roads for 30 years.

Keywords: spent FCC catalyst, reclycing, non-sintered brick, environmental risk, alkali activation


INTRODUCTION

A fluid catalytic cracking (FCC) catalyst is widely used in FCC units in petrochemical industries to convert crude oil into gasoline and other lighter fuel products, and its worldwide supply can reach 840,000 tons every year (Vogt and Weckhuysen, 2015). FCC catalysts mainly consist of a clay matrix, binder, and zeolite. Due to the accumulation of heavy metals and coke on the surface, a FCC catalyst will gradually get deactivated due to the site coverage and pore blockage (Zhang et al., 2020), and the catalysts with low catalytic activity will be discharged from a work unit. A spent FCC catalyst has been identified as a hazardous waste HW50 according to the Chinese National Directory of Hazardous Wastes (HW, 2016), due to excessive contents of heavy metals [vanadium (V) and nickel (Ni)]. Nowadays, a main handling way of a spent FCC catalyst is landfilling, yet many factors will restrict this approach in the future, especially its economic costs brought by a land use right, and the environmental impact after a landfill leachate penetrates into the soil. Instead, a spent FCC catalyst has widely been explored as a replacement of the raw materials in the production (laboratory scale) of a cement mortar (Al-Jabri et al., 2013; Payá et al., 2013), a concrete (Neves et al., 2015), ceramics (Ramezani et al., 2017), a geopolymer (Font et al., 2017), a zeolite (Ferella et al., 2019), an asphalt (Xue et al., 2020), and a brick (Taha et al., 2012).

Brick is a widely used material in the construction industry, and its consumption can reach 23–30 million pieces annually in the USA alone (Meng et al., 2018). Most of the used bricks belonging to the “sintered brick” are made from clay and sintered at around 900°C, which consume a high amount of clay and energy and release a high level of CO2. Therefore, many countries have enacted policies to restrict the use of sintered bricks. In this case, a non-sintered brick (NS-brick) has attracted more attention because of its environmental benefit: an NS-brick is generally conserved at room temperature and hardly consumes much energy. Pozzolanic materials such as furnace slag, fly ash, iron-ore tailing, and FCC catalyst are often utilized in the production of NS-bricks, since their silica-aluminum structure can react with Ca(OH)2 to form a cementitious substance like calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH), contributing to the strength development. Dabaieh et al. (2020) proved that the replacement of sintering by an NS-brick can result in a reduction of the energy consumption of 5,305 MJ and the CO2 emission of 5,907 kg for 1,000 bricks. Wang Y. et al. (2019) adopted an electrolytic manganese residue (EMR) to produce NS-bricks. Lang et al. (2020) mixed dredged sludge, cement, lime, fly ash, and nano-SiO2 to produce high-strength bricks. Weishi et al. (2018) prepared an NS-brick made from iron-ore tailing and two minor additives such as triethanolamine and stearic acids. Taha et al. (2012) focuses on the recycled spent FCC catalyst to produce an NS-brick, which proved that 15% of the catalyst replacement and the addition of a cement kiln dust (CKD) can yield a higher compressive strength, showing that a spent FCC catalyst has a potential for use in road base and masonry block construction.

A spent FCC catalyst generally contains Ni and V and other heavy metals, which may pose a threat to the environment when recycled, so the kernel problem of a catalyst-based non-sintered brick (CN-brick) concerns whether their environmental risk can be acceptable when they are used on roads, embankments, and other scenarios. The study by Taha et al. (2012) have included the test of a toxicity characteristic leaching procedure (TCLP), but fails to consider in detail the extent of contaminants leached to groundwater and ingested by nearby residents through drinking water. In this study, all the processes have been considered and precisely calculated. Beyond that, the methods for improving the mechanical property of a CN-brick has not been discussed earlier. Numerous studies have included the alkali activation as an approach for the strength improvement for construction products (Guo et al., 2010; Liu et al., 2021), since an alkali environment could dissolve Si-O and Al-O from the former structure and react with Ca(OH)2 to produce more C-S-H and C-A-S-H gels. Alkali reagents such as NaOH, Na2SiO3, Na2SO4 all have the potential to improve the strength of a CN-brick to a higher level.

This study was designed to evaluate the utilization of a spent FCC catalyst to produce CN-bricks for use on roads and embankments. The content of cement, type of an activator, and proportion of FCC were explored for an optimal design. The compressive strength and flexural strength were tested to evaluate the physical and mechanical properties of CN-bricks. The solidification mechanism of cement and an activator was investigated by means of x-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR). In addition, quantitative environmental risk assessment for CN-bricks including a leaching test of heavy metals and an exposure scenario analysis was carried out.



MATERIALS AND METHODS


Sample Sources

The spent FCC catalyst sample used in this study was taken from an oil refinery in Shandong, China. X-ray fluorescence (XRF) spectrometry (Table 1) shows its major components, which are aluminum oxide (54.2%) and silicon dioxide (37.1%), and the sum of these components accounts for more than 93% of the total. The XRD pattern (Figure 1A) shows that the main phase of a spent FCC catalyst is zeolite Y, dealuminated, which is consistent with its crystal structure. Figure 4A shows that the surface appearance of a spent FCC catalyst is a fairly regular sphere with impurities attached to the surface. The average particle size of a spent FCC catalyst is 80.055 μm as shown in Figure 1B, which is quite low just like the other pozzolanic materials such as fly ash and furnace slag (around 20 μm).


Table 1. The main chemical composition of a spent fluid catalytic cracking (FCC) catalyst.
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FIGURE 1. X-ray diffraction (XRD) pattern (A) and particle size distribution (B) of spent fluid catalytic cracking (FCC) catalyst.


A coarse aggregate is gravel, the main (83%) particle size of a coarse aggregate was between 3 and 5 mm and the remaining (17%) was between 1 and 3 mm in diameter. The gravels were filtered through a 1.0-mm sieve, and the gravels larger than 1.0 mm were selected for use. A fine aggregate is ISO standard sand, the diameter of a fine aggregate is mainly distributed between 0.08 and 1.0 mm. The basic cementitious material is ordinary Portland P42.5 cement. In order to improve the cementitious effect of a binder, three chemical reagents such as NaOH (96% purity), Na2SiO3 · 9H2O, and Na2SO4 (99% purity) were sampled as the activators and were purchased from Sinopharm Company Ltd.



Production Process of CN-Bricks

The production process of CN-bricks mainly includes mixing, molding, compacting, and curing. This study established 12 groups to investigate the effect of a binder system (“BS-series”) and the proportion of a spent FCC catalyst (“FC-series”) on the properties of CN-bricks, as summarized in Table 2. Samples BS-C10/C15/C20 correspond to 10, 15, and 20% content of ordinary Portland cement by weight in their raw materials. Three types of activators, NaOH, Na2SiO3, and Na2SO4, were tested for their activating function, and their samples were labeled as BS-C20A, BS-20B, and BS-20C, respectively. The additive amount of activators was set as 2.5% (wt%) referring to relevant alkali activating studies (Abdel-Gawwad et al., 2020b). Each sample of FC-10/15/20/25/30/40 represents 10, 15, 20, 25, 30, and 40% of a spent FCC catalyst by weight used in a raw material when the proportion of a gravel gets reduced from 55 to 25%.


Table 2. Mix composition design of a FC-series and BS-series (% by weight).
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In the making process of each sample, raw materials were mixed in the blender for 5 min and added with water to maintain its moisture with the water/cement ratio set as 0.40. After full blending, the materials were put in a mold and compacted with a pressure of 20 MPa to be shaped as 240 ×115 ×53 mm. After 24 h, the CN-bricks were demolded and conserved in curing boxes at 20°C and 60–90% moisture for 28 days. After 28 days, various properties of bricks were tested by the standard methods that are listed as follows.



Mechanical and Physical Properties

The compressive strength test and flexural strength test of CN-bricks were conducted according to the Chinese Standard GB/T 4111-2013 (GB/T 4111, 2013), which were tested by Instron 5969 and Sinter WDW-50 pressure testing machines at a rate of 4.0 kN/s until the bricks got damaged. The bulk density and water absorption were also tested according to GB/T 4111-2013 by soaking the samples in a tank at 20°C for 24 h when the upper surface was at least 20 mm lower than the water surface, and then the samples were taken out, wiped, and immediately weighed as m1. Afterward, the samples were dried in an oven at 105°C to achieve constant weight and weighed as m. The water absorption was calculated as follows:
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The bulk density was calculated according to Equation (2)

[image: image]

where m stands for the dry weight of CN-bricks and V is the volume of a brick. Each index was measured thrice and reported with error bars in the final result.



Microstructure Characterization

For subsequent microstructure analysis, the chosen samples were roughly crushed and pulverized in a laboratory grinding machine for 5 min, and then dried in an oven at 50°C until reaching a constant weight. The samples that could pass through a 0.45-μm filter were chosen for the XRD test and FTIR test. XRD analysis was carried out to obtain the crystal structure and phase characteristics of a CN-brick on a Bruker D8 Advance with the scanning angle ranging from 5 to 75° at a scanning rate of 4°/min. FTIR analysis was carried out to identify the functional groups of organic compounds on a Thermo Nicolet iS5 in the range of 4,000–500 cm−1. The crushed samples were analyzed by SEM to study the microstructure of the specimens on a Tescan Mira 3 machine.



Environmental Risk Assessment of CN-Bricks
 
Determination of Total Metal Content

The detection of the total heavy metal content of heavy metals V, chromium (Cr), manganese (Mn), cobalt (Co), Ni, Cu, Zn, antimony (Sb), Ba, and Pb in raw materials and CN-bricks was done by following the Chinese Standard HJ 781-2016 (HJ 781, 2016). To sum up, the solid wastes were added with acids including HCL, HF, HNO3, and HClO[image: image] and then digested in an electric hot plate at 180°C for 1–2 h. Digested solution was then brought into plasma emission spectrometer [inductively coupled plasma optical emission spectroscopy (ICP-OES), Thermo iCAP 7000], and the characteristic spectrum of elements being atomized will be used to represent the element content.



Toxicity Characteristic Leaching Procedure

The TCLP test was conducted under a protocol EPA SW-846 Method 1311 (EPA 1311, 1992) to simulate a leaching process induced by acid rain when CN-bricks are used in a pedestrian street. In short, samples were mixed with the leaching solution, which contains acetic acid solution (0.57% v/v) with a liquid-to-solid (L/S) ratio set as 20:1 L/kg and pH set as 2.88 ± 0.05. The mixed solution was then vibrated for 18 h under a temperature of 23°C at a rate of 30 revolutions/min. The leachate was then filtered and analyzed by ICP-OES to determine the leaching concentration of heavy metals V, Cr, Mn, Co, Ni, Cu, Zn, Sb, Ba, and Pb.



Maximum Availability Leaching Test

Heavy metals V, Cr, Co, Ni, Sb, and Ba are tested for their maximum availability in CN-bricks according to the EA NEN 7371 protocol (EA NEN 7371, 2004), which includes two extraction stages. Samples were filtered through a 125 μm membrane and mixed with the extract liquid at an L/S ratio of 50:1 L/kg, with pH maintained at 7.0 ± 0.5 by adjusting HNO3 in deionized water. After the first extraction, the leachate was filtered through 0.45 μm and be prepared for second extraction stage, during which the pH is changed to 4.0 ± 0.5. The contact time was set as 3 h for both extraction process. At last, the two leachates were mixed and analyzed by ICP-OES. The maximum leaching rate is calculated in Equation (3):
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RESULTS AND DISCUSSION


Mechanical and Physical Properties of CN-Bricks
 
Compressive Strength and Flexural Strength

The effect of the cement content and alkali activators on the mechanical properties of a CN-brick was examined. A review of Gupta et al. (2020) illustrates that cement (10–30%) and lime (5–30%) are the main cementitious binders used in unfired bricks/blocks. In this study, 10, 15, and 20% of the cement were tested, and the compressive strength increases from 14.3 to 23.4 MPa, flexural strength increases from 2.3 to 4.6 MPa as the cement content increases from 10 to 20% (Figure 2A). The main components of Portland cement are 3CaO · SiO2 (C3S), 2CaO · SiO2 (C2S), and 3CaO · Al2O3 (C3A), which could react with H2O to form C-S-H, C-A-H, ettringite (AFt), and Ca(OH)2 to improve the strength of a brick, and the mechanisms of the reaction are shown in Equations (4)–(7):
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FIGURE 2. Compressive strength, flexural strength (A,B) water absorption, and bulk density (C,D) of catalyst-based non-sintered bricks (CN-bricks).


A higher content of the cement indicates a higher content of hydration products that would wrap an aggregate more tightly, which then indicates a lower porosity, denser structure, and higher mechanical strength. According to the relevant national standard GB 11945-1999 (GB 11945, 1999), the compressive strength and flexural strength of the MU20-degree brick should exceed 20.0 and 4.0 MPa. Hence, only the cement content of 20% could achieve the MU20 degree. To further improve the mechanical property of a brick, alkali activators were introduced into a binder system. Figure 2 shows that NaOH slightly increases the compressive strength of a brick from 23.4 to 26.7 MPa, while Na2SiO3 and Na2SO4 significantly lift the compressive strength up to 36.6 and 42.3 MPa, respectively. Na2SO4 is an optimal activator for a CN-brick, the mechanism of which will be illustrated later in detail.

With the determination of an optimal binder system, the effect of the FCC content on the mechanical properties were then evaluated. Among raw materials, gravels (1.0–5.0 mm) act as a skeleton, sands (0.08–1.0 mm) can fill the pores between the gravels, and a spent FCC catalyst (80.1 μm) can fill the remaining interspace. An ideal grain size distribution can reduce the overall porosity and induces a higher strength. Figure 2 shows 20% FCC proportion could achieve the most ideal compressive strength and flexural strength at the same time, the strength at this point can meet the MU20 class according to the Chinese standard GB 11945-1999, yet up to 25% addiction amount will reduce the strength of bricks to MU15 class. Flexural strength changes in the same trend as compressive strength, the cement content <20% could improve the flexural strength, but a proportion higher than 20% would deteriorate the strength of a CN-brick, the mechanism of which will be illustrated later. In sum, an optimal formula of the production of a CN-brick is gravel:sand:FCC:cement:Na2SO4 = 45:15:20:20:2.5.



Water Absorption and Bulk Density

The water absorption and bulk density of CN-bricks with various binders and the FCC content are summarized in Figure 2. The bulk density of a CN-brick increases from 2,010 to 2,340 kg/m3 when the cement content increases from 10 to 20%, and then added with three types of activators. This is because cement and activators increased the amount of hydration products like C-S-H and AFt, as illustrated by XRD and FTIR in later sections, which could fill the micropores of an aggregate and bind them more tightly. This is also the reason why the water absorption of BS-series decreases gradually from 9.1 to 5.6%. The water absorption represents the water-resistance ability of bricks that is closely related to the porosity of bricks. When aggregates are bound more tightly by cement and activators, open porosity will decrease, so does the water absorption value (Lang et al., 2020). Even though the water absorption rates of samples are different, all are below the threshold set by the Chinese standard JC/T 422-2007, which is 18%.

The bulk density and water absorption of a CN-brick with different values of FCC content are illustrated in Figure 2D. The bulk density increases when the proportion of FCC gets increased from 10 to 20% and the content of gravel decreases from 55 to 45%, this is because macropores between the gravels (1–5 mm) could be filled more tightly by a fine aggregate of a spent FCC catalyst (0.08 mm), which reduces the porosity and improves the compactness, so the water absorption rate of a CN-brick decreases from 6.5 to 5.9%. However, when more FCCs are added from 25 to 40% and the content of gravel gets reduced from 40 to 25%, a spent FCC catalyst replaces gravels as a main raw material in a system, the properties of a CN-brick get deteriorated. The bulk density of bricks gradually decreases from 2,117 to 1,820 kg/m3 accompanied with the compressive strength from 23.4 to 10.2 MPa (Figure 2B), while the water absorption rate increases from 5.9 to 8.4%. A higher proportion of fine aggregates than coarse aggregates would induce an incompact grain size distribution. Fine aggregates that could not be compacted by large particles would be scattered in the system. The above mentioned research shows that too much coarse aggregates or fine aggregates are neither good for the properties of bricks, 20% of a spent FCC catalyst and 45% of a gravel could achieve the most ideal stacking structure in a CN-brick.




Microstructure of CN-Bricks Under Alkali Activation
 
XRD Characterization

The mechanical strength of a CN-brick is mainly attributed by the hydration reaction caused by binders including cement, NaOH, Na2SiO3, and Na2SO4, in this study. Figure 3A illustrate the XRD pattern of CN-bricks added with 10, 15, and 20% cement (BS-C10, BS-C15, and BS-C20) at 28 days and 10% cement at 56 days. It can be seen that the crystalline phase in the CN-bricks are AFt (9.1, 15.8, 22.9, 34.5, 40.8°, 2θ), quartz (SiO2, 26.5°), C3S (Ca3SiO5, 29.2°, 32.1°, 34.2°, 2θ), C2S (Ca2SiO4, 32.0°, 32.5°, 34.3°, 2θ), and C-S-H (29.3°, 32.0°, 50.0°, 2θ). The two hydration products with higher peaks that assume a main responsibility for the strength of CN-bricks are AFt and C-S-H. These two products can be formed by ordinary Portland cement alone as illustrated in Equations (5–8). Apart from that, they can also be formed by a chemical reaction between an aggregate and cement. The Ca(OH)2 produced from the cement hydration (Equations 4 and 5) could react with SiO2 and Al2O3 that exists in a gravel, sand, and a spent FCC catalyst, and then form C-S-H and AFt directly according to Equations (8) and (9):
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FIGURE 3. XRD (A,B) and Fourier transform infrared spectroscopy (FTIR) patterns (C,D) of CN-bricks (BS-series).


An interesting phenomenon in the XRD pattern of a CN-brick is that the crystalline phase of AFt is far more distinct compared with the bricks made from the other wastes, such as fly ash, furnace slag, or degraded sludge (Wang C.-Q., et al., 2019; Akinyemi et al., 2021). This is because of the proportion of Al2O3 in a spent FCC catalyst, 54.2%, which is significantly higher than that of fly ash (18–25%), furnace slag (6–11%), and degraded sludge (7–21%) and it is referenced in many relevant literature studies. Multiple researches related to the spent FCC catalyst recycling (Al-Jabri et al., 2013; Font et al., 2017; Xue et al., 2020) also recorded that the proportion of Al2O3 in a spent FCC catalyst ranges between 47 and 66%, which is in a relatively high level. A higher content of Al2O3 would react with Ca(OH)2, and then form more AFt than the other materials, during which the content of CaSO4 is a limiting factor.

With an increase in the proportion of cement from 10 to 20%, all of the peaks have increased including SiO2, C3S, C2S, C-S-H, and AFt (Figure 3A). This is because of the cement hydration itself illustrated in Equations (5–8). Figure 3A also compares the XRD pattern of BS-C10 at 28 and 56 days. Some crystalline phases like SiO2, C3S, and C2S get decreased and the peaks of C-S-H (29.3°, 50.0°, 2θ) have increased in BS-C10 (56 days). Hydration products like C-S-H and AFt could be continuously produced as the curing time gets prolonged, yet 28 days are enough for the mechanical construction in a CN-brick.

The XRD pattern of BS-C20A/B/C is shown in Figure 3B. Compared to BS-C20, crystalline phases of AFt and C-S-H in BS-20A show a slight improvement. NaOH could dissolve [SiO4]4− and [AlO4]5− from a spent FCC catalyst and aggregates, and promote their reaction with Ca2+ to produce more C-S-H and C-A-H gels. Compared to BS-C20A, the peaks of SiO2 and C3S in a sample BS-C20B were obviously increased, since Na2SiO3 could produce SiO2, CaSiO3, and NaOH as shown in Equation (10):
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The increased content of SiO2 reacts with Ca(OH)2 to produce more C3S and C-S-H as XRD results show, thus increasing the compressive strength of a CN-brick. In addition, the generated NaOH will dissolve Si-O and Al-O and promote the formation of C-S-H and C-A-H at the same time like the BS-C20A does.

When Na2SO4 are added into BS-C20C, significant increases in the peak heights of AFt are at 9.1, 15.8, and 22.9°. This is because of bringing more SO[image: image] in the system, and more CaSO4 and NaOH can be formed in Equation (11):

[image: image]

It is mentioned above that AFt is a characteristic hydration product of a CN-brick, which is transformed from a high content of Al2O3, during which CaSO4 is a limiting factor. The addiction of an activator Na2SO4 could promote the formation of CaSO4 · 2H2O and then react with excessive Al2O3 to increase the content of AFt as the XRD results show. This is a main reason why Na2SO4 could increase the compressive strength of a CN-brick from 23.4 to 42.3 MPa. This rule has not been found in the previous studies on the recycling of a spent FCC catalyst. Na2SO4 is more suitable to be an activator in a NS-bricks made from a spent FCC catalyst.



FTIR Analysis

The FTIR pattern of BS-C10/15/20 and BS-C20A/B/C is summarized in Figures 3C,D. These absorption peaks mainly represent the stretching O-H vibration (3,650 cm−1), stretching H-O-H vibration in water (3,406 and 1,654 cm−1), asymmetric stretching CO[image: image] vibration (1,428 cm−1), asymmetric stretching Si-O-Si(Al) bond (1,098 cm−1), and bending O-Si-O vibration (461 cm−1) in a gel matrix. The predominant peaks shown in the spectra mainly refer to silicate, aluminate, and carbonate compounds just like the other construction materials made from industrial wastes and binders (Abdel-Gawwad et al., 2020a; Liu et al., 2021). When the cement content increases from 10 to 20%, there is an increase in the intensity of peak in 3,650 cm−1, which indicates that more Si-OH and Al-OH are produced from [SiO4]4− and [AlO4]4−. Absorption of peaks in 3,406 and 1,654 cm−1 also shows an increase in intensity, which indicates that more free water has been transferred to structural water. The absorption peak of Si-O-Si(Al) is located between 1,150 and 1,008 cm−1, which has been apparently sharpened since more Si-O are produced in the form of C-S-H and AFt, which is consistent with the result of XRD. The absorption peak at 1,428 cm−1 is associated with CO[image: image] existing in carbonates like calcite and dolomite, which has been increased because of the reaction of Ca2+ and atmospheric CO2. The intensity of 798 cm−1 peak has been decreased since more SiO2 has been involved in the hydration process. A higher cement content is proved to be effective in promoting the hydration process.

The FTIR pattern of CN-bricks added with NaOH, Na2SiO3, and Na2SO4 as activators are summarized in Figure 3D. Many peak intensities have increased when various activators are added including bands at 3,650, 1,654, 1,428, 1,089, and 461 cm−1. Peaks near 3,650 cm−1 indicates the extent of Si-OH and Al-OH dissolution rate from [SiO4]4− and [AlO4]4−, Na2SiO3, and Na2SO4 exhibits higher dissolving ability than NaOH, which explains why Na2SiO3 and Na2SO4 exhibit higher strength enhancement capacity. The increase of band 1,428 cm−1 intensity (CO[image: image]) indicates that activators promote the formation of carbonates and improve the strength of a brick. The absorption peak at 798 cm−1 (SiO2) gradually disappears when activators are added, which represents the extent to which SiO2 gets transformed to C-S-H and C-A-S-H gel. The enhancement of Si-O-Si(Al) bands at 1,098 cm−1 and a slight shift toward higher wavenumbers indicate the polymerization reaction and the increased amount of C-S-H and C-A-H in hydration products. The absorption peak near 610 cm−1 represents the bond of S-O in SO[image: image], which has been sharpened in BS-C20C compared to BS-C20, due to an addictive amount of SO[image: image] and AFt brought from an activator Na2SO4. In sum, FTIR spectrums prove that a higher content of cement and alkali activators could promote the formation of C-S-H, AFt, and carbonates in hydration products.



SEM Analysis

The scanning electron microscopy test was conducted for a more intuitive observation of the effect of a binder system on a CN-brick. Figure 4 shows that spent FCC catalysts are regular spheres with particle size lower than 100 μm, attached with certain impurities (around 1 μm) that are likely to be the chemical compounds produced from heavy metals in crude oil. These heavy metals would cover the exterior surface of a spent FCC catalyst and clog the access to active sites inside the zeolite, causing a spent FCC catalyst to be deactivated. When a spent FCC catalyst is recycled and reused in a CN-brick, it is tightly wrapped in the gel materials along with the aggregates as a whole (Figure 4B). The gel materials that bind them together are mainly flake-like C-S-H and needle-like AFt, which are consistent with the XRD results. AFt is usually found in a system added with gypsum, and is recorded to have a setting retarding effect for the too quick hydration speed of cement caused by C3A. AFt is also widely known as capable of improving early stage strength of the construction materials.


[image: Figure 4]
FIGURE 4. Scanning electron microscopy (SEM) images of (A): spent FCC catalyst samples; (B) BS-C20; (C): BS-C20A (NaOH); (D) BS-C20B (Na2SiO3); (E) BS-C20C (Na2SO4).


The effect of activators on hydration products is examined by SEM as shown in Figure 4. When NaOH is added into the system, the microstructure of BS-20A is generally similar to that of BS-20, with a slight difference that the surface of aggregates and a spent FCC catalyst are little bit rougher than the original one. About 3% addition of NaOH creates an alkali environment that would corrode the aluminosilicate material, dissolve more activated Si-O unit from a Si-O-Si network, and form more C-S-H gels. When Na2SiO3 is added into a system (Figure 4D), the interface of aggregate and gel materials is more compact and tight. A main gel material in the BS-C20B system is still a flake-like C-S-H, the density of which is obviously increased, since the addition of Na2SiO3 introduces a higher content of SiO2 and CaSiO3 and further a higher content of a hydration product C-S-H. When Na2SO4 is added into a binder, as shown in Figure 4E, the surface of a spent FCC catalyst and its interface with other aggregates are covered with a thick layer of a needle-like AFt, since SO[image: image] in an activator would react with Al2O3 to form more AFt (XRD result). The amount of AFt formed on the FCC surface is higher than on the surface of gravel and sand, proving that Na2SO4 could specifically activate an aluminum-rich material. Among NaOH, Na2SiO3, and Na2SO4, the activator Na2SO4 can specifically make full use of a characteristic of the FCC catalyst as a high-aluminum material.

In summary, the mechanism of hydration reactions happened in a CN-brick is illustrated in Figure 5. C-S-H and AFt are the main hydration products generated from cement, reinforced by activators, and mainly contribute to the mechanical strength of CN-bricks.


[image: Figure 5]
FIGURE 5. Microscopic mechanism diagram of a CN-brick.





Quantitative Environmental Risk Assessment
 
Determination of Characteristic Pollutants of CN-Bricks

The characteristic pollutants in CN-bricks were determined from the total metal content (Figure 6) and leaching concentration (Table 4). Metals V, Cr, Mn, Co, Ni, Cu, Zn, Sb, Ba, and Pb were chosen to be examined in raw materials and CN-bricks, since they are conventional indicators in Chinese hazardous waste identification standard (GB 5085.3, 2007) and groundwater quality standard (GB/T 14848, 2017). Figure 6A shows that the concentration of Ni, V, and Sb is particularly higher than the other heavy metals in a spent FCC catalyst, which are 11,510.5, 3,700.0, and 2,610.2 mg/kg, respectively. Ni and V have been widely acknowledged as the main pollutants of a FCC catalyst (Etim et al., 2016; Ferella et al., 2016). The deposition of Ni and V from crude oil on the catalyst surface makes the selectivity of the catalyst worse and leads to catalyst poisoning. V is the most dangerous metal since V in V5+ state reacts to form H3VO4, which could destroy the structure of zeolite dramatically (Busca et al., 2014). Ni is less detrimental, but still has a strong dehydrogenation activity, which would suppress the production of gasoline. One of the solutions is the addition of Sb to from Ni-Sb alloys, NixSbyOz, to inhibit the strong dehydrogenation activity of Ni and increase the yield of gasoline (Bohmer et al., 1990), so Sb is in high content. Wai et al. (1999) also confirmed that the concentration of V, Ni, and Sb gets significantly increased from 2–33 ppm to 1,326–3,930 ppm when a FCC catalyst gets deactivated in an unit. Apart from the spent FCC samples, the raw material aggregates (gravel and sand) and cement also brought in a high level of Mn and Cr in the product. Elements Ni, V, Sb, Mn, and Cr are the pollutants with a high total content in CN-bricks.


[image: Figure 6]
FIGURE 6. Total metal content of raw materials (A) and CN-bricks (B).


Instead of the total content, the leaching behavior is usually a main concern of the hazard identification. Samples “FC-10,” “FC-15,” and “FC-20” were analyzed to investigate the leaching behavior of CN-bricks with different amounts of a spent FCC catalyst. TCLP test (Table 3) show that the leaching concentration of all metals is significantly lower than their total content, attributed by the above-mentioned hydration reaction. The regulatory level of relevant metals in China and USA are also listed in Table 3 according to the Chinese Standard (GB 5085.3, 2007) and USA 40 CFR 261.24 (USEPA, 2011), which confines the leaching concentration limits above which the solid waste will be defined as hazardous wastes. The leaching concentration of all heavy metals are much lower than the regulatory levels, thus the CN-bricks produced in this study should not be considered as hazardous materials.


Table 3. Toxicity characteristic leaching procedure (TCLP) result of catalyst-based non-sintered bricks (CN-bricks; ug/L).
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In the long-term environmental risk of CN-bricks, six metal elements V, Cr, Co, Ni, Sb, and Ba are identified as the characteristic pollutants of CN-bricks according to the result of TCLP, since the other elements Mn, Cu, Zn, and Pb are either in low concentration or pose a little threat to human health.



Impact of CN-Bricks on Groundwater

An exposure scenario analysis of CN-bricks is depicted in Figure 7B, which generally includes: (1) determination of the concentration of pollution source, which refers to the daily leaching amount (CDaily−Lea) of a CN-brick; (2) calculation of the concentration of contaminants in groundwater (Cgw); and (3) human health risk assessment considering an average daily intake dose (ADD) of nearby residents and hazard quotient (HQ) of CN-bricks.


[image: Figure 7]
FIGURE 7. Maximum availability and maximum leaching rate (A), exposure scenario analysis of CN-brick's utilization (B), Concentration of contaminants in groundwater (C1), Average daily intake dose (C2) and Hazard quotient (C3) of CN-bricks (FC-10, FC-15 and FC-20).


The maximum availability of a CN-brick was tested under EA NEN 7371. Figure 7A shows that the leaching level tested under NEN 7371 is significantly higher than that tested under TCLP, by almost three orders of magnitude. This is because the pH level maintained in the NEN 7371 test is more stable by continuously adding HNO3 in two leaching stages, which make it more ideal to represent the long-term leaching behavior of materials (Youcai and Sheng, 2017). Moreover, the solidification effect of different metals is different, for example, the total content of Ni is higher than that of Sb (1,311 and 386 mg/kg), but the maximum availability of Ni is lower than Sb (12.35 and 24.99 mg/kg). But in general, a higher FCC content indicates a higher metal leaching risk of a CN-brick.

Afterward, the daily leaching amount (CDaily−Lea) is calculated from maximum availability in Equation (12):
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where p is the density of a CN-brick, which is equal to 2,117 kg/m3; a is the service life of a CN-brick, which is equal to 30 years; d is the days of use in a year, which is set as 365 days. The concentration of contaminants in groundwater (Cgw) was calculated from CDaily−Lea in Equations (13)–(15):
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where DAF is the dilution attenuation factor. AF is selected as 1.0 since the maximum risk is considered. DF is calculated according to Equation (15) which is quoted from the Chinese standard HJ 25.3-2014 (HJ 25.3, 2014) and Wyoming Voluntary Remediation Program report (VRP, 2000). Equation (15) is widely utilized to represent the dilution effect of soil pollutants mitigating into groundwater. The reference values in the DF equation are listed in Supplementary Table 1, which are all quoted from the Chinese standard of risk assessment of contaminated sites (HJ 25.3, 2014), and the estimated DAFs are listed in Table 4. The values of Cgw are then determined in Equation (13) and compared with the Chinese groundwater quality standard (GB/T 14848, 2017) and surface water quality standard (GB 3838, 2002; Table 4). The groundwater concentrations of six heavy metals range from 2.74E-06 to 1.17E-04 mg/L, which are all way below the regulatory limit of quality standards, indicating that CN-bricks will not pollute the groundwater to an unacceptable level.


Table 4. Maximum availability and daily leaching amount of CN-bricks and concentration of contaminants in groundwater.
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Human Health Risk Assessment

The final step of risk assessment is the human health risk assessment, which considers the hazards faced by nearby residents when they ingest pollutants through groundwater intake. The main exposure pathway discussed in this study is through drinking water, since other pathways (inhalation, skin, or food) can be far less harmful than a drinking water route. The daily intake of pollutants by an adult is calculated according to Equation (16), which is quoted from Risk Assessment Guidance for Superfund RAGS (1989) of USEPA:
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where ADD is the average daily intake dose of an element i (mg/kg · day), and Ci is the concentration of a metal i in drinking water, which equals to Cgw. IngR is the ingestion rate; EF is exposure frequency; ED is the exposure duration; BW is the body weight; and AT is the average exposure time. The units and values of the above-mentioned parameters are summarized in Supplementary Table 2, and the results of ADD results are shown in Figure 7C. Then, the HQ is authenticated based on the ADD level. According to US Environmental Protection Agency (USEPA), chemicals are classified as carcinogens and non-carcinogens, the risk of which are, respectively, represented as cancer risk (CR) and HQ. According to USEPA, integrated risk information system (IRIS, 1989), and Chinese Standard HJ 25.3-2014 (HJ 25.3, 2014), only arsenic (As) in heavy metals is considered as carcinogen, all the six metals discussed earlier are not included. Thus, only non-carcinogenic risk is considered in this research, and the HQ is calculated as follows (RAGS, 1989):

[image: image]

where RfDi is the referenced dose that is interpreted as “an exposure level that is likely to be without an appreciable risk of deleterious effects during a lifetime,” and the RfDi value of six elements is listed in Supplementary Table 3 according to IRIS (1989). The RAGS guidance indicates that a HQ index lower than 1.0 shows an acceptable risk, whereas the potential of non-carcinogenic risk for human may occur when HQ > 1.0 (RAGS, 1989). To assess the overall non-carcinogenic risk of a CN-brick, the HQs of each contaminant should be summed up and presented as hazard index (HI).

[image: image]

The non-carcinogenic risk assessment results of three different CN-bricks are summarized in Figure 7C. CN-bricks with different proportions of a spent FCC catalyst have different HI, the more the spent FCC catalyst were added, the higher the HI will be, which are 0.0023, 0.0043, and 0.0045, respectively. All the HIs of three CN-bricks are all significantly lower than 1.0, proving that when a person is exposed to this dose level over a lifetime, no non-carcinogenic effects is expected to be detected in his/her body over a lifetime. In sum, CN-brick will not pose a threat to environment and human bodies, which can be utilized on road pavement for 30 years without environmental hazard. The environmental risk assessment result in this study can provide a technical basic for the assessment of the utilization of a CN-brick on roads and embankments in the future. For future application of CN-bricks on road, the groundwater detection well should be set nearby for regular detection of groundwater quality. In the process of using pavement materials, operators should take necessary protection to avoid working in windy weather.

It deserves attention from Figure 7C that the HQ of Sb accounts for 86.9, 88.4, and 90.6% of whole HI of FC-10, FC-15, and FC-20, respectively, which constitute a main environmental risk of CN-bricks. The reference dose of Sb, 0.0004 mg/kg · d, is much lower than other metals (Supplementary Table 3). Sb belongs to the same group as As and have a potential carcinogenic risk, so it has been listed as priority pollutant by US EPA and hazardous wastes by European Union. Sb is the third most abundant element in CN-bricks (Figure 6) due to the addition of Sb-type Ni passivator in the sampling unit, which is used to suppress the negative effects of metal Ni. Element Co also has a strict reference dose, 0.0004 mg/kg · d, but the daily intake dose of Co is way lower than Sb (Figure 7C), making it accounting for only a small part of the HI. For future production and utilization of a CN-brick, a raw material of spent FCC catalyst should be cautiously selected. The catalyst coming from units without a Sb-type Ni passivator should be given priority. For catalytic cracking unit in refinery plants, innoxious metal passivators without Sb should be preferred according to the result of environmental risk assessment in this study.

The environmental risk assessment of a CN-brick entails certain uncertainty, which is inevitable in quantitative risk assessment. In the calculation of contaminants in groundwater and ADD, the actual measured data should be given priority, so the reference date may induce a certain deviation. However, there is no absolute accurate assessment, the exposure analysis in this study is based on a well-defined calculation and could represent the actual environmental risk of CN-bricks.





CONCLUSION

This paper focuses on utilizing a spent FCC catalyst as a partial replacement of a fine aggregate in the production of a NS-brick. 20% cement +Na2SO4 is proven to be an optimal binder system, which could improve the compressive strength up to 42.3 MPa. Best grain size distribution occurs at 20% spent FCC catalyst + 45% gravel, which could achieve the lowest porosity and water absorption rate, yet a higher spent FCC catalyst proportion would deteriorate the property of a CN-brick. The main hydration products of a CN-brick are C-S-H and AFt. Alkali activators could create an alkaline environment that dissolve more [SiO4]4− and [AlO4]5− from the raw materials, and Na2SO4 can particularly promote the formation of a needle-like AFt to a large extent. The TCLP test shows that V, Cr, Co, Ni, Sb, and Ba are the characteristic pollutants of CN-bricks. An exposure scenario analysis based on the NEN 7371 leaching test works out a final HI from 0.0023 to 0.0045 for a CN-brick, indicating its acceptable risk for environment and humans. Thus, it can be said that producing NS-bricks from a spent FCC catalyst is technically feasible and environment friendly.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

SZ, SF, and HZ came up with the conception and directed the study. DZ, ZL, and ZZ carried out the experiments. DZ and ZL performed the statistical analysis. DZ finished the manuscript. All authors have revised the final version of the manuscript and approve of submission.



FUNDING

This study was supported by the National Key Research and Development Program of China (Grant No. 2018YFC1803306) and the Technology Development Program of SINOPEC, China (Grant No. 316005).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.674271/full#supplementary-material



REFERENCES

 Abdel-Gawwad, H. A., Mohammed, M. S., and Ads, E. N. (2020a). A novel eco-sustainable approach for the cleaner production of ready-mix alkali activated cement using industrial solid wastes and organic-based activator powder. J. Clean. Prod. 256:120705. doi: 10.1016/j.jclepro.2020.120705

 Abdel-Gawwad, H. A., Mohammed, M. S., and Zakey, S. E. (2020b). Preparation, performance, and stability of alkali-activated-concrete waste-lead- bearing sludge composites. J. Clean. Prod. 259:120924. doi: 10.1016/j.jclepro.2020.120924

 Akinyemi, B. A., Orogbade, B. O., and Okoro, C. W. (2021). The potential of calcium carbide waste and termite mound soil as materials in the production of unfired clay bricks. J. Clean. Prod. 279:123693. doi: 10.1016/j.jclepro.2020.123693

 Al-Jabri, K., Baawain, M., Taha, R., Al-Kamyani, Z. S., Al-Shamsi, K., and Ishtieh, A. (2013). Potential use of FCC spent catalyst as partial replacement of cement or sand in cement mortars. Construct. Build. Mater. 39, 77–81. doi: 10.1016/j.conbuildmat.2012.05.035

 Bohmer, R. W., McKay, D. L., and Knopp, K. G., (eds.). (1990). Development and Application of FCC Catalyst Metals Passivation. Washington, DC: American Chemical Society. doi: 10.1021/bk-1991-0452.ch011

 Busca, G., Riani, P., Garbarino, G., Ziemacki, G., Gambino, L., Montanari, E., et al. (2014). The state of nickel in spent fluid catalytic cracking catalysts. Appl. Catalysis A: Gene. 486, 176–186. doi: 10.1016/j.apcata.2014.08.011

 Dabaieh, M., Heinonen, J., El-Mahdy, D., and Hassan, D. M. (2020). A comparative study of life cycle carbon emissions and embodied energy between sun-dried bricks and fired clay bricks. J. Clean. Prod. 275:122998. doi: 10.1016/j.jclepro.2020.122998

 EA NEN 7371 (2004). Leaching Characteristics-Determination of the Availability of Inorganic Components for Leaching-Solid Earthy and Stony Materials. Delft: Netherlands Standardization Institute.

 EPA 1311 (1992). Toxicity Characteristic Leaching Procedure, Washington, DC: Environmental Protection Agency.

 Etim, U. J., Xu, B., Bai, P., Ullah, R., Subhan, F., and Yan, Z. (2016). Role of nickel on vanadium poisoned FCC catalyst: a study of physiochemical properties. J. Energy Chem. 25, 667–676. doi: 10.1016/j.jechem.2016.04.001

 Ferella, F., Innocenzi, V., and Maggiore, F. (2016). Oil refining spent catalysts: a review of possible recycling technologies. Resour. Conserv. Recycl. 108, 10–20. doi: 10.1016/j.resconrec.2016.01.010

 Ferella, F., Leone, S., Innocenzi, V., Michelis, I., de Taglieri, G., and Gallucci, K. (2019). Synthesis of zeolites from spent fluid catalytic cracking catalyst. J. Clean. Prod. 230, 910–926. doi: 10.1016/j.jclepro.2019.05.175

 Font, A., Borrachero, M. V., Soriano, L., Monzó, J., and Payá, J. (2017). Geopolymer eco-cellular concrete (GECC) based on fluid catalytic cracking catalyst residue (FCC) with addition of recycled aluminium foil powder. J. Clean. Prod 168, 1120–1131. doi: 10.1016/j.jclepro.2017.09.110

 GB 11945 (1999). Autoclaved Lime-Sand Brick. Beijing: National Standard of China.

 GB 3838 (2002). Environmental Quality Standards for Surface Water. Beijing: National Standard of China.

 GB 5085.3 (2007). Identification Standards for Hazardous Wastes-Identification for Extraction Toxicity. Beijing: National Standard of China.

 GB/T 14848 (2017). Standard for Groundwater Quality. Beijing: National Standard of China.

 GB/T 4111 (2013). Test Method for the Concrete Block and Brick. Beijing: National Standard of China.

 Guo, X., Shi, H., Chen, L., and Dick, W. A. (2010). Alkali-activated complex binders from class C fly ash and Ca-containing admixtures. J. Hazard. Mater. 173, 480–486. doi: 10.1016/j.jhazmat.2009.08.110

 Gupta, V., Chai, H. K., Lu, Y., and Chaudhary, S. (2020). A state of the art review to enhance the industrial scale waste utilization in sustainable unfired bricks. Construct. Build. Mater. 254:119220. doi: 10.1016/j.conbuildmat.2020.119220

 HJ 25.3 (2014). Technical Guidelines for Risk Assessment of Contaminated Sites. Beijing: National Standard of China.

 HJ 781 (2016). Solid Waste- Determination of 22 Metal Elements-Inductively Coupled Plasma Optical Emission Spectrometry. Beijing: National Standard of China.

 HW (2016). National Directory of Hazardous Wastes. Beijing: Ministry of Ecology and Environment of the People's Republic of China.

 IRIS (1989). Integrated Risk Information System. Washington, DC: U.S. Environmental Protection Agency, Office of Research and Development.

 Lang, L., Chen, B., and Pan, Y. (2020). Engineering properties evaluation of unfired sludge bricks solidified by cement-fly ash-lime admixed nano-SiO2 under compaction forming technology. Construct. Build. Mater. 259:119879. doi: 10.1016/j.conbuildmat.2020.119879

 Liu, J., Hu, L., Tang, L., and Ren, J. (2021). Utilisation of municipal solid waste incinerator (MSWI) fly ash with metakaolin for preparation of alkali-activated cementitious material. J. Hazard. Mater. 402:123451. doi: 10.1016/j.jhazmat.2020.123451

 Meng, Y., Ling, T.-C., and Mo, K. H. (2018). Recycling of wastes for value-added applications in concrete blocks: an overview. Resourc. Conserv. Recycl. 138, 298–312. doi: 10.1016/j.resconrec.2018.07.029

 Neves, R., Vicente, C., Castela, A., and Montemor, M. F. (2015). Durability performance of concrete incorporating spent fluid cracking catalyst. Cement Concrete Comp. 55, 308–314. doi: 10.1016/j.cemconcomp.2014.09.018

 Payá, J., Monzó, J., Borrachero, M. V., and Velázquez, S. (2013). Cement equivalence factor evaluations for fluid catalytic cracking catalyst residue. Cement Concrete Comp. 39, 12–17. doi: 10.1016/j.cemconcomp.2013.03.011

 RAGS (1989). Risk-Assessment Guidance for Superfund (RAGS), Volume 1, Human Health Evaluation Manual (Part A). Washington, DC: Office of Emergency and Remedial Response.

 Ramezani, A., Emami, S. M., and Nemat, S. (2017). Reuse of spent FCC catalyst, waste serpentine and kiln rollers waste for synthesis of cordierite and cordierite-mullite ceramics. J. Hazard. Mater. 338, 177–185. doi: 10.1016/j.jhazmat.2017.05.029

 Taha, R., Al-Kamyani, Z., Al-Jabri, K., Baawain, M., and Al-Shamsi, K. (2012). Recycling of waste spent catalyst in road construction and masonry blocks. J. Hazard. Mater. 229–230, 122–127. doi: 10.1016/j.jhazmat.2012.05.083

 USEPA (2011). Toxicity Characteristic (40 CFR 261.24). Washington, DC: United States Environmental Protection Agency.

 Vogt, E. T. C., and Weckhuysen, B. M. (2015). Fluid catalytic cracking: recent developments on the grand old lady of zeolite catalysis. Chem. Soc. Rev. 44, 7342–7370. doi: 10.1039/C5CS00376H

 VRP (2000). Using Fate and Transport Models to Evaluate Cleanup Levels. Voluntary Remediation Program. cheyenne: Wyoming Department of Environmental Protection.

 Wai, C. M., Frye, J. G., Fulton, J. L., Le, B., Silva, L. J., and Gerber, M. A. (1999). Regeneration of Hydrotreating and FCC Catalysts. doi: 10.2172/12208

 Wang, C.-Q., Lin, X.-Y., Mei, X.-D., and Luo, X-G. (2019). Performance of non-fired bricks containing oil-based drilling cuttings pyrolysis residues of shale gas. J. Clean. Prod. 206, 282–296. doi: 10.1016/j.jclepro.2018.09.128

 Wang, Y., Gao, S., Liu, X., Tang, B., Mukiza, E., and Zhang, N. (2019). Preparation of non-sintered permeable bricks using electrolytic manganese residue: environmental and NH3-N recovery benefits. J. Hazard. Mater. 378:120768. doi: 10.1016/j.jhazmat.2019.120768

 Weishi, L., Guoyuan, L., Ya, X., and Qifei, H. (2018). The properties and formation mechanisms of eco-friendly brick building materials fabricated from low-silicon iron ore tailings. J. Clean. Prod. 204, 685–692. doi: 10.1016/j.jclepro.2018.08.309

 Xue, Y., Wei, X., Zhao, H., Wang, T., and Xiao, Y. (2020). Interaction of spent FCC catalyst and asphalt binder: Rheological properties, emission of VOCs and immobilization of metals. J. Clean. Prod. 259:120830. doi: 10.1016/j.jclepro.2020.120830

 Youcai, Z., and Sheng, H., (eds.). (2017). “Pretreatment and analysis methods of heavy metals and organic pollutants existing in construction and demolition waste,” in: Pollution Control and Resource Recovery. Butterworth-Heinemann (Oxford). doi: 10.1016/B978-0-12-811754-5.00003-8

 Zhang, Y. S., Lu, X., Owen, R. E., Manos, G., Xu, R., Wang, F. R., et al. (2020). Fine structural changes of fluid catalytic catalysts and characterization of coke formed resulting from heavy oil devolatilization. Appl. Cataly. B: Environ. 263:118329. doi: 10.1016/j.apcatb.2019.118329

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Zhang, Fang, Zhang, Liu, Zhang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 04 May 2021
doi: 10.3389/fmats.2021.670044





[image: image]

MoO2 Nanospheres Synthesized by Microwave-Assisted Solvothermal Method for the Detection of H2S in Wide Concentration Range at Low Temperature

Fei An, Shanjun Mu, Shucai Zhang, Wei Xu, Na Li, Haozhi Wang, Shiqiang Wang, Chenyang Zhao, Junjie Feng, Lin Wang and Bing Sun*

State Key Laboratory of Safety and Control for Chemicals, SINOPEC Research Institute of Safety Engineering, Qingdao, China

Edited by:
Huacheng Zhang, Xi’an Jiaotong University, China

Reviewed by:
Andrés Juan, University of Jaume I, Spain
Xinli Xiao, Harbin Institute of Technology, China

*Correspondence: Bing Sun, sunb.qday@sinopec.com

Specialty section: This article was submitted to Smart Materials, a section of the journal Frontiers in Materials

Received: 20 February 2021
Accepted: 15 April 2021
Published: 04 May 2021

Citation: An F, Mu S, Zhang S, Xu W, Li N, Wang H, Wang S, Zhao C, Feng J, Wang L and Sun B (2021) MoO2 Nanospheres Synthesized by Microwave-Assisted Solvothermal Method for the Detection of H2S in Wide Concentration Range at Low Temperature. Front. Mater. 8:670044. doi: 10.3389/fmats.2021.670044

It is crucial to develop highly energy-efficient and selective sensors for wide concentration range of H2S, a common toxic gas that widely exists in petrochemical industries. In this work, MoO2 nanospheres were rapidly synthesized by microwave-assisted solvothermal method, and were subsequently fabricated into H2S gas sensor. The MoO2 nanospheres-based sensor exhibited excellent response toward H2S with good linearity in a wide concentration range (10–240 ppm). Besides, this sensor presented low working temperature, good repeatability, and selectivity against CH4, H2, and CO. The outstanding sensing performance results from the reaction between H2S and abundant chemisorbed oxygen introduced by oxygen vacancies of MoO2. This result indicates that MoO2 nanosphere synthesized by microwave-assisted solvothermal method is a promising sensing material for H2S detection.
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INTRODUCTION

H2S, a common gas in petroleum refining and storage, would cause serious pollution to air and great damage to human body once leaked (Hu et al., 2018). Therefore, the detection and monitoring of H2S are vital for both environmental conservation and human health. In recent years, different kinds of H2S sensors have been developed, such as electrochemical sensors, surface acoustic wave sensors and resistive sensors (Mirzaei et al., 2018; Zhao et al., 2018; Khan et al., 2019; Tang et al., 2019). Among them, resistive sensors based on metal oxide nanoparticles have attracted great attention due to the high sensitivity and short recovery time. The metal oxide nanoparticles applied for resistive sensors can be classified into two categories: n-type (ZnO, SnO2, Fe2O3, and MoO3) and p-type (CuO, Cr2O3, and Co3O4) semiconductors (Fine et al., 2010; Walker et al., 2019). However, both of them need high operation temperature to achieve good sensing performance, which results in energy consumption issues and gas explosions risks (Gupta Chatterjee et al., 2015). Besides, the detection range of H2S for current nanoparticle based resistive sensors is mainly around the low end (<50 ppm), leading to inaccurate measurement of high concentration H2S (Guo Y. et al., 2016; Sukunta et al., 2017; Tian et al., 2017).

MoO2, a n-type semiconductor, has been applied as catalysts, photochromic, and electrochromic materials, due to good electronic conductivity and ion transport property (Ni et al., 2015; Jin et al., 2016; Zhang B. et al., 2017; Xia et al., 2018). However, there have been few reports on H2S sensors fabricated with MoO2. The preparation methodology of MoO2 needs to be improved as well–MoO2 is usually synthesized by the reduction of MoO3 with H2 or CO at ultrahigh temperature, which exhibits enormous risk of explosion (Wang L. et al., 2017; Prabhakar et al., 2018); conventional solvothermal/hydrothermal methods are milder ways to prepare MoO2, however, the long processing time, additional surfactants and low yield restricts its application (Xiang et al., 2015; Wang et al., 2016; Zhang et al., 2019). Microwave-assisted solvothermal method is a promising alternative method for the preparation of MoO2. Compared to traditional heat source, microwave irradiation generates a rapid heating to attain the desired temperature, due to the direct heating to polar molecules and conducting ions (Zhu and Chen, 2014). In contrast to the conventional solvothermal/hydrothermal methods, which suffer from large thermal gradients between the inner and outer media, the direct heating provides negligible thermal gradients through the reaction system (Mirzaei and Neri, 2016). The uniform heat distribution is beneficial for preparing regular products. Although MoO2 nanoparticles prepared with microwave-assisted hydrothermal method has been reported, which still need additional carbon or graphene, the resultant MoO2 nanoparticles shows irregular morphology (Palanisamy et al., 2015; Fattakhova and Zakharova, 2020). There are few works about MoO2 nanospheres prepared with microwave-assisted solvothermal method without additional surfactants.

In this report, a new method to synthesize MoO2 nanospheres without surfactant template by the microwave-assisted solvothermal method was presented. The morphology, crystalline, chemical state and stability of samples were investigated by SEM, XRD, XPS, and TGA. The working temperature, response, repeatability, and selectivity of the gas sensors based on MoO2 nanospheres were further studied in a gas sensing measurement system. Finally, the gas sensing mechanism of MoO2 nanospheres was discussed.



EXPERIMENTAL


Materials

MoCl5 was purchased from Sigma-Aldrich (China), absolute ethanol was purchased from Sinopharm (China). All reagents were of analytical grade without further purification, and the deionized water was used in all experiments.



Fabrication of MoO2 Nanospheres

MoO2 nanospheres were synthesized by microwave-assisted solvothermal method. In a typical synthesis procedure, 0.57 g of MoCl5 was dissolved in 240 ml absolute ethanol with vigorous stirring for 30 min. The MoCl5 solution was transferred into autoclaves and heated at 200°C for 3 h in a microwave oven (Multiwave PRO, Anton Paar). After cooled to room temperature, the resulting precipitate was collected and washed by centrifuging in deionized water and absolute ethanol, followed by freeze-drying under vacuum for 2 days. The resultant MoO2 nanospheres were named as MMOs. MMO-180 and MMO-160 were prepared at 180°C and 160°C for 3 h, respectively. For comparison, MoO2 nanospheres were also synthesized by conventionally solvothermal method, in which the MoCl5 solution was transferred into autoclaves and heated at 200°C for 24 h in an oven. The resultant MoO2 nanospheres were named as CMOs.



Characterization

A scanning electron microscope (SEM, JEOL JSM-7610F) was used to observe the morphologies of MoO2. X-ray diffraction (XRD) patterns were obtained on a Bruker D8 Advance Xray diffractometer with a Cu Kα radiation of 0.154 nm at a generator voltage of 40 kV. The chemical compositions of MoO2 were measured using Thermo Fisher ESCALAB 250 XI X-ray photoelectron spectroscopy (XPS). Thermogravimetric analysis (TGA) was performed in air atmosphere with a heating rate of 10°C/min by using a Shimadzu DTG-60 A thermogravimetric analyzer.



Fabrication and Test of Gas Sensors

The MoO2 powder was ground and mixed with terpineol at the mass ratio of 1:1 to form a paste. The paste was uniformly coated on the surface of alumina ceramic tube attached with a pair of gold electrodes, which were connected by Pt wires. A Ni-Cr heating wire was inserted into the tube to heat the gas sensor. Before the tests, the sensors were aged at 100°C for 5 days to improve stability. Gas sensing tests were performed on a commercial CGS-8 Gas Sensing Measurement System (Beijing Elite Tech Company Limited) with a test chamber (500 mL in volume). After the sensors’ resistance was stabilized at the target temperature, a calculated volume of gas was injected into the chamber. All tests were conducted at a room temperature of 25 ± 5°C and at 40 ± 5% relative humidity.

The gas response is defined as (Rair-Rgas)/Rair (Rair and Rgas are the sensors’ resistance in air and target gas, respectively). The response time and recovery time is defined as the time taken for the response to reach 90% of total change after testing atmosphere changed.




RESULTS AND DISCUSSION


Morphology and Structure

Figure 1 shows the morphology of MoO2 nanospheres prepared from microwave-assisted and conventional solvothermal method. The diameter of MMOs is in the range of 400–1,000 nm and the average diameter is about 740 nm. In contrast, CMOs own broader distribution of diameter and larger particle size, which affects the homogeneity and sensitivity of gas sensors. Besides, the process of microwave-assisted solvothermal method takes much less time than conventionally solvothermal method, because of the rapid microwave heating (Wang B. et al., 2017). The heating temperature is vital for the regular morphology of MoO2 nanospheres during microwave-assisted solvothermal method. As shown in Supplementary Figure 1, MMO-180 and MMO-160, prepared at lower temperature, exhibit irregular morphology, which may affect their sensing properties (Cai et al., 2015). Therefore, MMO is chosen to do further characterization and gas tests.
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FIGURE 1. SEM images and diameter statistics of (a–c) MMOs and (d–f) CMOs.


The crystal structure and chemical composition of MMOs were inspected by XRD and XPS. As shown in Figure 2A, MMO has distinct diffraction peaks at 2θ = 26.03°, 36.852°, 53.512°, and 66.456°, which could be indexed to (−1 1 1), (1 1 1), (−3 1 2), and (2 0 2) planes of monoclinic MoO2 phase according to the JCPDS 32-0671 (Kim et al., 2009). This suggests MoO2 was successfully synthesized by microwave-assisted solvothermal method. On the contrary, MMO-180, MMO-160, and CMO have broader and weaker diffraction peaks, applying to the incomplete crystalline phase, which is consisted with the SEM images. To identify the valence of Mo and the chemisorption of O, we characterized the MMOs by XPS. As shown in Figure 2B, XPS spectra of Mo consists of three peaks: two peaks at 231.7 and 235.6 eV present the Mo 3d5/2 and Mo 3d3/2 spin-obit components of Mo6+, respectively; the peak at 233.1 eV is assigned to Mo 3d5/2 of Mo4+ (Choi and Thompson, 1996). The appearance of Mo6+ indicates the slightly oxidation at the surface of MoO2 by the exposure to air at room temperature, considering no distinguishing peaks of MoO3 observed at XRD patterns as shown in Figure 2A. Figure 2C shows the XPS spectra of O 1 s, consisted of two peaks at 531 and 531.9 eV, corresponding to lattice and chemisorbed oxygen, respectively. The appearance of chemisorbed oxygen results from the coordination unsaturation of Mo, implying the presence of oxygen vacancy (Yang et al., 2015). The abundant chemisorbed oxygen is beneficial for the sensitivity of MoO2, since the resistance change is mainly occurred by the reaction between chemisorbed oxygen and target gas (Jian et al., 2020). TGA curves of MMO (Figure 2D) shows a decrease of mass before 300°C, due to the loss of adsorbed water. During this temperature range, there is no obvious increase of mass, which implies MMOs are relative stable at low temperature. The stability of MMOs at low temperature is crucial for the repeatability of gas sensors. At higher temperature, a slight increase of mass occurred, corresponding to the oxidation of MoO2.
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FIGURE 2. (A) XRD patterns of MMO, MMO-180, MMO-160, and CMO; XPS spectra of (B) Mo 3d and (C) O1s, and (D) TGA curves of MMOs.




Gas Sensing Properties

The response to H2S depends on the physical and chemical absorption of gas, which is strongly affected by the working temperature (Su et al., 2019). Thus, we investigated the optimal working temperature of MMO gas sensor. As shown in Figure 3A, the response of MMO gas sensors to 10 ppm H2S increased first and then decreased as the working temperature rising. The optimal working temperature is 100°C, which is much lower than that of other metal oxide gas sensors and beneficial for energy saving (Guo W. et al., 2016; Wang et al., 2019; Nguyen et al., 2020). The low working temperature may come from the abundant chemisorbed oxygen and oxygen vacancy in MMO (Shen et al., 2019). Therefore, further tests of sensing properties are all completed at 100°C.
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FIGURE 3. (A) The response of MMOs to 10 ppm H2S at different working temperature; (B) the response of MMOs to different H2S concentration at 100°C; (C) the real-time response of MMOs to 40 ppm H2S at 100°C; (D) five response cycles of MMOs to 40 ppm H2S at 100°C.


Figure 3B presents the response of MMO to H2S at different concentrations (1–240 ppm). It can be seen the response increases significantly with increasing concentration of H2S, and there is good linear relationship (R2 = 0.996) between response and the concentration of H2S in the whole range. Unlike other sensors’ narrow range of linear relationship, sensors of MMO with good linear relationship in a broad range are suitable for detection of H2S with large change of concentration (Na et al., 2019; Teng et al., 2020). The response and recovery curve of MMO to 40 ppm H2S at 100°C is shown in Figure 3C with a response time of ∼6 min and recovery time of ∼1 min. The repeatability presented in Figure 3D is also important for gas sensors and other devices (Kong et al., 2021a,b). The curves of response show negligible difference after repeating five cycles of tests to 40 ppm H2S, which implies good repeatability and stability of MMO. To investigate the selectivity of MMO sensor, it was exposed to various gases, including CH4, H2, and CO. As shown in Figure 4A, the sensor exhibits higher response to H2S than other gases, which could greatly weaken the interference of non-target gases. The response of MMO, MMO-180, MMO-160, and CMO are shown in Figure 4B, in which MMO has the highest response to H2S.
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FIGURE 4. (A) the response of MMOs to various gases; (B) the response of MMO, MMO-180, MMO-160, and CMO to 160 ppm H2S.


Table 1 summarizes the sensing performance of different metal oxide to H2S. Compared to other metal oxide in early work, MMO sensor exhibits lower working temperature and wider concentration range to detect H2S. Besides, the good repeatability and selectivity makes MMO sensor suitable for detection of H2S leakage in chemical petrochemical companies.


TABLE 1. Comparison of sensing performance between MMO and other metal oxide.
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Gas Sensing Mechanism

As a typical n-type semiconductor, the sensing performance of MMO strongly depends on the free electron density (Figure 5). According to the density functional theory (DFT), the adsorption and dissociation of O2 on MoO2 surface could occur rapidly at room temperature, due to the high adsorption energy and low dissociation barrier (Zhang Q. et al., 2017). Therefore, when MMO exposed to air, oxygen molecules adsorb onto the surface of MMO and take free electrons from MMO, forming chemisorbed oxygen (O2–) and resistant electron-depletion layer (EDL) as the working temperature below 150°C (Franke et al., 2006). This leads to decreased free electron density and increased resistance (Mirzaei et al., 2018). After H2S was injected into the chamber, H2S molecules react with O2– to form SO2 and water vapor. In this process, free electrons trapped by O2– come back to the MMO, causing the increased free electron density and decreased resistance (Katoch et al., 2015). After exposed to air again, the oxygen molecules will be re-adsorbed and reconstruct the EDL. During the tests, H2O also participated in the reaction via reacting with hole (h+) to render the radical hydroxyl(•OH), which justifies the optimal working temperature is 100°C.


[image: image]

FIGURE 5. Schematic diagram of H2S sensing mechanism of MMOs.


The whole reaction is described below:

[image: image]

As discussed in XPS characterization before, there is abundant chemisorbed oxygen on the surface of MMO, which could react with a large of H2S molecules without saturation. This causes the good linear relationship in a broad range of MMO sensors to H2S.




CONCLUSION

MoO2 nanospheres was rapidly synthesized by microwave-assisted solvothermal method at 200°C for 3 h. The resultant MMO exhibit more regular dimension than CMON prepared by conventionally solvothermal method. At an optical working temperature of 100°C, the MMO-based sensors exhibit excellent response, linear relationship, repeatability and selectivity toward a broad concentration range of H2S (10–240 ppm). The oxygen vacancies on the surface of MMO results in abundant chemisorbed oxygen which could react with H2S, causing outstanding sensing performance of MMO sensors. In a word, MoO2 nanosphere with abundant chemisorbed oxygen is a promising sensing material for detection of H2S leakage in chemical companies.
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A detailed understanding of the mismatched base-pairing interactions in DNA will help reveal genetic diseases and provide a theoretical basis for the development of targeted drugs. Here, we utilized mononucleotide fragment to simulate mismatch DNA interactions in a local hydrophobic microenvironment. The bipyridyl-type bridging ligands were employed as a mild stabilizer to stabilize the GG mismatch containing complexes, allowing mismatch to be visualized based on X-ray crystallography. Five single crystals of 2′-deoxyguanosine–5′–monophosphate (dGMP) metal complexes were designed and obtained via the process of self-assembly. Crystallographic studies clearly reveal the details of the supramolecular interaction between mononucleotides and guest intercalators. A novel guanine–guanine base mismatch pattern with unusual (high anti)–(high anti) type of arrangement around the glycosidic angle conformations was successfully constructed. The solution state 1H–NMR, ESI–MS spectrum studies, and UV titration experiments emphasize the robustness of this g–motif in solution. Additionally, we combined the methods of single-crystal and solution-, solid-state CD spectrum together to discuss the chirality of the complexes. The complexes containing the g–motif structure, which reduces the energy of the system, following the solid-state CD signals, generally move in the long-wave direction. These results provided a new mismatched base pairing, that is g–motif. The interaction mode and full characterizations of g–motif will contribute to the study of the mismatched DNA interaction.
Keywords: base-pair mismatch, g–motif, self-assembly, chirality, crystal structure
INTRODUCTION
The non–B-DNA secondary structures (Afek et al., 2020; Xiong et al., 2021), which are folded in a different manner from B-DNA or form unnatural base pairs that are not used for Watson–Crick (G≡C and A = T) base pairing (Watson and Crick, 1953; Brovarets’ et al., 2018), can induce genetic instability and cause a variety of human diseases (Brovarets’ et al., 2019; Li et al., 2020). However, the research of mismatched base-pairing interactions has great significance because they play an important role in various processes related to the biological function of nucleic acids (Iyer et al., 2006; Granzhan et al., 2014; Mondal et al., 2016), helping to reveal genetic diseases caused by the non–B-DNA structures. In biological systems, for example, aberrant amplification of the hexanucleotide GGGGCC (G4C2) repeated in the human C9ORF72 gene is the most common genetic factor found behind frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) (DeJesus-Hernandez et al., 2011). Recently, Tuân Phan group have shown the structures of DNA and RNA duplexes formed by G4C2 repeats, which alternately contain two types of GG mismatched base pair (Maity et al., 2021). Based on the structural analysis of mismatched base pairs in a variety of sequence contexts, it is shown that mismatches are highly polymorphic in nature; many of the mismatched base pairs can exist as protonated bases, such as bifurcated hydrogen bonds, wobble pairs, and various pairing conformations involving syn–syn, anti–ant, and anti–syn isomerization (Faibis et al., 1996; Varani and McClain, 2000; Ghosh et al., 2014).
How to construct and describe mismatched base-pairing interactions in structural details is a key issue for understanding the mechanism of the formation of non–B-DNA and finding effective ways to treat some genetic diseases. Numerous studies have shown that many small-molecule intercalators with pharmaceutical and/or diagnostic potential (Satange et al., 2018; Pages et al., 2019) can recognize mismatched DNA or RNA duplexes and induce various degrees of structural deformations. The existence of unstable mismatches in nucleic acid sequences may cause nucleobases flipping into additional helical positions, which itself is a significant phenomenon observed during the binding of small-molecule ligands to DNA or RNA duplexes (Jourdan et al., 2012; Tseng et al., 2017). DNA bending is also considered to be an important consequence of the action of those small molecules inserted into the DNA duplexes (Hou et al., 2002; Hall et al., 2011; Hall et al., 2014). Significantly, many structural features of small-molecule–DNA complexes have also been found in DNA–protein complexes, which indicate that in some cases, they may share similar interaction mechanisms (Chen et al., 2018; Da and Yu, 2018).
The non–B-DNA secondary structures known as G-quadruplex (G4), formed by alternative GG Hoogsteen mismatches at physiological temperature and potassium concentration, found in oncogene promoters and telomeres are often used as antitumor and antibacterial targets (Musumeci et al., 2016; Hansel-Hertsch et al., 2017; Hansel-Hertsch et al., 2018; Punt et al., 2020). The appealing possibility to treat cancers without impairing normal cells stimulated the synthesis of large libraries of putative selective G-quadruplex targeted ligands. For example, naphthalene diimides (NDIs) have a remarkable potential as anticancer drugs because of their well-proven ability to strongly interact with G-quadruplex (Salvati et al., 2016; Pirota et al., 2019; Platella et al., 2020a; Platella et al., 2020b). Encouraged by these results, many scientists use various optical methods (Gómez-González et al., 2018; Zhang and Wang, 2019; Lim and Hohng, 2020; Chen et al., 2021) and DFT theoretical calculations (Wu et al., 2012; Yao et al., 2013; Shi et al., 2015; Wang et al., 2019) to undertake an in-depth research on the interaction of intercalators and G-quadruplex, to reveal the structural details of this strong and specific binding. As we know, the visualization of these “host–guest” interactions based on X-ray crystallography will help understand the details of interactions between functional intercalations and targets, as well as the nucleotide conformational polymorphism changes. Although some related researches have been reported by single-crystal XRD (Monestier et al., 2017; Chu et al., 2019; Geng et al., 2019; Satange et al., 2019; Mao et al., 2020), the well-defined structure of “host–guest” interaction about intercalator-mismatched DNA remains as a fundamental and challenging issue for comprehensive understanding of the biological processes in genomic DNA. A proper design and synthesis of molecular building blocks is an effective methodological strategy to obtain innovative functional materials, which is an ultimate target in supramolecular chemistry. Based on the research of nucleotide–metal complexes, the diversities of coordination and supramolecular self-assembly inspired us to design and investigate the materials with programmable functions, by taking advantage of their unique properties including specific recognition ability, tunable conformations, and biocompatibility.
In the current study, 2′–deoxyguanosine–5′–monophosphate (dGMP) fragment was used to simulate the interaction between small-molecule intercalators and mismatched DNA in a local hydrophobic microenvironment, in order to understand its structural consequences for DNA duplexes. We use bipyridine bridged ligands as a mild stabilizer in order to stabilize and enable crystallization of the GG mismatch containing complexes. Five complexes of dGMP with transition metals (Scheme 1), [Co(HdGMP)2(H2O)4]·(4,4′-bipy)·3H2O (1), [Co(HdGMP)2(H2O)4]·(bpe)·4H2O (2), [Co(HdGMP)2 (H2O)4]·(bpa)·4H2O (3), and {[Zn (bpda) (H2O)4]·(HdGMP)·4H2O}n (4), [Mn (dGMP) (H2O)5]·3H2O (5), [4,4′–bipy = 4,4′–bipyridine, bpe = 1,2-bis(4-pyridyl)ethene, bpa = 1,2–bis(4-pyridyl)ethane, and bpda = 1,4-bis(4-pyridy)–2,3-diaza-1,3-butadiene] were successfully designed and obtained via the process of self-assembly. We use X-ray crystallography to observe the supramolecular interactions between small guest molecules and isolated mismatched base pair. A novel guanine–guanine base mismatch pattern with unusual (high anti)—(high anti) type of arrangement around the glycosidic angle conformations was successfully constructed. This base pair is different from GG Hoogsteen base pairs and reverse Watson–Crick GG mismatched base pairing (Mondal et al., 2016)7, but is similar to hemiprotonated CC+ and AA base pairs in i–motif and A–motif, respectively. So, we named it g–motif in this work. Precise structures indicate that the shorter auxiliary ligands produce the g–motif structure in which guanine is involved in the coordination at N7 site due to their smaller space; the longer bridging ligand provides a bigger hydrophobic microenvironment for guanine bases; thus, a perfect g–motif structure is presented. Certainly, the g–motif is not produced in the absence of auxiliary ligand. These results will be meaningful for revealing the genetic instability, and provide insights on intercalator–mismatch DNA interactions and a rationale. Obviously, it also provides a certain theoretical basis for the development of targeted therapeutic drugs.
[image: Scheme 1]SCHEME 1 | Different protonation states of (A) dGMP2– and (B) HdGMP– in aqueous solution.
RESULTS AND DISCUSSION
Design and Synthesis
In biological systems, short nucleotide fragments (such as single nucleotides and dinucleotides) usually cannot form stable hydrogen-bonded base pairs or duplexes in aqueous environments until higher order oligomers are used (Philp and Stoddart, 1996), because water molecules are constant competitors. Hence, a majority of studies involve hydrogen bonds, which typically exploit additional weak interactions [aromatic stacking (Kato et al., 1995; Westover et al., 2004; Korostelev et al., 2006) or the hydrophobic effect (Jourdan et al., 1999; Hirschberg et al., 2000)] or employ noncompetitive organic solvents to shield from the competing water molecules.
In our strategy, the bipyridyl-type bridging ligands with different sizes were chosen as a multifunctional auxiliary ligand; on the one hand, they can precisely adjust the orientation of purine bases through stacking interactions; on the other hand, they can provide an ideal flat, hydrophobic microenvironment with different interplanar distances for the binding of single planar aromatic molecules (nucleobase or nucleotide). Additionally, they can prevent the nonenzymatic hydrolysis of nucleotide phosphate groups and increase the crystallization of nucleotide complexes, because the bridging ligands would coordinate to metal ions by competing with dGMP as a structure modifier. As a result, under the co-control of auxiliary ligands and solvent based on the above design idea, we successfully synthesized and obtained 1–4 in water–ethanol solution (the ratio is 2:1) and 5 in water solvent.
Crystal Structure and G–motif
All of the complexes were obtained at a slightly acidic condition and studied by the X-ray single crystal diffraction method. Complexes 1–3 and 5 are mononuclear nucleotide complexes, but 4 is a 1D coordination polymer. The nucleotides in 1–3 are coordinated with metal ions, and the auxiliary ligands exist as guest molecules. However, 4 is opposite to 1–3, which is a 1D coordination polymer linked by the auxiliary ligand as a bridge ligand and the nucleotide is uncoordinated. Complex 5 is a binary complex without the participation of auxiliary ligands. The protonated nucleotide HdGMP can be determined by the length of the longer uncoordinated P–O bond via X-ray diffraction at a good accuracy. The crystallographic data for complexes 1‒5 are summarized in Table 1. Interestingly, ternary nucleotide complexes (1–4) with the auxiliary ligand can be obtained only in organic solvents, while binary nucleotide complex (5) can be obtained just in pure water environment. Clearly, the solvent effect also plays an important and effective role to control the formation of nucleotide complexes.
TABLE 1 | Crystallographic data for complexes 1‒5. Bold values are CCDC number of Crystals.
[image: Table 1]Complexes 1–3 are essentially isomorphous, except for the size of the bridging ligand (Supplementary Figure S3). Since the size of the auxiliary ligand in 2 (bpe = 9.4 Å) is greater than that of 1 (bipy = 7.1 Å) and the stiffness is stronger than that of 3, we take 2 as an example for structural analysis. In addition, the molecular structure diagrams and related hydrogen bond information of 1 and 3 are given for comparison (Supplementary Figures S4–S8). The single crystal X-ray diffraction analysis reveals that Co(II) central in 2 is six-coordinated, showing a N2O4 octahedral coordination mode with two imidazole N atoms (N2 and N7) from HdGMP at the axial positions and four oxygen atoms from water molecules at the equatorial positions (Supplementary Figure S1). Another four water molecules and one bpe molecule exist as guest molecules and play an important role in the geometry and conformation of the nucleoside moiety. The terminal P–O bond lengths are 1.565(4) Å for p (1)–O (4) and 1.561(4) Å for p (2)–O (10) in 2, whereas the mean value of P–O is 1.517(3) Å for nonprotonated nucleotides (Supplementary Tables S3, S6), so the longer bond length indicates that only those oxygen atoms (O4 and O10) are protonated.
The stereochemistry around the glycosidic bond C (1′)–N bond angle χ for the purine bases in two is unusual. They are measured by the C (8)–N (1)–C (5)–O (5) and C (18)–N (6)–C (15)–O (12) (χ) torsion angle, which is –76 (1)° for the N (1)–bound Co(II) central and –82 (1)°for the N (6)–bound Co(II) central, respectively. This special conformation can be described as high anti, –sc (Cini and Pifferi, 1999; Asami et al., 2012) for the coordinated nucleotide (Supplementary Figure S2). To the best of our knowledge, this extreme position described as high anti is not frequent for nucleoside and has never been found before for the solid-state structures of dGMP nucleotides. Intriguingly, upon studying the H-bonding of 2, we found that the complex has a novel guanine–guanine base mismatch pattern (Figure 1A). Because of very limited examples in the GG mismatch base pairs with the structural details and in order to specify the mismatch base pair study as well, the g–motif has been named for the first time in this manuscript. Compared with the hydrogen bonds of G–quadruplex, the g–motif base pair of two has a slightly longer bond length and a larger angle except for the absence of N–H···O-type hydrogen bonds (Complex 2: N–H···N, 2.96–2.99 Å, 171°–175°; G–quadruplex: N–H···N, 2.88–2.91 Å, 166–170°, N–H···O, 2.86–2.92 Å, 159–165°). Simultaneously, this kind of H-bonding can expand the structure of this complex from 0D into a 1D linear chain (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) The 1D supramolecular structure of two viewed from a axis. (B) The π–π stacking interactions in the 2D structure of two. (A) Various noncovalent interactions in high trans conformation (O16–H16C···O2, 0.84 Å, 1.90 Å, 2.70 Å, 159°). Partially shaded area of (A) is the g–motif structure (N5–H5A···N9, 0.86 Å, 2.11 Å, 2.96 Å, 171°; N10–H10 A···N4, 0.86 Å, 2.13 Å, 2.99 Å, 175°) (cobalt: violet, carbon: gray, hydrogen: yellow, oxygen: red, nitrogen: blue, and phosphorus: pink).
These observations lead us to suspect that bridging ligands play a key role in relating the stereochemistry of the base with respect to the sugar and the formation of the g–motif structure. Further studies indicated that the deviations of the Co(II) central from the plane of the purine bases are obviously smaller (0.18 Å and 0.18 Å) in 2, and the N(2)–Co–N(7) angle is close to 180° (172°). However, compared with other complexes (Poojary and Manohar, 1988), the coordination geometry and mode of metal central are the same as that of 2, except for the guest molecule, which forms a sharp contrast with 2. In those complexes, the Co(II) central is significantly out of the plane of the purine rings, and the deviations were 0.67–0.68 Å. Even though the N–Co–N angles are about 82.3–84.5°, the dihedral angle between the two purine bases is only 40–50°. Therefore, the noncovalent interactions between purine bases and auxiliary ligands in 2 can fix and stabilize this extreme conformation of purine bases, and further induce it to form an almost perfect plane along a axis (Figure 1A). This hypothesis was confirmed by a crystal structure analysis, in which multiple π–π stacking interaction was formed between the auxiliary ligands and the nucleobases (Figure 1B; Supplementary Figure S4). Another reason is the strong intramolecular hydrogen bonds among the coordinated water molecules (O15 and O16) with the phosphate oxygen atoms (O2 and O9) and carbonyl oxygen atoms of the purine base (O7 and O14), which can also limit the flexible conformation of guanine nucleotides (Figure 1C). It is worth noting that this extreme conformation high anti is caused by the cooperation of those above noncovalent interactions.
Furthermore, the 1D linear chains are combined into a 2D supramolecular sheet via N–H···O hydrogen bonds between pyrimidine nitrogen atoms (N3 and N8) and the phosphate oxygen atoms (O3 and O11) in the adjacent chains (Supplementary Figure S6). Based on hydrogen bonds formed by the hydroxy group of the pentose ring with carbonyl oxygen atom of the base, these 2D structures can be further assembled into a 3D sandwiched framework (Supplementary Figure S7). Although the bridging ligand bpe does not participate in the coordination, it plays a decisive role in the formation of the g–motif structure. As a Lewis base, bpe can not only act as a buffer regulator of solution pH but also induce the formation of g–motif through stacking interaction. The shorter bridging ligand 4,4′-bipy and the more flexible auxiliary ligand bpa can also still induce the formation of the g–motif structure. The structural details of their g–motif can be seen in Supplementary Figure S5. Due to the narrow hydrophobic microenvironment of 4,4′-bipy in 1, the π–π stacking interaction between the pyridine ring and the purine base is significantly weakened. So the corresponding hydrogen bond interaction in 1 is slightly weaker than that in 2. The length of bpa is close to bpe, so the hydrogen bond strength of g–motif in 2 and 3 is almost the same. However, the dihedral angle of g–motif is less than that of 2 for the flexibility of bpa, which makes it more adaptable to the orientation of purine bases.
However, studies have shown that due to blockage of N7 of the purine ring, the same hydrogen bonding patterns occur on the minor groove binding face in this nucleobase (Sigel et al., 2002). To further demonstrate the universality of this strategy, we chose bpda (11.2 Å) with larger molecular length as the bridging ligand, and fortunately obtained the single crystal structure of 4. X-ray diffraction shows that 4 is made up of 1D linear [Zn (bpda) (H2O)4]+ cationic chains, uncoordinated partially protonated [HdGMP]− anions, and guest water molecules. The protonated nucleotide [HdGMP]− can still be determined by the relatively longer uncoordinated P‒O bond length (Supplementary Table S5; Supplementary Figure S9). The coordination geometry of the Zn(II) central in the 1D Zn (bpda) (H2O)42+ chain is presently a deformed octahedral geometry with two nitrogen atoms from two different bridging molecules at the axial positions and four coordinated water molecules in the equatorial sites (Supplementary Figure S9). It is remarkable that the guest partial protonation [HdGMP]– anions also have g–motifs, and the dihedral angle of the base rings is 18.9 (2)° (Figures 2A,C). Compared with 1–3, the N7 site in 4 does not coordinate with the metal ion, but still produced the same base-pair mismatch, which well demonstrated the effectiveness of our strategy. There are multiple π–π stacking interactions between the coordinated bridging ligand bpda and the guest [HdGMP]− anions (Figure 2B). The Zn···Zn distance of four bridged by the bpda is 15.702 (1) Å. Each pyridine ring of bpda is basically directly opposite to the purine base part of [HdGMP]− (Figure 2B), and the distance of the –C=N–N=C– part of bpda exactly matches the space required to form a guanine–guanine base pair, so that the prospective g–motif structure has been obtained. If the bpda ligands are ignored, these dimers, which were connected by g–motif, obtain a 2D H-bonding layer through hydrogen bonds between the base and the phosphate oxygen (Supplementary Figure S10). Then, the same layers are further linked into the 3D supramolecular structure via the hydrogen bonds between the sugar ring hydroxyl and the carbonyl group on the base (Supplementary Figure S11A). While there are electrostatic interaction and hydrogen bonds between the 1D [Zn (bpda) (H2O)4]+ cationic chain and the nucleotide anion in this 3D structure (Supplementary Figure S11B). It is worth noting that the value of the glycosyl torsion angles χ C (4)–N (9)–C (1′)–O (1′) is –83.4°, which was also corresponding to the high anti conformation. This discovery proves the importance of the conformation of nucleoside moiety once again.
[image: Figure 2]FIGURE 2 | (A) Molecular structure of four. The uncoordinated water molecules and part of hydrogen atoms are omitted for clarity. (B) The π–π stacking interactions in four. (C) g–motif and dihedral angle in four (N6–H6A···N5, 0.86 Å, 2.18 Å, 3.04 Å, 177°). The protonation of phosphate is highlighted by yellow hydrogen atoms. (zinc: turquoise, carbon: gray, hydrogen: yellow, oxygen: red, nitrogen: blue, and phosphorus: pink).
Complex 5 was obtained in pure water, and the Mn(II) center is also present as a slightly distorted octahedral geometry with five coordinated water molecules and one dGMP2– ligand by oxygen atoms and imidazole N atoms, respectively (Figure 3; Supplementary Figure S12). The mean value of bond length Mn–Owater is 2.201 (2) Å, which is in accordance with that in the previous reports (Lin et al., 2018). In this complex, the symmetry-related nucleotides coordinate in the cis position. Although the central metal Mn(II) is significantly in the plane of the purine rings, no base pairing was found in its crystal structure. Why? Compared with 1–4, this may be attributed to the lack of participation and induction of auxiliary ligands, thus lacking the local environment of the hydrophobic required for base pairing. Additionally, the value of the glycosyl torsion angles χ is –163° corresponding to anti conformation. This counterexample also confirms the key role of the high trans conformation in the formation of g–motif.
[image: Figure 3]FIGURE 3 | Summary of crystal structures presenting g–motif and π–π stacking interaction in complexes 1–5.
Studies of G–Motif in Solution
Taking 4 as an example, we illustrate the formation of the g–motif structure in a solution. Stirring an aqueous solution of 2′-deoxyguanosine-5′-monophosphate (dGMP, 0.05 mmol) and Zn(NO3)2 (0.05 mmol) in the presence of bpda bridging ligand (0.05 mmol) resulted in the formation of four, as evidenced by 1H–NMR spectroscopy (Figure 4A). In order to increase the solubility of the complex, we mixed a small amount of DMSO organic solvent with a ratio of 2:1.
[image: Figure 4]FIGURE 4 | (A) Schematic representation of g–motif formation. (B)1H–NMR spectrum of dGMP ligand in solution (D2O: DMSO–d6 = 2:1) at room temperature. (C)1H–NMR spectrum of 4 in solution (D2O: DMSO–d6 = 2:1) at room temperature.
The nucleobase protons were shifted upfield and downfield (Δδ = 8.03→8.00 ppm and 6.11→6.13 ppm) for guanosine H8 and H1 of dGMP (Figures 4B,C; Supplementary Figure S23), respectively. The ribose protons signal around 2.24–3.94 ppm shift slightly, indicating the existence of little changes in the environment. The ratio of peak area of four indicates that the molecular number ratio of dGMP to bpda is 2:1 (Supplementary Figure S24). These observations may suggest that the nucleobase moieties are located on the inner side of the bpda via stacking interaction, and that the ribose part also undergoes conformational changes. The three aromatic signals derived from bpda (8.75, 8.70, and 7.83 ppm, Supplementary Figure S23) are much sharper, presumably owing to fast formation processes of the g–motif structure in 4 (Sawada et al., 2009; Sawada and Fujita, 2010). Additionally, we successfully captured g–motif structural fragments in ESI-MS spectrometry (Supplementary Figure S25), which further proved that g–motif can form in a solution.
In order to study the interactions of bridging ligands (4,4′–bipy, bpe, bpa, bpda) with M–dGMP (M = Co2+, Zn2+) in an aqueous medium, UV titrations were carried out by adding an auxiliary ligand to the solution of M-dGMP. UV absorbance was measured as a function of concentration of bridging ligands. The measurement results are shown in Supplementary Figure S21. Isosbestic points were not found in all titration curves, indicating that the auxiliary ligand does not directly interact with the M-dGMP system. The high-quality crystal data of the complexes show that only the host–guest interaction existed between the auxiliary ligand and dGMP. With increased auxiliary ligand concentration, the apparent intensity increased at 250–300 nm and broadened the main absorption at 265 nm. Those changes come from the strong π–π* transition induced by the intermolecular interaction between auxiliary ligands and dGMP based on UV-vis absorption spectra of individual dGMP, bridging ligands and complexes (5 × 10−5 mol/L, Supplementary Figure S20), rather than a simple superposition of the auxiliary ligand and the absorption spectrum of M-dGMP, and the intermolecular interaction can also be proved by the single crystal structure of the complexes.
Circular Dichroism Spectroscopy
The Flack absolute parameters clearly indicate that all these coordination complexes exhibit homochirality. There are two kinds of chirality sources: 1) the intrinsic chirality of the pentose ring of nucleotides and 2) supramolecular helical chirality formed by noncovalent bonds (H-bonding and π–π stacking). All the chiral sources of these complexes were investigated in detail based on their crystal structures and circular dichroic spectrums.
In an aqueous solution, the negative CD signal near 250 nm and the positive Cotton effect at 220 nm for dGMP ligand (Figure 5A) correspond to the pentose ring and base n–σ*, n–π* transition absorption, and π–π* transition (Brunner and Maestre, 1975; Holm et al., 2007) between adjacent bases, respectively, which are consistent with its UV absorption spectrum (Supplementary Figure S19). Compared with the dGMP ligand, the UV-vis spectra of 5 is basically consistent with the ligand, but the UV-vis spectra intensity of 1–4 is significantly increased and obviously broadening, which may be attributed to the formation of conjugate structures between the bridging ligand and the nucleotide. In the CD spectrum, the signal peaks of the complexes and the ligand are almost the same, indicating that the chirality of the complexes depends on the inherent chirality of the ligand (Figure 5A). The negative Cotton effect of 1–5 is slightly enhanced at 250 nm, which is due to the mutarotation of the dGMP molecule in aqueous solution, resulting in α–- and β-type enantiomers, and the coordination of metal ions enhances the advantage of the β-type enantiomer (Ingwall, 1972).
[image: Figure 5]FIGURE 5 | (A) The CD spectrum of the solution of dGMP and complexes 1–5; the spectrum was obtained by measuring 2.5 × 10−5 mol/L solution in a 1-nm cell. (B) The crystallized solid-state CD spectrum of dGMP and complexes 1–5 (KBr: (sample) = 200: 1).
The solid CD spectra of the dGMP ligand and complexes are shown in Figure 5B, and the relevant summary is shown in Supplementary Figure S15. Among them, 1 and 4, and 2 and 3 are similar, which may depend on the same space group (Supplementary Table S1). Complex 5 almost maintains the chiral signals of the ligand. Based on our research on the solid-state CD spectrums and crystal structures of the dGMP and GMP ligands, the chiral signals at 281 nm (–) and 301 nm (+) may be attributed to the pentose ring envelope (E) conformation (Supplementary Figures S14–18; Supplementary Tables S13, S14). The Cotton effects centered at 260 nm (–) have a slight redshift, and the signal is almost reversed, which is caused by the widespread π–π stacking interactions and supramolecular helical structure along b axis, respectively. Complexes 1 and 4 generally have a slight redshift at the absorption peak at 235 nm (+) relative to the dGMP ligand, which can be explained by the formation of the g–motif. Crystal analysis shows that the formation of N–H···N hydrogen bonds between the purine bases reduces the energy of the system, so n–π* transition does not need to absorb higher energy. On the contrary, due to the lack of the g–motif structure, this absorption peak blue shifted to 222 nm (+) in 5. The negative Cotton effect about 263/264 nm (+) was also redshifted relative to the ligand in 1 and 4, which was related to the extensive and very strong π‒π stacking interaction. Curiously, the chiral signals of 2 and 3 at Cotton effect 258 nm (–) changed, and new peaks are generated at 312–318 nm. This may be attributed to the supramolecular helical structure constructed by hydrogen bonds, which, as a new source of chirality, changes the symmetry of electronic transitions, causing the chiral signal to reverse (Maeda et al., 2006). The new peaks may be attributed to the supramolecular helix chirality of the complexes. Further crystallographic research shows that the 3D supramolecular structure of 2 and 3 contains a quadruple helical structure constructed by hydrogen bonds (O6–H6···O7, 1.91 Å, 2.71 Å, 169°; O13–H13···O14, 2.01 Å, 2.81 Å, 168°, and N3–H3···O3, 1.84 Å, 2.70 Å, 173°; N8–H8···O11, 1.87 Å, 2.73 Å, 176°). The chiral conformation of the quadruple helical in 2 and 3 exhibits P-chirality because the dGMP ligand wraps around the b axis in a clockwise manner (Supplementary Figure S8). Compared with 3, complex 2 has stronger H-bonding, so a slight redshift occurs (312→318 nm).
CONCLUSION
In summary, a rational design and construction of the GG mismatch base pairing has been achieved by dGMP with pyridine derivatives to simulate a local hydrophobic microenvironment in DNA, which was named as the g–motif for the first time, in order to specify the mismatch base pairs. There are fully characterized g–motif both in solution and the crystallized solid state. Especially, single crystal structural analysis for the g–motif in the five nucleotide coordination complexes provides the structural details of the GG mismatch base pairing. In this work, the interaction mode of the g–motif shows an unusual (high anti)–(high anti) pattern. The shorter auxiliary ligands with different sizes produce a suitable space for the formation of the g–motif, in which guanine is involved in the coordination of N7 donor. However, the g–motif does not appear in the coordination complex without auxiliary ligand. The co-assembly of these DNA intercalators and nucleotides produces supramolecular crystals arranged through a combination of π−π stacking and hydrogen-bond interactions, which overcomes the inherent limitations of self-assembly leading to materials with unprecedented properties. Our research critically expands the breadth of programmable and functional materials attainable by self-assembly. In solution, the g–motif also exists and is confirmed by 1H–NMR and ESI-MS spectrum. In addition, the strong π–π stacking interaction between the auxiliary ligand and dGMP can be detected by the UV–vis titration. The chirality of the coordination complexes has been studied by the method of solid-state CD spectra combining with X-ray crystal diffraction analysis which has been developed in our laboratory, which is an effective way to help us to understand the g–motif comprehensively, both the structure and the properties. Primarily, the g–motif can be identified in a crystallized state CD spectrum by the redshift coming from the hydrogen bond in g–motif. Additionally, some small-molecule ligands, such as rhodium and platinum metalloinsertors, have been reported to target mismatch DNA, with important applications in the therapy and diagnosis of cancer. However, many of these metalloinsertors are generally highly cytotoxic with many different side effects. The understanding of the structure interaction in current research that can be regarded as a chemical tool for interrogating and detecting mismatch-related diseases is expected to be helpful to guide the development of future generations of more selective targeted drugs.
EXPERIMENTAL SECTION
Materials and Instrumentation
All chemical reagents were commercially available and used without further purification. Co(NO3)2·6H2O, Zn(NO3)2·6H2O, Mn(NO3)2·4H2O, and 4,4′-bipyridine (bipy) were purchased from Adamas, 1,2-bis (4-pyridyl)ethane (bpe) and 1,2-bis (4-pyridyl)ethane (bpa) were purchased from Tci, and 2′-deoxyguanosine-5′-monophosphate disodium salt hydrate (dGMP) was purchased from Alfa Aesar.
Elemental analyses (C, H, and N) were determined on an EA3000 elemental analyzer. FT-IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer using the KBr pellet in the range of 4,000–400 cm−1. UV-vis spectra were obtained from a TU-1950 spectrophotometer. X-ray powder diffraction studies were performed by a Bruker D8 Advance X-ray diffractometer. The X-ray single crystal data collections were performed on a Bruker APEX-II CCD and Rigaku Saturn724+ (2 × 2 bin mode) diffractometer with graphite monochromatized MoKα radiation (λ = 0.71073 Å). CD measurements were carried out under a constant flow of nitrogen on a JASCO J–810 spectropolarimeter. Thermogravimetric analyses (TGA) were carried out using a DTG-60H thermal analyzer under nitrogen atmosphere from room temperature to 800°C with a heating rate of 5 C/min. The pH of the sample solution was measured using a PHS-3C meter.
Synthesis and Structural Characterization
The synthesis method of all complexes is that an aqueous solution (5 ml) of 2′-deoxyguanosine-5′-monophosphate disodium salt (dGMP) was added into an aqueous solution (5 ml) of M(NO3)2 (M = Mn2+, Co2+, and Zn2+). After the mixture was stirred for 10–15 min, a solution of bridging ligand (4,4-bipy, bpe, bpa, bpda) that dissolved in distilled water or ethanol (5 ml) was added. The suspension acidity was adjusted by HNO3 (1 M) until the solution became clear. The resulting solution was stirred at room temperature for 20–30 min and then filtered. Single crystals suitable for X-ray diffraction analysis can be obtained by slow evaporation under room temperature. It should be noted that except for 5, all other complexes were obtained in water–ethanol mixed solvent.
Powder X-ray diffraction (PXRD) patterns of polycrystalline samples of the ligands and complexes were all coincident with their theoretical ones (Supplementary Figure S25), confirming the phase purity of the bulk samples and their isostructurality with the crystals selected for single-crystal X-ray diffraction. The water contents of the complexes and thermal stability were estimated by thermogravimetric analysis (TGA) (Supplementary Figure S27). Elemental analysis (C, H, and N) further confirmed the chemical identity of the complexes determined by single-crystal X-ray diffraction. The types of metal–nucleotide interactions have been identified by the FT-IR (Supplementary Figure S26).
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A 3D supermolecular structure [Co3(L)2 (2,2′-bipy)2](DMF)3(H2O)3 1) (H3L = 4,4′,4″-nitrilotribenzoic acid) has been constructed based on H3L, and 2,2′-bipy ligands under solvothermal conditions. Compound 1 can be described as a (3, 6)-connected kgd topology with a Schläfli symbol (43)2(46.66.83) formed by [Co3(CO2)6] secondary building units. The adsorption properties of the activated sample 1a has been studied; the result shows that 1a has a high adsorption ability: the CO2 uptakes were 74 cm3·g−1 at 273 K, 50 cm3·g−1 at 298 K, the isosteric heat of adsorption (Qst) is 25.5 kJ mol−1 at zero loading, and the N2 adsorption at 77 K, 1 bar is 307 cm3 g−1. Magnetic measurements showed the existence of an antiferromagnetic exchange interaction in compound 1, besides compound 1 exhibits effective luminescent performance for Fe3+/Cr3+ and TNP.
Keywords: sensing, Fe3+/Cr3+, TNP, antibacterial, CO2 adsorption, magnetism, coordination polymer
INTRODUCTION
Nowadays, the rapid detection of toxic organic and heavy metal ion pollutants has attracted more and more attention due to their harmful effects on the environment and human life (Rasheed and Nabeel, 2019; Haldar et al., 2020). For instance, nitroaromatic explosives (NACs), which include nitrobenzene, 2,4,6-trinitrophenol (TNP), 2-nitrotoluene, 2,4-dinitrotoluene, nitrobenzene, 4-nitrotoluene and 3-nitrotoluene, have many application in the chemical industry and can cause terrorism and environmental issues. Among NACs, TNP is highly toxic, it harms the microorganisms and the human body (Wollin and Dieter, 2005). Likewise, heavy metal pollutants are not degradable and tend to accumulate in ecosystems, imposing a threat to human beings because of their toxicity and carcinogenicity (Jia et al., 2017; Peng et al., 2018; Ashraf et al., 2019; Cai et al., 2019). Fe3+ is an abundant and essential transition metal for biological organisms, and plays an important role in biological processes, such as enzymatic reactions, nitrogen fixation in nitrogenases, and oxygen transport. It is also well known that inadequate or excess iron concentration can induce serious health problems including anemia, Alzheimer's disease, liver and kidney damage, diabetes and heart disease, mitochondrial DNA damage (Harigae, 2018; VanderMeulen and Sholzberg, 2018; Wallace et al., 2018; Sahoo and Crisponi, 2019; Fan et al., 2020). Similarly, Cr3+ has mutagenicity and cytogenetic toxicity, the scarcity or excess uptake of Cr3+ results in cardiovascular diseases and diabetes, mutations or malignant cells (Paul et al., 2015; Zhang et al., 2015; Dong et al., 2016; Rasheed and Nabeel, 2019), so it is urgent and necessary to detect metal ion pollutants in solution for the human security and environmental protection.
Various techniques have been developed to detect Fe3+/Cr3+ and TNP (Chen et al., 2018; Pavlačka et al., 2016; Sadak et al., 2017; Tian et al., 2017; Goswami et al., 2013; Wen et al., 2002); among them, fluorescence analysis has been very popular due to its simplicity, sensitivity, fast response, economical way, low interference (Carter et al., 2014; Guo et al., 2014). Therefore the development of excellent fluorescence sensors for the sensitivity of Fe3+/Cr3+ and TNP has become a focus. The use of coordination polymers for fluorescence analysis has been explored extensively (Zhang et al., 2018; Hu et al., 2014; Yi et al., 2016). The coordination polymers, built up from organic ligands and metal ions or clusters, are porous materials suitable for various applications including luminescence, magnetism, gas adsorption and separation, as well as catalysis, drug delivery, and proton conduction (Kurmoo, 2009; Huxford et al., 2010; Sun et al., 2013; Yamada et al., 2013; Li et al., 2014; Liu et al., 2014; Zhou. and Kitagawa, 2014; Chughtai et al., 2015; Lustig et al., 2017; Espallargas and Coronado, 2018).
Over the past few years, many luminescent coordiantion polymers have been synthesized to detect metal ions, anions, pH value, small molecules, gases and vapors (Kurmoo, 2009; Lan et al., 2009; Li et al., 2013; Ma et al., 2013; Zhang et al., 2015; Yu et al., 2017; Mi et al., 2019; Tang et al., 2020), in this contribution, we select a tricarboxytriphenylamine (H3L) as a ligand to construct a new Co coordiantion polymer is mainly based on the following considerations: 1) The conjugated and photoactive triphenylamine moiety makes the MOFs highly fluorogenic; 2) Lewis base N sites on the internal surface of the framework can improve the sensing of ions and adsorption of CO2; 3) The carboxylate groups have multiple coordination modes to coordinate the metal ions, and the uncoordinated O atoms can provide interaction sites for the metal ions and NACs (specifically, TNP containing three NO2 groups). Meanwhile, among the MOF sensors, highly economical and abundant Co. ions with magnetic properties have rarely been studied as sensors, mainly because the non-d10 electronic structures have low emission performance owing to d–d transitions (Mishra et al., 2014; Chen et al., 2017; Zhang et al., 2018; Zhao et al., 2018).
For the recent years, significant progress has been expended on the development of materials for CO2 capture, because CO2 is responsible for the global warming. Utilizing the activated carbon, zeolites or amine solutions for absorbing CO2 are considered the most adequate adsorbents, though the insufficient uptake capacity and high expense prevent these materials mass production (Zhang et al., 2014).
Many human diseases and infections are caused by unsafe drinking water and food containing bacteria such as Escherichia coli, Staphylococcus aureus. As to the low molecular weight antibacterial materials, they have many disadvantages, such as toxicity to the environment, short-term antibacterial activity. Hence, there is an urgent need for the development of effective antibacterial materials (Haendel et al., 2014; Kaur et al., 2020; Saira et al., 2020).
Taking the luminescence properties, CO2 adsorption and antibacterial activity into consideration, we used the coordination polymer as the multifunctional material for sensitivity as well as CO2 adsorption and antibacterial activity. In the manuscript, we obtained a Co. based coordiantion polymer [Co3(L)2 (2,2′-bipy)2](DMF)3(H2O)3 (denoted as compound 1) under solvothermal conditions which has been utilized as a multifunctional MOF with preferential CO2 adsorption, antibacterial activity, selective sensing of metal ions (Fe3+, Cr3+) and TNP, meanwhile, magnetic measurements show that there exists an antiferromagnetic exchange interaction in compound 1.
MATERIALS AND METHODS
Synthesis of Compound 1
Co.(NO3)2•6H2O (29.1 mg), H3L (18.8 mg), and 2,2′-bipy (15.6 mg), N,N-dimethylformamide (3 ml), distilled water (1 ml), and ethanol (1 ml) were mixed in a 15 ml Teflon-lined stainless steel autoclave and heated at 100 °C for 72 h. Upon cooling at room temperature, purple crystals were prepared, which were washed with DMF and dried at 60°C for 6 h. Yield 38% (based on H3L), IR (KBr 4000–400 cm−1) 3463 (w), 3082 (w), 2,793 (w), 2,496 (w), 1,593 (s), 1,388 (s), 1,191 (w), 1,036 (w), 803 (m), 768 (m), 704 (m), 636 (w), 485 (m). Elemental analysis (%): Calcd for: C71H67Co3N9O18: C 56.39, H 4.43, N 8.34; Found: C 56.41, H 4.29, N 8.37.
RESULTS AND DISCUSSION
Crystal Structure of Compound 1
The single-crystal X-ray data were collected using the X-ray diffraction technique and the results showed that crystallization of compound 1 in the monoclinic space group C2/c and the presence of two independent Co. atoms, one 2,2′-bipy molecule, and one linker (L3−) in the asymmetric unit of 1 (Supplementary Figure S1). The Co1 atom is involved in coordination with six O atoms of the carboxylates of 6 L3− ligands, showing an octahedral configuration (Co–O = 2.053–2.108 Å), the six-coordinated Co2 or its symmetry-related Co3 atom displays a distorted octahedral configuration, which is bonded with four carboxylate O atoms from 3 L3− ligands, and 2 N atoms from one 2,2′-bipy molecule, Co2–O and Co2–N or Co3–O and Co3–N are in the range of 2.007–2.183 Å and 2.085–2.115 Å, respectively (Figure 1) (Mistri et al., 2017; Zhou et al., 2019), the bonding mode of the carboxylate toward the six Co2+ ions is μ6-η1:η2:η1:η1:η2:η0 (Supplementary Scheme 1 in the Supplementary Information), the adjacent Co1–Co3 atoms (Co···Co. separation, 3.168–6.337 Å) are united together by six carboxylates to form trinuclear Co.(II) clusters, each cluster can be connected to the adjacent ones to evolve a unique bylayer 2D framework, which contains quadrangle grids with a size of 7.0 Å × 6.4 Å running along the b-axis (atom-to-atom distance) (Figure 2). The 2D layers are then further converted into a 3D (supramolecular) structure via interactions of π–π stacking with the distance of 3.317 Å (Figure 3). The solvent-accessible volume in compound 1 was found to be 28.8 % (calculated using the PLATON software.12 after removal of solvent molecules).
[image: Figure 1]FIGURE 1 | The coordination mode of Co atoms in compound 1 (C: Gray, N: Blue, Co:Purple, O: Red).
[image: Figure 2]FIGURE 2 | The 2D framework of compound 1 (Co:Purple, O: Red, N: Blue, C: Gray).
[image: Figure 3]FIGURE 3 | The structure of compound 1 and interactions of π–π stacking (C: Gray, O: Red, N: Blue, Co:Purple).
If the L3− ligands are defined as three-connected nodes, and the trinuclear Co.(II) cluster as six-connected nodes, the entire structure of Co. coordiantion polymer can be denoted as a (3, 6)-connected two-nodal net with a point symbol of {43}2{46.66.83}, displaying the kgd topology (Supplementary Figure S2) (Kim et al., 2012; Wang et al., 2014).
Gas Sorption Experiment
The as-synthesized compound 1 was subjected to stirring with methanol at ambient temperature for 24 h to remove the solvent in the pores, followed by filtration of the compound and keeping at 60°C for 6 h in an oven. The compound was then heated for 24 h at 100°C under a vacuum to obtain the activated sample, 1a. The N2 adsorption isotherm was acquired at 77 K, the result indicates that 1a displays a reversible type-I adsorption isotherm with the Brunauer–Emmett–Teller (BET) surface area of 658 m2·g−1, and the N2 uptake (1 atm) reached 307 cm3·g−1 (Figure 4A). Meanwhile, the CO2 adsorption isotherms for 1a were measured at 273 and 298 K; at 273 K (1 atm), and 298 K (1 atm) the CO2 uptakes reached a maximum of 74 cm3·g−1 and 50 cm3·g−1, respectively (Figure 4B). The PXRD pattern of compound 1a remained stable after the adsorption of N2 and CO2 (Supplementary Figure S11). Considering the adsorption isotherm at 298 K, the observed CO2 adsorption capacity of 1a is better than the metal-organic frameworks including [Zn(BPTC)0.5 (Tz)]•DMF•CH3OH, JUC-MOF56, {[Cd2 (tdz)2 (4,4′-bpy)2]•6.5H2O}n, [Zn2 (TCA) (BIB)2.5]•(NO3), ([Zr6O4(OH)8(H2O)4(BTEB)2], and {[Cd4 (hbhdpy)2 (bdc-NH2)3 (DMA)2]•(H2O)4}n that are summarized in Supplementary Table S3 (Hong et al., 2017; Kong et al., 2018; Yao et al., 2018; Zhou et al., 2018; Liu et al., 2019). The adsorption isotherms show typical type-I sorption isotherm with fast kinetics and good reversibility, further indicating its microporosity.
[image: Figure 4]FIGURE 4 | (A) N2 adsorption isotherms of 1a at 77 K; (B) CO2 adsorption isotherms of 1a at 273 K, 298 K; (C) Heat of CO2 adsorption as a function of uptake amount; (D) The DSLF model for CO2 adsorption isotherms.
To understand better the CO2 adsorption, we calculated the Qst (isosteric heat) for 1a using the CO2 adsorption data, which were recorded at 273 and 298 K using the virial coefficient method. As depicted in Figure 4C, the Qst value reached 25.5 kJ mol−1 at zero loading, showing the good interactions of framewok–CO2 in compound 1, which can be ascribed to the uncoordinated O sites, N-donor of the H3L, and the unique microporous channels. The dual-site Langmuir-Freundlich (DSLF) model was also utilized to fit the absolute adsorption isotherms of CO2 from molecular simulations (Figure 4D). The result shows that the simulated CO2 adsorption isotherms are in accordance with the experimental datas.
Magnetic Properties
Compound 1 was subjected to magnetic susceptibility measurements in the range 2–300 K at 1,000 Oe field, plots of the variable temperature magnetic susceptibility for compound 1 in the form of χmT vs T are presented in Figure 5. Compound 1 showed a higher χmT of about 17.17 emuK·mol−1 for a Co3 unit at 300 K than the calculated spin-only value for three isolated Co2+ ions (5.75 emuK mol−1 and S = 3/2), and lies well in the range identified for octahedral Co2+ ions in the 4T2g state, which is due to the significant contribution of orbitals belonging to Co2+ ion in the octahedral surroundings. Upon cooling, the χmT value decreases sharply until the temperature descends to 11 K, then it starts to increase rapidly, attaining a minimum value of 6.84 emuK·mol−1 at 2 K. The behavior is consistent with antiferromagnetic phenomenon between 11–300 K. The magnetic susceptibility fits the Curie−Weiss law well above 130 K, giving C = 20.95 emuK·mol−1 and θ = −185.5 K, indicating an antiferromagnetic interaction between the Co3 units.
[image: Figure 5]FIGURE 5 | Magnetic susceptibility of compound 1 plotted as χm vs. T (black) and χmT vs. T curves (blue).
Luminescent Emission
The solid-state emission spectra of compound 1 and H3L ligand are depicted in Supplementary Figure S3. The free ligand H3L displayed emission at 448 nm when it is excited at 330 nm. Meanwhile, compound 1 showed an emission peak at 420 nm under excitation at 345 nm, there is a blue shift of 28 nm in comparison with the H3L ligand. The fluorescence emission of compound 1 can be associated with the corresponding intraligand transitions (π* → π and π* → n) (Zhang et al., 2018).
We select compound 1a as a representative example to study its sensing sensitivity. Dispersions of compound 1a (3 mg) in different solvents, namely DMA, DMF, methanol, ethanol, acetonitrile, dichloromethane, 1,4-dioxane, NMP (N-methyl-2-pyrrolidone), and H2O (3 ml) were prepared, and the emission spectra were measured. As shown in Figure 6, the luminescence intensity was affected by the solvent, especially for DMA.
[image: Figure 6]FIGURE 6 | Fluorescent spectra of compound 1a in different solvents.
The above fluorescence performance prompted us to explore their potential sensing of metal ions. Samples of grounded 1a were dispersed in M(NO3)x DMA solution separately (3 mg each sample in 3 ml, 0.01 M, M(NO3)x) (M = K+, Cd2+, Na+, Zn2+, Co2+, Cu2+, Mn2+, Ni2+, Pb2+, Bi3+, Fe3+, Al3+, Cr3+), followed by ultrasonication for 1 h to obtain the uniform suspensions, the luminescence intensities of the suspensions were measured. The different emission peaks are shown in Figure 7, the metal ions exhibited different influence on the luminescence intensity, and the result showed that Fe3+ and Cr3+ exhibited a remarkable effect to quench the luminescence of 1a, which indicate the high sensitivity performance of 1a towards Fe3+ and Cr3+, the PXRD of compound 1a were measured after sensing the metal ions which remained their structural integrity (Supplementary Figure S12). Furthermore, the anti-interference experiments were performed and the results indicated that the presence of other metal ions would not disturb the selective sensing of Fe3+ or Cr3+ (Supplementary Figure S7). Meanwhile, 3 mg samples of 1a were ground and immersed in DMA solution, sonicated for 1 h, the well-dispersed original suspensions were obtained, the Fe3+ or Cr3+ have been prepared in 1 × 10–3 M or 5 × 10–3 M DMA solution. The emission intensity decreased by gradually increasing the volume of Fe3+ and Cr3+ (Figures 8, 9). Compound 1a was centrifuged and washed by DMA solvent after sensing Fe3+ or Cr3+, the framework of the regenerated samples retained their stability, and reused for three cycles, the PXRD pattern of compound 1a is consistent with the recovered samples after three cycles (Supplementary Figure S13).
[image: Figure 7]FIGURE 7 | Fluorescent analysis of 1a toward various metal ions (10–2 M) in DMA solution.
[image: Figure 8]FIGURE 8 | Fluorescence of 1a in DMA containing different volumes of Fe3+ (1 × 10–3 M).
[image: Figure 9]FIGURE 9 | Fluorescence of 1a in DMA containing different volumes of Cr3+ (5 × 10–3 M).
The fluorescence quenching efficiency can be discussed though the linear Stern–Volmer (S–V) equation: I0/I = 1 + Ksv [M], where I0 and I are the fluorescence intensities before and after the addition of Fe3+ or Cr3+, Ksv and [M] are the quenching constant and the concentration of Fe3+ or Cr3+, the Stern–Volmer analysis of quenching effect on Fe3+ and Cr3+ ions show that the values of Ksv for Fe3+ and Cr3+ ions are 5.4 × 104 M−1, 7.83 × 103 M−1, and the limit detection of Fe3+ and Cr3+ are 0.278 mM, 1.91 mM respectively (Figs. S4 and S5).
The results indicate that compound 1a has the potential to act as a luminescence sensor toward Fe3+, Cr3+.
The NACs are explosive and environmentally deleterious. They have been used a lot in the chemical industry, so it is necessary to develop effective and quick detection of NACs. As presented in Figure 10, the luminescent intensity of 1a is completely quenched at 425 nm in the presence of TNP, while no obvious luminescent changes of 1a can be observed in other NACs, confirming that TNP has a pronounced emission quenching of compound 1a, while other NACs showed less pronounced quenching.
[image: Figure 10]FIGURE 10 | Fluorescence of 1a in NACs solutions (10–3 M).
To investigate further the sensitivity of 1a for TNP, a fluorescence titration study of TNP was conducted (Figure 11), the results showed that with increased incorporation of TNP solution (10–3 M), the luminescent intensity drastically decreased. Moreover, For the emission band of 1a, there is a large bathochromic shift of 39 nm, which is due to the energy transfer between TNP and compound 1a (Gogia and Mandal, 2019). The quenching effect of TNP on compound 1 can also be explained by the Stern-Volmer equation, and the details are provided in the SI. The S–V plot shows that the concentration of TNP and I0/I possess a direct relationship over the added TNP volume range (100–1000 μL), with a linear fit coefficient value of 0.982. It is commendable that the Ksv value of sensing TNP reaches 3.99 × 105 M−1 (Supplementary Figure S6), which is one of the highest reported values for TNP sensing, and the limit detection of TNP is 0.0376 mM (Hong et al., 2017; Hua et al., 2018; Gogia and Mandal, 2019; Ghorai et al., 2019; Wang et al., 2019).
[image: Figure 11]FIGURE 11 | Fluorescence of 1a in DMA containing different volumes of TNP (10–3 M).
In addition, the Fe3+, Cr3+ and TNP solutions exhibit an absorption in the 260–500 nm range, which has overlaps with the excitation of compound 1a (Figs. S8 and S9). This shows the energy of excited light is taken by Fe3+, Cr3+ or TNP, so the transfer of energy from L3- to Co2+ is blocked, resulting the quenching effect on compound 1a. The sensing mechanism for metal ions can be attributed to the suppression of luminescence resonance energy transfer and the enhancement of intermolecular electron transfer (Chen et al., 2018).
Antibacterial Activity
The antibacterial activities of compound 1 against Staphylococcus aureus and Escherichia coli were measured using the transparent ring method. Compound 1, the organic linker of TCA, and 2,2′-bipy were dissolved in distilled water with a concentration of 2 mg/ml. All the cultures were incubated for 18 h at 37 °C.
The results of the inhibition zone (ZOI) are shown in Table 1 which reveals the antibacterial potential of compound 1 against E. Coli, whereas compound 1 does not have antibacterial activity against S. aureus (Supplemetary Figure S16). Therefore, compound 1 has potential applications as an antibacterial agent.
TABLE 1 | Inhibition zone diameters of compound 1 (A), H3L (B) and 2,2′-bipy (C).
[image: Table 1]CONCLUSIONS
A new fluorescent 3D supramolecular Co. coordination polymer that contains uncoordinated O atoms in the channels was synthesized and characterized. The activated 1a exhibits a strong affinity toward CO2 molecules, with the adsorption of 74 cm3·g−1 (273 K, 1 atm). Magnetic measurements show that an antiferromagnetic exchange interaction exists in compound 1. Moreover, compound 1 shows luminescence quenching with Fe3+/Cr3+ metal ions, further studies on detection of NACs showed high performance for sensing TNP. These results may contribute to the design of more multifunctional coordiantion polymers.
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The host-guest chemistry of metal–organic frameworks (MOFs) has been attracting increasing attention owing to the outstanding properties derived from MOFs-guests combinations. However, there are large difficulties involved in the syntheses of the host-guest MOF systems with air-sensitive metal complexes. In addition, the behaviors on host-guest interactions in the above systems at high temperature are not clear. This study reported the synthetic methods for host-guest systems of metal–organic framework and air-sensitive metal complexes via a developed chemical vapor infiltration process. With the synchrotron X-ray powder diffraction (XRPD) measurements and Fourier Transform infrared spectroscopy (FTIR), the successful loadings of Fe(CO)5 in HKUST-1 and NH2-MIL-101(Al) have been confirmed. At high temperatures, the structural and chemical componential changes were investigated in detail by XRPD and FTIR measurements. HKUST-1 was proven to have strong interaction with Fe(CO)5 and resulted in a heavy loading amount of 63.1 wt%, but too strong an interaction led to deformation of HKUST-1 sub-unit under heating conditions. NH2-MIL-101(Al), meanwhile, has a weaker interaction and is chemically inert to Fe(CO)5 at high temperatures.
Keywords: HKUST-1, MIL-101, Fe(CO)5, chemical vapor infiltration, host-guest interaction, high temperature
INTRODUCTION
Metal–organic frameworks (MOFs) or porous coordination polymers (PCPs) have attracted much attention in the past several decades (Zhang et al., 2020; Yuan et al., 2018). Benefiting from their high crystallinity, porosity, and designability, thousands of unique MOFs have been designed and synthesized, with potential applications in gas storage (Chen et al., 2020; Tian et al., 2018; Kalmutzki, Diercks, and Yaghi 2018; Alezi et al., 2015; Jiang et al., 2016), separation (Fu et al., 2016; Liu et al., 2018; Gao et al., 2020; Peng et al., 2017; Zhang et al., 2019), catalysis (Wang, An, and Lin 2019; Liang et al., 2018; Manna et al., 2015), and so on. On the other hand, metal complexes are one of the most developed research fields, with various properties such as magnetism (Guo, Bar, and Layfield 2019), superconductivity (Wang et al., 2019), and catalysis(Nicastri et al., 2020; Trammell, Rajabimoghadam, and Garcia-Bosch 2019). It would be useful to merge MOFs and metal complexes together and investigate their host-guest chemistry.
There have been several pioneering works in this field, but most research is focused on physical properties like electrical conductivity (Talin et al., 2014) and magnetism (Han et al., 2015). The interactions based on chemical properties between host MOFs and guest metal complexes are relatively less researched (Nayak, Harms, and Dehnen 2011). The largest limitation on research of host-guest systems for MOFs and metal complexes is the difficulties in their syntheses, especially in air-sensitive systems. In chemical processes, the chemical components and structures of them may have complicated changes. The systematic investigation on the host-guest chemistry of MOF-metal complex systems with air-sensitive complexes has rarely been reported, although a few air-stable metal complexes have already been researched, such as FeCp2 and Ru (cod) (cot) (Kalidindi, Yusenko, and Fischer 2011).
In this study, we reported a systematic research on MOF-metal complex systems of air-sensitive Fe(CO)5 guest in HKUST-1 and NH2-MIL-101(Al), consisting of syntheses, characterization, and investigation on host-guest interactions at high temperatures.
EXPERIMENTAL
Synthesis of HKUST-1
875 mg of Cu(NO3)2∙3H2O and 420 mg of benzene-1,3,5-tricarboxylic acid (BTC) were dissolved in 24 ml of H2O and EtOH mixture solvent (1:1 vol. ratio). The solution was sealed in a solvothermal container and reacted at 120°C for 12 h. The solution was then cooled down to room temperature at a fixed rate for 6 h. The light blue solid was filtered and washed with EtOH. The washed HKUST-1 was dried at 60°C and activated at 100°C under vacuum. The activated sample was stored in a glovebox for further use.
Synthesis of NH2-MIL-101(Al)
Aluminium chloride hexahydrate (AlCl3∙6H2O, 0.51 g), 2-amino terephthalic acid (0.56 g), and DMF (30 ml) were heated at 130°C over 3 days. The product was refluxed in methanol overnight and dried at 100°C under vacuum overnight. The activated sample was stored in a glovebox for further use.
X-Ray Powder Diffraction and Synchrotron X-Ray Powder Diffraction
The crystal structures of MOFs, Fe(CO)5-loaded MOFs, and their thermal decomposition products were investigated by powder XRD analysis using a Bruker D8 Advance diffractometer (Cu Ka radiation).
The crystal structures were investigated by capillary synchrotron XRPD analysis measured at the BL02B2 beamline, SPring-8. The XRPD patterns of the samples sealed in a glass capillary were measured in situ with a wavelength of 1.000 Å.
Fourier Transform Infrared Spectroscopy and Transmission Electron Microscopy
FTIR spectra of MOFs, Fe(CO)5-loaded MOFs, and their thermal decomposition products were obtained to evaluate sample structures. All IR spectra were recorded inside a glovebox using a Bruker PLATINUM ATR FTIR spectrometer, accumulating 64 scans at a resolution of 4 cm−1.
TEM images were captured using Talos F200X operated at 200 kV accelerating voltage.
RESULTS AND DISCUSSION
Chemical Vapor Infiltration of Fe(CO)5 Into HKUST-1
Fe(CO)5 is one of the most common metal complexes which are sensitive to air. The Fe(CO)5 loading experiment in HKUST-1 was shown in the schematic image of Figure 1A via a chemical vapor infiltration (CVI) method. The HKUST-1 was synthesized and activated according to the reported method (Chui et al., 1999). The as-synthesized HKUST-1 was confirmed by capillary XRPD measurement; similar XRPD patterns with simulated HKUST-1 proved the successful synthesis of HKUST-1 (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | (A) Schematic image and (B) experimental images for Fe(CO)5 loading in HKUST-1 via a chemical vapor infiltration process.
104.5 mg of activated HKUST-1 and 405.3 mg Fe(CO)5 were sealed in CVI vessel inside a glovebox (Figure 1B left). The CVI vessel was transferred to autoclave and heated at 60°C for 2 h for Fe(CO)5 loading; the obtained product was named Fe(CO)5@HKUST-1 (Figure 1B right). The mass of CVI product was weighed inside a glovebox as 270.3 mg, with 61.3 wt% loading amount.
To check the state of Fe(CO)5 loading in HKUST-1, synchrotron XRPD measurements have been carried out with incident wavelengths of 1.000 Å. All samples were kept under inert conditions inside glass capillary during measurements. As shown in Figure 2, the activated HKUST-1 exhibits strong diffraction intensity. However, after loading with Fe(CO)5, most of the diffraction peaks disappeared, with only remaining weak peaks below 10°. This phenomenon suggested the perturbation on the original crystalline structure of HKUST-1 by Fe(CO)5 infiltration.
[image: Figure 2]FIGURE 2 | Synchrotron XRPD patterns of activated HKUST-1 (blue) and CVI product of Fe(CO)5@HKUST-1 (red) at 303 K. All samples were sealed in glass capillary in a glovebox under Ar atmosphere. The radiation wavelength was 1.000 Å.
To further confirm the MOF structure after loading, FTIR measurements have been performed under inert conditions. As shown in Supplementary Figure S2, sharp IR peaks were observed in activated HKUST-1. After loading of Fe(CO)5, all peaks originated from HKUST-1 remained, which strongly proved the stability of MOF structure before and after loading. In addition to those sharp peaks belonging to HKUST-1, a new typical carbonyl peak marked with asterisks has been found, confirming the successful loading of Fe(CO)5. Furthermore, the red shift of HKUST-1 peak at 1,650 cm−1 suggested the obstruction of MOF ligand vibration from the loaded Fe(CO)5 guest molecules, which gave further proof for successful loading of Fe(CO)5 inside HKUST-1 pores.
High Temperature Behavior of Fe(CO)5@HKUST-1
In order to further understand the host-guest interactions between HKUST-1 and Fe(CO)5, we performed high temperature experiments with different heating conditions inside a glovebox. As shown in Supplementary Figure S3A, the dark blue solid of Fe(CO)5@HKUST-1 was heated at 140°C, and the color change to yellow was observed after 10 min heating (sample named 140–10). We also tested other heating temperature of 170 and 200°C; similar color changes to yellow solid occurred within 1 min (Supplementary Figure S3B, samples named 170–1 and 200–1, respectively). For longer heating times at 200°C, a gradual color change from yellow to purple was observed within 1.5 h (Supplementary Figure S3B, sample named 200–90).
To explore the structural information of Fe(CO)5@HKUST-1 under various heating conditions, we performed XRPD measurements under inert conditions by using an inert sample holder (Supplementary Figure S4). Before measurements, to avoid the samples being contaminated by air, the inert holder was tightly sealed inside a glovebox after sample setup. The measurement results are shown in Figure 3; after heat treatment at 140°C for 10 min, the crystallinity of HKUST-1 was slightly damaged compared with XRPD pattern of Fe(CO)5@HKUST-1 in Figure 2, due to the thermal decomposition of Fe(CO)5. In TEM image of 140–10, a homogenous solid structure was observed (Supplementary Figure S5), the result is consistent with its XRPD pattern. For 170–1, even the heating time was much shorter than 140–10, and higher temperatures led to harsh damage on crystallinity, where only the (222) main peak at 11.8° of HKUST-1 remained, shown in Figure 3, owing to faster decomposition of Fe(CO)5. The XRPD result of 200–1 was similar to that of 170–1 (Figure 3).
[image: Figure 3]FIGURE 3 | XRPD patterns of Fe(CO)5@HKUST-1 decomposed at different conditions: 140°C-10 min (blue), 170°C-1 min (green), 200°C-1 min (orange), 200°C-1.5 h (red), and simulated Cu (black). All samples were sealed inside a glovebox and measured under inert conditions. The background of XRPD patterns had been removed for clarity. The radiation wavelength was 1.5406 Å.
With the extension of heating time to 1.5 h (sample 200–90), a crush of crystallinity was accompanied with the appearance of new broad diffraction peaks at 43.5 and 50.7°, which are consistent with diffraction peaks of simulated face-centered cubic (fcc) Cu, proving the generation of Cu NPs. Actually, under vacuum conditions, after heating at 200°C for 18 h, no Cu diffraction peak was detected (Supplementary Figure S6). Even with sufficient heating of HKUST-1 at 500°C for 2 h (Lee et al., 2019), instead of the metallic state of Cu NPs, only semiconductor CuO NPs can be obtained. On the other hand, Cu NPs can be easily generated when the heating atmosphere is changed to 1 atm of H2, at 200°C for 1 h (Supplementary Figure S7). Under H2 atmosphere, the decreasing on (222) peak of Cu2+ ion-rich plane in HKUST-1 and the increasing on (111) peak of Cu NPs demonstrate the migration of Cu elements from the square-planar coordinated Cu2+ ions in HKUST-1 to dodecahedral coordinated Cu atoms in fcc-Cu NPs. Therefore, in sample 200–90, it may be suggested that the reduction reaction of Cu2+ to Cu atom was triggered by decomposition of Fe(CO)5. The existence of Cu NPs in 200–90 was also confirmed by TEM measurement (Supplementary Figure S8).
To understand more about the thermal decomposition processes of the Fe(CO)5@HKUST-1 at various conditions, the FTIR spectroscopy has been measured inside a glovebox (Figure 4). Samples 140–10, 170–1, and 200–1 show almost identical IR spectra among each other. The incomplete decomposition of Fe(CO)5 can be noticed from the remaining typical CO peaks in these three samples. The broadening of MOF peaks compared with the initial sharp peaks from HKUST-1 demonstrated the decomposition of MOFs sub-units under thermal decomposition of Fe(CO)5 guest molecule, in addition to the collapse of HKUST-1 crystal structure confirmed by XRPD measurements in Figure 3B. In spectrum of 200–90, CO peaks vanished because of the complete decomposition of Fe(CO)5 with a longer heat treatment.
[image: Figure 4]FIGURE 4 | Infrared spectra for activated HKUST-1 (black), Fe(CO)5@HKUST-1 (purple), and the thermal decomposition products of Fe(CO)5@HKUST-1 at different conditions: 140°C-10 min (blue), 170°C-1 min (green), 200°C-1 min (orange), and 200°C-1.5 h (red). All samples were measured inside a glovebox.
High Temperature Behavior of Fe(CO)5@MIL-101(Al)
The above results have shown the host-guest interactions in case of Fe(CO)5@HKUST-1 at high temperatures, where the decomposition of Fe(CO)5 broke the Cu2O8 clusters in HKUST-1. Other MOFs with different clusters may resist Fe(CO)5 at high temperatures. Among potential candidate MOFs, we guessed that NH2-MIL-101(Al) can be durable to Fe(CO)5 at high temperaturse because of its relatively high thermal stability and chemical inertness. The NH2-MIL-101(Al) was synthesized via a reported protocol (Serra-Crespo et al., 2011).
After activation of NH2-MIL-101(Al), the gas phase loading of Fe(CO)5 to NH2-MIL-101(Al) was performed by CVI process under similar conditions. 101.7 mg of activated NH2-MIL-101(Al) and 403.2 mg Fe(CO)5 were kept at 60°C for 2 h under Ar atmosphere. The mass of loading product Fe(CO)5@MIL-101(Al) was 127.4 mg with 20.2 wt% loading amount. Lower loading amounts for NH2-MIL-101(Al) than 61.3 wt% of HKUST-1 may be attributed to its weaker host-guest interaction as the lack of open metal site.
The CVI product Fe(CO)5@MIL-101(Al) was investigated by FTIR measurements performed inside the glovebox. As shown in Figure 5A, there are typical carbonyl vibration peaks in the spectrum of Fe(CO)5@MIL-101(Al) marked with asterisks, proving the existence of Fe(CO)5 guest molecules in the product. Combined with the carbonyl peaks, the sustenance for the IR peaks of the MOF structure before and after CVI process suggested the successful loading of Fe(CO)5 to NH2-MIL-101(Al) without breaking the MOF structure.
[image: Figure 5]FIGURE 5 | (A) Infrared spectra for activated NH2-MIL-101(Al) (black), Fe(CO)5@MIL-101(Al) (blue), and Fe(CO)5@MIL-101(Al) decomposed at 200°C/0.5 h (red), all samples were measured inside a glovebox. (B) XRPD patterns of NH2-MIL-101(Al) (blue), Fe(CO)5@MIL-101(Al) decomposed at 200°C/0.5 h (red), and simulated body-centred-cubic Fe (black), all samples were measured under inert conditions by capillary technique. The radiation wavelength was 1.5406 Å.
The thermal stability of Fe(CO)5@MIL-101(Al) was tested under inert conditions. Fe(CO)5@MIL-101(Al) was heated to 200°C (same temperature as Fe(CO)5@HKUST-1) for 0.5 h, referred to as 200–30. In Figure 5A, with the comparison of the FTIR spectra of NH2-MIL-101(Al), Fe(CO)5@MIL-101(Al), and 200–30, the complete decomposition of Fe(CO)5 and the maintaining of MOF structure can be confirmed in 200–30. On the other hand, in XRPD measurement results shown in Figure 5B, the asterisk diffraction peak from the body-centred cubic (bcc) Fe NPs was detected in 200–30, as solid evidence for Fe formation from Fe(CO)5. The XRPD measurements also show the lower crystallinity in diffraction pattern of 200–30 compared with that of NH2-MIL-101(Al), which may be considered as a perturbation of periodic structure by randomly dispersed guest molecules inside pores.
Finally, to elucidate the reasons for the different behaviors between Fe(CO)5@HKUST-1 and Fe(CO)5@MIL-101(Al), the possible reaction mechanisms in each case should be further discussed. Since the decomposition of Fe(CO)5 below 150°C is negligible (Carlton and Oxley, 1965), the molecular Fe(CO)5 reacting with HKUST-1 backbone in 140–10 can be considered as the redox reaction between penta-coordinated Fe (0) with tetra-coordinated Cu(II) open metal sites. At higher temperatures of 170 and 200°C, the Fe(CO)5 decompositions were significantly promoted, supplying atomic Fe and molecular CO to these systems. HKUST-1 backbone is stable with CO molecule to at least 210°C, (Stawowy et al., 2020), therefore, the rapid destruction of MOFs shown in Figure 4 for 170–1 and 200–1 are mainly attributed to the strong reduction ability of atomic Fe. As the ligand reactivity difference between benzene-1,3,5-tricarboxylic acid in HKUST-1 and 2-amino terephthalic acid in NH2-MIL-101(Al) is almost negligible, the main reason for the different behavior of Fe(CO)5@HKUST-1 and Fe(CO)5@MIL-101(Al) can be concluded as the different reactivity of metal ions. With the systematic investigations on loading and heating processes of Fe(CO)5 guest to HKUST-1 and NH2-MIL-101(Al), the interactions between host MOFs and guest molecules were clarified.
CONCLUSION
The host-guest systems of MOFs and air-sensitive metal complexes were synthesized, with Fe(CO)5 loaded in HKUST-1 and NH2-MIL-101(Al) via a chemical vapor infiltration process. With the XRPD and FTIR measurements under inert conditions, the successful loading of Fe(CO)5 in HKUST-1 and NH2-MIL-101(Al) has been confirmed. The interactions between MOFs and Fe(CO)5 at different heating temperatures were investigated in detail. As a result, the Fe(CO)5@HKUST-1 was not stable under thermal conditions. Under minor heating conditions, deconstructions of HKUST-1 sub-unit were observed from XRPD and FTIR results; under major heating conditions, Cu2+ ions in HKUST-1 were reduced to Cu NPs with the interaction to Fe(CO)5. On the other hand, in Fe(CO)5@MIL-101(Al), the decomposition of Fe(CO)5 to Fe NPs was found and NH2-MIL-101 (Al) was stable to Fe(CO)5 as well as its decomposition products. The synthetic methods and the systematic investigation for the air-sensitive host-guest MOFs-metal complex systems in this report provide valuable experimental experience and insight between porous functional materials and guest molecules. We envision that this method could be expanded to other metal precursors and porous materials on fabricating various functional nanocomposites and devices.
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The particle system is one of the widely used profile control agents in many oilfields, and the matching relationship between the particle and the reservoir pore throat is significant for the profile control effect. In order to enhance oil recovery after water breakthrough in the Fuyu oilfield, a self-assembled particle with some branches on the surface, compounded by inverse emulsion polymerization and added, is introduced as the profile control agent in this paper. Then the permeabilities of the water channel and the oil remaining area in the Fuyu oilfield are achieved after the statistic analysis of 1,022 cores from the practical reservoir. Furthermore, the oil restarting pressure in the oil remaining area and the self-assembled particle plugging strength in the water channel are tested. Finally, the adaption of the self-assembled particle and effect of profile control in the Fuyu oilfield are evaluated by comparing the oil restarting pressure and the plugging strength. The results show that the self-assembled particles can be gathered together easily by the force of the ionic bond, which is good for water channel plugging. The permeability of the water channel in the Fuyu oilfield ranges from 1,000 mD to 1,500 mD. The oil restarting pressure increases with the decreasing of permeability, and the increasing rate grows rapidly when it drops below 50 mD. Comparing the oil restarting pressure with the plugging strength, a self-assembled particle with a diameter of 20–40 μm in the water channel with a permeability of 1,265.7 mD can provide sufficient plugging strength to restart the remaining oil in the oil remaining areas with a permeability over 3.38 mD. The matched window of the self-assembled particle is wider than a normal particle in the Fuyu oilfield.
Keywords: profile control, self-assembled particle, oil restarting pressure, plugging strength, fuyu oilfield
INTRODUCTION
High water cut and low oil recovery efficiency are common phenomena in most oilfields now after long-term water flooding (Feng, et al., 2013). The effective way to enhance oil recovery is to use a suitable profile control agent to plug the water channel, which exists in the high permeability areas of the reservoir. After the water channel is plugged by the agent, the subsequent injected fluid can be swept to the low permeability areas and avoid flowing along the water channel. Thus, the residual oil there can be displaced (Yadav and Mahto, 2014).
Many chemical particle systems, such as the preformed gel particle (PGP), microgels, and dispersed particle gels (DPG), are proposed by researchers as profile control agents, and the mechanism of the plugging and profile control are studied (Dai, et al., 2012; Goudarzi, et al., 2013; You, et al., 2013; Zhou, et al., 2013; Yue, et al., 2006). Bai observed elastic deformability during the migration and plugging process of the preformed gel particle in visible etched-glass micromodels, and concluded profile control mechanism and sweep efficiency improvement in the reservoir (Bai, 2001; Bai et al., 2007a; Bai et al., 2007b). Iscan, A.G. and Civan, F. showed that particles with sizes comparable to pore throat sizes can reduce the permeability effectively in high permeability formations (Iscan and Civan, 2006; Iscan, et al., 2007; Tran, et al., 2009). Al-Ibadi, A. and Civan, F. explored the effects of flow rate, concentration, and size on the plugging ability when injecting the deformable gel particles in the near-wellbore formation (Al-lbadi, et al., 2012; Al-lbadi and Civan, 2013). Zhao investigated the mechanisms of profile control and enhanced oil recovery of DPG particles with core flow tests and visual simulation experiments, and the deformation, retention, adsorption, trapping, and bridging during DPG particle migration in porous media were demonstrated (Zhao, et al., 2014).
These studies mentioned above all concentrated on the plugging ability and the matchable degree between the reservoir and the different particles. However, the restarting pressure of remaining oil in the lower permeability areas is little considered, which was exactly related to the final profile control effect and enhanced oil recovery.
As the water channel in the Fuyu oilfield has had long-term water flooding (Liu, et al., 2009), the measure of profile control should be taken urgently (Li, et al., 2010; Shu, et al., 2013).
In this work, the physical properties (permeability distribution) of 1,022 cores from the practical reservoir in the Fuyu oilfield are analyzed first. Then, a self-assembled particle with some branches on the surface is introduced as the profile control agent. The particle is compounded with the method of inverse emulsion polymerization. After that, two kind of experiments, the remaining oil restarting pressure test and particle plugging strength analysis, are designed and completed according to the theoretical foundation of profile control. Furthermore, the plugging ability of the self-assembled particle and the matchable degree between the particle and the water channel in the Fuyu oilfield is discussed. Finally, the adaption of the self-assembled particle for profile control in the Fuyu oilfield is evaluated by comparing the plugging strength with the remaining oil restarting pressure.
MATERIALS
Self-Assembled Particle
The profile control agent used in the reservoir is the self-assembled particle, which is made with the method of emulsion polymerization. The main synthesis materials of the particle are styrene (St), acrylamide (AAm), and N,N′- methylenebisacrylamide (MBA).
The self-assembled property of this particle is determined by its structure, which can be seen from the SEM tests in the continuous medium or in the porous media (Figure 1). This property can make single particles gather together, which is good for plugging the water channel.
[image: Figure 1]FIGURE 1 | The property of self-assembly in static and dynamic conditions.
Experimental Cores
The experimental cores are selected and confirmed after the statistical analysis of the permeability from 1,022 natural cores in the Fuyu oilfield (Figure 2).
[image: Figure 2]FIGURE 2 | The statistical analysis of the permeability distribution.
It can be seen that the distribution frequency of permeability is normal. As the water channel exists in high permeability reservoirs, the experimental cores with the permeability above 1,000 mD are selected in this paper according to the statistical analysis.
Experimental Fluids
The water used in the experiments is formation water, with a total salinity of 3260 mg/L. The component content of ions is shown in Table 1.
TABLE 1 | The component content of ions in experimental water.
[image: Table 1]The oil is a mixture composed of gas-free crude oil and kerosene. Oil viscosity is 7.36 mPa·s at 32 °C.
EXPERIMENTS
Theoretical Foundation
The measure of profile control in the oilfield is taken for reducing water channeling and enhancing oil recovery. According to the research of Dong et al., 2021, water breakthrough will happen if microheterogeneity exists in the reservoir, and the oil will remain local in the high permeability areas (Figure 3A). As seen from Figure 2, the heterogeneity of the reservoir in the Fuyu oilfield is common. Thus, water breakthrough is unavoidable. The oil saturation in the smaller size capillary (or lower permeability areas) is
[image: image]
where So is oil saturation; μo, μw are the viscosity of oil and water; r1, r2 are the sizes of the smaller capillary (lower permeability areas) and the bigger capillary (higher permeability areas). The theoretical model can be found in Appendix A.
[image: Figure 3]FIGURE 3 | Water breakthrough and profile control.
The self-assembled particle is used to plug the water channel (bigger-sized capillary), and the finally purpose is to restart the remaining oil in the smaller-sized capillary (low permeability areas). It means that the plugging strength of the particle in high permeability areas (Pr2) should be larger than the restart pressure of oil in the low permeability areas (Pr1).
As seen from Figure 3B, the condition below should be satisfied:
[image: image]
That is the theoretical foundation of profile control.
Experimental Scheme
Based on the theoretical analysis, two pressures should be achieved and compared before the adaptation evaluation. So two kind of experiments are designed.
1) The oil restarting pressure experiment.
Seven different permeability cores saturated the oil are taken, and the water is injected in the cores to displace the oil. The injecting pressure is tested when the first oil drop flows out. This pressure can be represented as the oil restarting pressure. And the experimental temperature is 32°C. The basic parameters of experimental cores are shown in Table 2.
2) The plugging strength experiment of the self-assembled particle.
TABLE 2 | Basic parameters of experimental cores.
[image: Table 2]Two high permeability cores are used to inject the self-assembled particles. The particles will plug and migrate in the pore throat of the core, and the injecting pressure will remain stable when the plugging and migration is balanced. After that, the water injection follows. And the stable water injection pressure can be seen as the particle plugging strength.
As the particle plugging is formed in the water channel (high permeability areas), two cores with the permeability of 1,265.7 mD and 3,014.7 mD are used for the core experiments, and their basic parameters are listed in Table 3.
TABLE 3 | Basic parameters of experimental cores.
[image: Table 3]Thus, the effect of profile control in the Fuyu oilfield can be evaluated according to these two pressures. The devices of the experiments are shown below Figure 4.
[image: Figure 4]FIGURE 4 | The experimental devices.
RESULTS AND DISCUSSION

1) The oil restarting pressure in different permeability cores
The pressures (or pressure gradients) tested from the experiments of different permeability cores are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The pressure gradient of oil restarting with different permeabilities.
It can be seen that the oil restarting pressure increases with the decreasing of permeability. And the increasing rate grows rapidly when the permeability drops below 50 mD. That means the oil remaining in the lower permeability areas needs more driving force for restarting.
2) The plugging strength of the self-assembled particle in high permeability cores
The self-assembled particle with the diameter of 20∼40 μm is used for the experiments. The concentration of the particle solution is 1,000 ppm. The particle injection rate is 1 m/d. The dynamic behaviors of pressure gradients at different position of the cores are show in Figure 6.
[image: Figure 6]FIGURE 6 | Injection dynamics of the self-assembled particle in experimental cores.
It can be seen that the pressure gradient at different positions rises gradually with the increasing particle injection. That means the self-assembled particle can migrate to deep within the cores. Meanwhile, the pressure gradient remains stable after injecting the particle for a while. That is because the particle retention in the core reaches its maximum. The final pressure gradient of subsequent water flooding can be represented as the plugging strength of the self-assembled particle during the profile control measure.
According to the injection dynamics of Core ZR-1, the plugging strength at 0–5 cm is much higher than the one at other positions. That is because the particle retention in the entrance is higher than that at other places, which is called the entrance face effect. The plugging strength in the center of the cores can be represented as the actual particle plugging strength. Thus, the plugging strength of the self-assembled particle in Core ZR-1 is about 14.05 MPa/m, which is achieved from the average value of point 5–15 cm and point 15–25 cm. Also, the plugging strength in Core ZR-2 is 0.64 MPa/m.
3) The evaluation of the self-assembled particle on profile control in the Fuyu oilfield
The permeability of where the oil can be forced to restart is achieved by comparing the plugging strength of the self-assembled particle with the oil restarting pressure in Figure 5. The results are shown below.
Seen from the table (Table 4), the plugging strength in the area with a permeability of 1,265.70 mD is equal to the oil restarting pressure in the area with a permeability of 3.38 mD. That means the oil in the reservoir with a permeability above 3.38 mD can be displaced completely by water if the water channel with a permeability of 1,265.70 mD is plugged by the particle. Thus, combined with the statistical analysis of the permeability in the Fuyu oilfield (Figure 2), most of the remaining oil can be displaced. Similarly, if the self-assembled particle plugs the water channel with a permeability of 3,014.70 mD, the plugging strength can force the oil to be displaced in the areas with permeability over 121.65 mD. So the remaining oil where the permeability is below 121.65 mD cannot be exploited.
TABLE 4 | Comparison of plugging strength and oil restarting pressure.
[image: Table 4]As the frequency of permeability over 1,500 mD is very low, the water channel in the Fuyu oilfield exists mostly in the areas with a permeability between 1,000 mD to 1,500 mD. Therefore, the self-assembled particle with a diameter of 20–40 μm is suitable for profile control in the Fuyu oilfield.
Furthermore, seen from the research of Dong et al., 2016, the plugging strength of a normal particle in the core with a permeability of 3014.70 mD is only 0.12 MPa/0.3 m (equals to 0.4 MPa/m), which is less than the plugging strength caused by the self-assembled particle injection in the same permeability core (Table 5). The property of self-assembly gives the particle a higher plugging ability and a larger matching window. To sum up, the self-assembled particle is more suitable for profile control than the normal particle.
TABLE 5 | Plugging strength of self-assembled particle and normal particle.
[image: Table 5]CONCLUSIONS

1) The permeability in the Fuyu oilfield is normally distributed, and the water channel mostly exists at the areas with a permeability ranging from 1,000 mD to 1,500 mD.
2) The oil restarting pressure increases with the decreasing of permeability, and the increasing rate grows rapidly when the permeability drops below 50 mD.
3) The self-assembled particle with the diameter of 20–40 μm has a good plugging ability in the reservoir with a permeability of 1,265.7 mD, and it can make the remaining oil in the areas with a permeability over 3.38 mD displace by subsequent water flooding.
4) The property of self-assembly can provide the particle with a higher plugging ability and a larger matching window with the water channel than the normal particle. It is suitable for profile control in the Fuyu oilfield.
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NOMENCLATURE
L Length of the parallel capillary, m
v Moving velocity of oil-water interface, m/d
x Distance between oil-water interface and entrance, m
r Radius of capillary, m
r1 Radius of smaller-sized capillary, m
r2 Radius of bigger-sized capillary, m
pA Pressures at interface-A, MPa
pB Pressures at interface-B, MPa
μw Viscosity of water, mPa.s Viscosity of oil, mPa.s
μw Viscosity of water, mPa.s Viscosity of oil, mPa.s
t Time of water flooding, s
x1 Position of oil-water interface in the smaller size capillary when the oil-water interface in the bigger-sized capillary is arriving at Interface-B, m
LR Length of remaining oil in the smaller-sized capillary, m
So Saturation of remaining oil in the smaller-sized capillary, %
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To address the limitations of conventional Pd catalysts in the polymerization of thiophene-containing conjugated polymers, an active catalyst system based on Pd (0) and a phosphine-based bulky ligand, L1, is explored systematically in Suzuki–Miyaura polymerizations using thiophene boronic acid pinacol ester as one of the monomers. This active catalyst is found very efficient in synthesizing a series of thiophene-containing linear and hyperbranched conjugated polymers. First, as a model example, coupling reactions between electron-rich/moderately hindered aryl or thienyl halides and thiophene boronic acid pinacol ester give excellent yields with lower catalyst loading and can be completed in a shorter reaction time relative to Pd(PPh3)4. Notably, high molecular weight thiophene-containing polymers are successfully synthesized by Suzuki–Miyaura polycondensation of 2,5-thiophene bis(boronic acid) derivatives with different dibromo- and triple bromo-substituted aromatics in 5–15 min.
Keywords: cross-coupling, thiophene boronic acid pinacol ester, aryl halides, polymerization, hyperbranched polymers
INTRODUCTION
π-Conjugated polymers have received considerable interest for their potential in a variety of applications, such as optoelectronics, chemical sensors, and biological sensors (Ponder et al., 2018; Yue et al., 2019; Li and Pu, 2019; González et al., 2019; Ochieng, et al., 2020; Abdollahi and Zhao, 2020). In particular, conjugated polymers containing thiophene, tri-phenylamine, and benzo(lmn)(3,8)phenanthroline-1,3,6,8(2H,7H)-tetraone in the main or side chains have attracted much attention due to their unique optophysical properties, and they can be used as active components for light-emissive and charge carrier thin-film materials (Koyuncu, 2012; Ma et al., 2013; Ponder et al., 2018; Wu et al., 2018; Li and Pu, 2019; Jessop et al., 2020). Linear conjugated polymers usually have a rigid structure and are easy to form aggregation or crystallization in solvent and solid films. The aggregation of conjugated polymer chains in the film can greatly reduce the luminescence quantum efficiency and is detrimental to the device performance in light-emitting applications. Therefore, in recent years, hyperbranched conjugated polymers with a three-dimensional structure have attracted extensive interest. They mostly possess good solubility, processability, and adjustable photophysical and chemical properties, with effectively inhibited aggregation in the solid state (Xia et al., 2007; Okamoto et al., 2013; Wu et al., 2015; Jiang et al., 2019; Yen and Liou, 2019).
The palladium-catalyzed Suzuki–Miyaura cross-coupling is a mild and efficient reaction to construct the carbon–carbon bonds among aromatics (Bellina et al., 2004; Han, 2013; Paul et al., 2015; Qiu et al., 2018; Rizwan et al., 2018; Ayogu and Onoabedje, 2019; Zhang et al., 2019). This reaction is advantageous over alternative reactions, such as Kumada–Corriu (Clagg et al., 2019; Loewe et al., 1999), Negishi (Chen and Rieke, 1992; Pei et al., 2002; Abdiaj et al., 2018), and Stille (Zou et al., 2009; Rathod et al., 2017), with regard to the tolerance to many kinds of functional groups, the commercial availability of various boronic acids, the nontoxicity and the stability of the catalyst, and the easy separation of by-products (Shen, 1997; Buchwald et al., 1998). Great efforts on the development of catalyst systems for Suzuki–Miyaura cross-coupling reactions have been made over the past 2 decades by Buchwald (Littke and Fu, 2002; Altenhoff et al., 2004; Buchwald et al., 2004; Barder et al., 2005), Beller (Beller et al., 2004), Bedford (Bedford, 2003; Bedford et al., 2003a; Bedford et al., 2003b), Fu (Littke et al., 2000; Liu et al., 2001), Herrmann (Böhm et al., 2000), Norlan (Zhang et al., 1999; Grasa et al., 2002), etc. It should be noted that the catalyst system based on Pd (0) with the electron-rich and bulky phosphorus ligands showed high activity even with existing hindered and electron-rich aryl chloride substrates, and the synthesis of thiophene-containing polymers by Suzuki polymerization is performed successfully by using aryl boronic acids and thiophene halides as starting materials (Littke and Fu, 2002; Altenhoff et al., 2004; Buchwald et al., 2004; Barder et al., 2005; Zou et al., 2009). Because of deboronation of thiophene boronic acid pinacol ester at high temperature, it is difficult to obtain the thiophene-containing products with excellent yields and high molecular weights from electron-rich thiophene boronic acid pinacol ester by Suzuki polymerization. Only few groups reported that high molecular weight polymers were obtained by Suzuki polymerization based on 2,5-thiophenebis (boronic acid pinacol ester)s using Pd(PPh3)4 as the catalyst precursor (Lu et al., 2008; Liu et al., 2013; Nguyen et al., 2014).
A palladium complex containing a bulky electron-rich ligand facilitates the oxidative addition of the aryl halide (Grushin and Alper, 1994; Farina et al., 1997). The chemical structure of L1 is shown in Figure 1. The alkoxy groups attached to the second phenyl ring stabilize the Pd center and prevent cyclometalation, and the thienyl groups on the phosphorus core increase interactions with the Pd center and enhance the electron density of the phosphine-based ligand backbone. These features are beneficial to the activity and lifetime of the catalyst (Ryabov, 1990; Buchwald et al., 2004). The catalyst system consisting of Pd (0) and L1 shows high efficiency for the Suzuki–Miyaura cross-coupling of thiophene-2-boronic ester and aryl halide (Liu et al., 2013). The main drawbacks of the catalytic system Pd (0)/L1 might involve a long reaction time and poor turnover numbers (TONs) and turnover frequencies (TOFs) (Gautam and Bhanage, 2015). Despite the high performance of L1, there is still room to optimize the catalyst system toward a wider scope, higher reactivity, lower catalyst loading, and a shorter reaction time. In this report, L1 was studied as the ligand with zero-valent palladium as the catalyst precursor for Suzuki–Miyaura cross-coupling reaction of benzyl bromide and thiophene boronic acid pinacol ester by changing various reaction conditions including reaction times and the quantities of the catalyst together with the different ratios to ligand L1, and optimized conditions can be obtained. In addition, Suzuki–Miyaura cross-coupling reactions were completed with low levels of catalyst loading and short reaction times for a broad range of substrates. Compared with the traditional palladium source Pd(PPh3)4, the catalyst Pd2(dba)3/L1 showed higher performance in generating TON and TOF. Furthermore, this catalyst system can be conducted for Suzuki polycondensation of polymers based on 2,5-thiophenebis (boronic acid pinacol ester), and high molar mass polymers can be easily gained within 15 min.
[image: Figure 1]FIGURE 1 | The chemical structure of L1.
EXPERIMENTAL SECTION
Materials and Measurements
All chemicals were obtained from commercial suppliers and applied without purification. Solvents were disposed according to the standard process. 5-Bromothiophene-2-carbaldenhyde and L1 were gained according to a previous literature procedure (Li et al., 2008; Liu et al., 2013). The catalyst precursor Pd(PPh3)4 was prepared according to the literature (Coulson, 1972). All reactions proceeded under N2 and monitored by thin-layer chromatography. Column chromatography was conducted on silica gel (200–300 mesh). 1H NMR was performed in CDCl3 on a Bruker DM 300, AV 400, or AV 600 spectrometer. The gel permeation chromatography (GPC) measurements were performed on a Waters chromatography system connected to a Shimadzu LC-20AD differential refractometer with THF as an eluent or at 150°C with 1,2,4-trichlorobenzene as an eluent and calibration with polystyrene standards.
METHODS
Pd-catalyzed (Pd2(dba)3 + L1) Suzuki–Miyaura Coupling of Aryl Bromide or Thienyl Bromide With Thiophene Boronic Ester
A mixture of aryl halides or thienyl halides, thiophene boronic ester, THF (5 L mol-1 halide), water, the base (5 equiv), Pd2(dba)3, and L1 was mixed under nitrogen and refluxed. CH2Cl2 was then poured into the mixture, and the organic layer was separated and dried with MgSO4. The crude product was purified on silica gel eluting with petroleum ether (60–90°C)/acetate ester to provide the title compound.
Pd-Catalyzed (Pd2(dba)3 + L1) Suzuki Polycondensation of Aryl Bromide or Thienyl Bromide With Thiophene Boronic Ester
A mixture of aryl halides or thienyl halides, thiophene boronic ester, THF (5 L mol-1 halide), water, the base (5 equiv), Pd2(dba)3, and L1 was mixed under nitrogen and refluxed. Water was then added, and the organic layer was separated and precipitated into methanol. The crude product was purified to provide the polymers.
RESULTS AND DISCUSSION
Suzuki–Miyaura Cross-Coupling Reaction of Aryl or Thienyl Halide and Thiophene-2-Boronic Acid Pinacol Ester
The Suzuki–Miyaura cross-coupling reactions of thiophene-2-boronic acid pinacol ester and aryl bromide using Pd (0)/L1 have been screened in Table 1. Yields of the isolated product were obtained under various reaction conditions (Table 1). First, decreasing the catalyst loading to 0.1% Pd for reaction of thiophene-2-boronic acid pinacol ester and aryl bromide, the coupling product was obtained in a good yield of 89% after 48 h at 65°C. Interestingly, when the reaction time was shortened to 15 min, there was little effect on the yield of the reaction, and the product was gained in good yields of 85–95% under similar conditions with an increase in the values of TON and TOF (especially by shortening the reaction time to 15 min, the value of TOF increased to 103 h−1) (Table 1, entries 3–7). Besides, by further decreasing the Pd loading to 0.01% Pd and using the L1: Pd ratio of 5:1, the process was carried out at 65°C after 0.5 h in yields of 62–89%, and a value of TOF of 2.5–3.6 × 104 h−1 could be generated (Table 1, entries 8–12). Among the bases offered in Suzuki–Miyaura cross-coupling reactions, the base K2CO3 was proved to be the best choice, and the desired products were obtained with the highest yields under the above conditions (Table 1) (Buchwald et al., 2004). According to the results, this catalyst system showed efficient activity for the cross-coupling reactions of aryl bromide and thiophene-2-boronic acid pinacol ester.
TABLE 1 | Yields of the isolated products from Suzuki–Miyaura cross-coupling reactions of thiophene-2-boronic esters (a) and bromobenzene (b) under various reaction conditions.
[image: Table 1]To test the performance of our ligand L1 with low levels of catalyst loading and short reaction times, we chose nine substrates under the conditions of K2CO3 as the case with 0.1% Pd (0)/L1 (1:3) within 30 min as a test case (Table 2). The isolated yields of the corresponding product are depicted in Table 2. Compared with the catalyst Pd(PPh3)4, ligand L1 gave better yields in reactions of aryl halide and 2-thiopheneboronic ester under the above conditions. For example, the coupling reaction of bromobenzene or benzyl bromide and aromatic boronic acid pinacol ester with 0.1% Pd (0) (Pd: L1 = 1:3) within 15 min gave excellent isolated yields of the corresponding products, wherein TOFs of 3,840 h−1 and 3,800 h−1 were obtained, respectively (Table 2, entries 1–2; Supplementary Table S2, entries 1–2). The reaction of electron-rich 1-bromo-4-methoxybenzene and electron-deficient aryl bromide with thiophene-2-boronic acid pinacol ester (ratio 1:1) resulted in the excellent yields of 92–97% with 0.1% Pd (0) (Pd: L1 = 1:3) (Table 2, entries 3–5; Supplementary Table S2, entries 3–5). The above results showed that the presence of electron-rich or electron-deficient groups of aryl bromide had little effect on the yield and TOF of these reactions. In addition, the Suzuki cross-coupling reactions of substrates such as moderately hindered 1,4-dibromo-2,5-dimethylbenzene with thiophene-2-boronic ester could be completed at 0.1% Pd (0) (Pd: L1 = 1:3) to give an 88% yield with a decreased TOF of 880 h−1 within 30 min (Table 2, entry 6; Supplementary Table S2, entry 6). Under the similar conditions, Pd(PPh3)4 furnished the target products with a 24% isolated yield and only a 6 h−1 TOF after 2 h. Notably, the Suzuki cross-coupling reactions of 2,5-thiophenebis (boronic ester)s and ortho-substituted bromobenzene Pd (0)/L1 provided the target products in an isolated yield of 90% with a value of TOF of 900 within 30 min, whereas under the similar conditions, Pd(PPh3)4 gained the isolated yield of 18% with only a 4.5 h−1 TOF after 2 h (Table 2, entry 7; Supplementary Table S2, entry 7). Besides, the process worked well on the coupling of electron-rich thienyl bromide and thiophenylboronic ester, and the coupling reactions could be carried out at 0.1% Pd (0) (Pd: L1 = 1:3) to give 90 and 91% yields, with TOFs of 1,800 h−1 and 1,820 h−1 after 30 min, and Pd(PPh3)4 gained the isolated yields of 31% and 48%, with TOFs of 15.5 h−1 and 24 h−1 after 2 h, respectively (Table 2, entries 8–9; Supplementary Table S2, entries 8–9). These results suggest that the catalyst system is remarkably effective for the cross-coupling based thiophene-2-boronic ester with low levels of catalyst loading and short reaction times for a broad range of substrates. Compared with the traditional catalyst precursor Pd(PPh3)4, the catalyst system Pd2(dba)3/L1 showed higher performance in yield and TOF. The general mechanism for the Pd-catalytic cross-coupling reaction is divided into three steps, including oxidative addition, transmetalation, and reductive elimination (Miyaura, N. and Suzuki, A. 1995). Oxidative addition is the rate-limiting step for Suzuki–Miyaura coupling reaction, which might be accelerated in the Pd (0)/L1 catalyst system. A high reaction rate can effectively reduce the undesired deboronation of thiophene-2-boronic acid pinacol ester that negatively affects Suzuki–Miyaura cross-coupling reactions under standard conditions (Jayakannan et al., 2001; Kinzel et al., 2010).
TABLE 2 | Yields of the isolated products from Suzuki–Miyaura cross-coupling reactions of thiophene-2-boronic esters and aryl halides with different catalysts.
[image: Table 2]Suzuki Polycondensation Reaction Based on Thiophenylboronic Ester
To test the performance and wide scope of the catalyst precursor Pd (0)/L1, the catalytic system with ligand L1 and Pd2(dba)3 (Pd/L1 = 1/3) was tested for the synthesis of hyperbranched polymers based 2,5-thiophenebis (boronic acid pinacol ester)s (Scheme 1). For comparison, Pd2(dba)3 (Pd/L1 = 1/3) and Pd(PPh3)4 were also applied for the same polymerization as catalyst precursors. Suzuki polycondensation of 2,5-thiophenebis (boronic acid pinacolester)s (M2) with tris(4-bromophenyl)amine (M1) or tris(4-bromophenyl)amine (M4) and 2,7-dibromo-9,9-dioctyl-9H-fluorene (M3) was carried out in a biphasic mixture of THF and aqueous K2CO3 with freshly prepared Pd2(dba)3/L1 or Pd(PPh3)4 as the catalyst precursor in 15 min. The results of polymerization are displayed in Table 3. When using Pd2(dba)3/L1 as the catalyst precursor, the polycondensation proceeded very rapidly, and large amounts of precipitation were observed in the reaction flask after 5 min. Polymers were not soluble in common reagents such as CHCl3 or THF even at the refluxed temperature, but little were soluble in 150°C 1,2,4-trichlorobenzene. The molecule molar masses of P1 and P2 were determined by GPC at 150°C with 1,2,4-trichlorobenzene as the eluent and calibration with polystyrene standards. The soluble fractions of polymers P1 and P2 had molecular weights Mw of 24,800 g mol−1 and 7,900 g mol−1, respectively. Using the representative palladium catalyst Pd(PPh3)4, Suzuki polycondensation of monomers (M1 or M4) and monomer M3 with 2,5-thiophenebis (boronic acid pinacolester)s (M2) provided only low molecule molar mass oligomers with an Mw less than 3,000 g mol−1.
[image: Scheme 1]SCHEME 1 | Suzuki polycondensation based on 2,5-thiophenebis (boronic acid pinacol ester) with Pd2(dba)3 (Pd/L1 = 1/3) and Pd(PPh3)4 as catalyst precursors.
TABLE 3 | Catalyst precursor, yield, weight-average molecular weight (Mw), and polydispersity index (PDI).
[image: Table 3]To test the performance and obtain fully soluble polymers in the reaction solvents, we chose 4,9-dibromo-2,7-bis(2-octyldodecyl)benzo(lmn)(3,8)phenanthroline-1,3,6,8(2H, 7H)-tetraone (M5) and 2,5-thiophenebis (boronic acid pinacolester)s (M2) as monomers. Using Pd2(dba)3/L1 as the catalyst precursor, polymer P3 was synthesized, which was completely soluble in THF at room temperature in 15 min. The GPC elution curve of P3 showed narrow molecular weight distribution. The number-average molecular weight and weight-average molecular weight of P3 were 32,000 g mol−1 and 11,2000 g mol−1, respectively (Figure 2). The polycondensation of M2 and M5 was also tested using Pd(PPh3)4 as the catalyst precursor. GPC data showed that polymer P3 was gained with a molecular weight Mw 8,400 g mol−1. The results are also displayed in Table 3.
[image: Figure 2]FIGURE 2 | The molecular weight Mw of P1, P2 and P3 with different catalysts.
CONCLUSIONS
In conclusion, the catalyst system based on Pd (0)/L1 was studied for the Suzuki–Miyaura cross-coupling reactions of thiophene-2-boronic ester with aryl bromides and unactivated thienyl bromides. The catalytic system is efficient in good to excellent yields and high TOFs with low catalyst loadings or shorter reaction times. In addition, relative to Pd(PPh3)4, this catalyst system also demonstrates higher activity in the Suzuki polymerization of aryl halide and 2,5-thiophenebis (boronic acid pinacol ester)s, resulting in various thiophene-containing conjugated polymers with good yields and high molecular weights within 15 min.
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The construction of silicone elastomers crosslinked by a natural crosslinker under a catalyst-free method is highly desirable. Herein we present catalyst-free silicone elastomers (SEs) by simply introducing tannic acid (TA) as a natural crosslinker when using poly (aminopropylmethylsiloxane-co-dimethylsiloxane) (PAPMS) as the base polymer. The crosslinked bonding of these SEs can be easily changed from hydrogen bonding to covalent bonding by altering the curing reaction from room temperature to heating condition. The formability and mechanical properties of the SEs can be tuned by altering various factors, including processing technique, the amount of TA and aminopropyl-terminated polydimethylsiloxane, the molecular weight and -NH2 content of PAPMS, and the amount of reinforcing filler. The hydrogen bonding was proved by the reversible crosslinking of the elastomers, which can be gradually dissolved in tetrahydrofuran and re-formed after removing the solvent. The covalent bonding was proved by a model reaction of catechol and n-decylamine and occurred through a combination of hydroxylamine reaction and Michael addition reaction. These elastomers exhibit good thermal stability and excellent hydrophobic property and can bond iron sheets to hold the weight of 500 g, indicating their promising as adhesives. These results reveal that TA as a natural product is a suitable “green” crosslinker for the construction of catalyst-free silicone elastomers by a simple crosslinking strategy. Under this strategy, TA and more natural polyphenols could be certainly utilized as crosslinkers to fabricate more organic elastomers by selecting amine-containing polymers and further explore their extensive applications in adhesives, sealants, insulators, sensors, and so forth.
Keywords: silicone elastomers, tannic acid, catalyst-free, polysiloxane, green chemistry, natural crosslinkers
INTRODUCTION
In the past decades, silicone elastomers (SEs) have gained significant attention for extensive applications in aerospace, electronics, protective coating, wearable devices, medical systems, and bio-materials, by virtue of their unique properties, such as high/low temperature resistance, low surface energy, electrical insulation, aging resistance, and biocompatibility (Yilgör and Yilgör, 2014; Rücker and Kümmerer, 2015; Rus and Tolley, 2015; Eduok et al., 2017; Liu et al., 2020). SEs are typically constructed by linking the linear silicone polymers with small molecules or polymers containing two or more linkable sites, which are called crosslinkers, to form three-dimensional (3D) networks. Traditional silicone crosslinking technologies, involving free-radical, condensation and hydrosilylation reactions, have been widely utilized in laboratory and industry (Troegel and Stohrer, 2011; Picard et al., 2015). However, in these processes, catalysts are generally indispensable to accomplish the crosslinking and have brought cost (e.g., platinum catalysts in hydrosilylation) or environmental concerns (e.g., toxic tin catalysts in condensation) (Wang et al., 2017). More importantly, the catalysts that may have an undesirable toxicological effect cannot meet the requirement of green chemistry. Therefore, it is highly desirable to develop a catalyst-free crosslinking strategy.
In recent years, some novel crosslinking strategies, such as azide-alkyne cycloaddition (Rambarran et al., 2012), dynamic covalent bonding (e.g., imine (Bui and Brook, 2020) and boroxine (Lai et al., 2016)), and coordination bonding (Rao et al., 2016; Lai et al., 2018), have been developed to construct silicone elastomers without a catalyst. The key factor in these strategies is to rationally choose a suitable polysiloxane having applicable functional groups as the base polymer. Amine-functionalized polysiloxanes have been verified as a good choice because of their commercial availability and high reactivity, which can be readily crosslinked through versatile catalyst-free reactions, such as aza-Michael reactions (Feng et al., 2016), ureas from reaction with isocyanates (Yang et al., 2020), and imine bonding through reaction with aldehydes (Bui and Brook, 2020). However, in these reactions, the selected crosslinkers are normally synthetic molecules or polymers, thus making it difficult to meet the current requirements of silicone elastomers in terms of green chemistry. Actually, this situation exists in most of silicone materials. Thus it would be of great significance to develop green crosslinkers for silicone elastomers.
Natural polyphenols, featuring more than one phenolic groups, are ubiquitous in nature, such as in fruits, vegetables, grains, tea, coffees, wines, and chocolates, have played a crucial role in defending UV radiation and pathogenic invasion for plants (Xu R. et al., 2018). They not only possess intriguing biological activities (e.g., antioxidant, antiallergic, and antitumor), but also exhibit attractive chemical properties (Xu, et al., 2018a). The abundant phenolic hydroxyl groups in polyphenols can act as donors in the formation of hydrogen bonding. Polyphenols can be easily oxidized to the quinone forms, which can undergo reactions with various functional groups, such as amine and thiol through Michael addition or Schiff base reaction (Wu et al., 2015). The aromatic rings or hydroxyls can also interact with other molecules by hydrophobic or electrostatic interactions. By virtue of these features, natural polyphenols can serve as versatile platforms for material engineering and surface functionalization (Xu L. Q. et al., 2018). In particular, they can be efficiently utilized to link linear polymers together to build crosslinked polymeric materials (Niu et al., 2020), especially high-strength hydrogels (Xu R. et al., 2018; Fan et al., 2018; López and Pich, 2018; Jiménez et al., 2019), and can be recognized as a class of ideal natural and green crosslinkers. However, polyphenols haven’t been utilized as crosslinkers for the construction of elastomers, especially silicone elastomers.
Herein, a typical polyphenol, tannic acid (TA), is chosen as a green and natural crosslinker to fabricate catalyst-free silicone elastomers from amine-functionalized polysiloxanes. By taking the advantage of the feature of hydrogen bond donor from the phenolic hydroxyl group in TA, the elastomers can be readily crosslinked through non-covalent bonds, i.e., hydrogen bond at ambient temperature. It is interesting that the hydrogen bonding can be converted into covalent bonding by improving the crosslinking temperature, thus making TA as a covalent crosslinker for silicone elastomers. Various factors that influence the mechanical properties of these elastomers are systematically investigated. The covalent crosslinking mechanism is explored by designing a model reaction. In addition, the elastomers applied as adhesives were also explored.
EXPERIMENTAL
Materials
Tannic acid (TA), catechol, and n-decylamine were purchased from Energy Chemical Company of China. Aminopropyl-terminated polydimethylsiloxane (DP-1, Mw = 10,000 g mol−1) were purchased from Tangui Co., China. All other reagents were purchased from Fuyu Company of China.
Synthesis of poly (aminopropylmethylsiloxane‐co‐dimethylsiloxane) (PAPMS)
A series of poly (aminopropylmethylsiloxane-co-dimethylsiloxane) (PAPMS) were prepared as our previous report (Lu and Feng, 2017). The structure of PAPMS was shown in Figure 1 and the obtained PAPMS were named as P-X (X represents b/(a+b)× 100, that is, the molar content of–NH2 in the main chain), and P-2.2, P-2.5, P-4.8, P-5.8 and P-7.5 were obtained. The molecular weight (Mn) of these polymers were 1,63,305, 64,000, 45,000, 70,300, and 46,217 g mol−1 for P-2.2, P-2.5, P-4.8, P-5.8 and P-7.5, respectively, which were determined by gel permeation chromatography (GPC).
[image: Figure 1]FIGURE 1 | Preparation of silicone elastomers crosslinked by hydrogen bonding or covalent bonding. (i) H2O/solvent, room temperature; (ii) H2O/solvent, room temperature; 150°C, 1 h.
Preparation of Silicone Elastomers Crosslinked by Hydrogen Bond
In a typical procedure, an aqueous solution of TA was prepared by dissolving TA (30 mg) in water (0.2 ml), while a n-hexane solution of amino-containing polysiloxane was prepared by dissolving P-2.5 (1.6 g) and aminopropyl-terminated polysiloxane (DP-1) (0.6 g) in n-hexane (15 ml). Then the organic solution and TA aqueous solution were mixed evenly and poured into a Teflon mold. After 24 h, a transparent and dark yellow silicone elastomer was obtained. Table 1 summarizes the variables for the synthesis of SEs (H-1 to H-16) crosslinked by hydrogen bond.
TABLE 1 | Data of hydrogen bond cross-linked silicone elastomers.
[image: Table 1]To improve the mechanical properties of the hydrogen bonding SEs, the reinforcing filler was added. Taking H-17 as an example, 0.22 g of fumed silica H2000 was added to DP-1 (0.6 g) and P-2.5 (1.6 g) in n-hexane solution, and then TA in aqueous solution (30 mg of TA in 0.2 ml of water) was added and mixed with the organic solution. Finally, the mixture was poured into the Teflon mold and remained at room temperature. After 24 h, a transparent silicone elastomer was obtained. Supplementary Table S2 summarizes the formulation data for hydrogen-bonding elastomers after the reinforcement.
Preparation of Silicone Elastomers Crosslinked by Covalent Bond
In a typical procedure, TA (30 mg) was dissolved in 0.3 ml of water, forming an aqueous solution of TA, while DP-1 (0.6 g) and P-5.8 (1.6 g) were dissolved in n-hexane. Then the TA solution and hexane solution were mixed evenly. The resulting mixture was poured into a Teflon mold. After evaporating the solvents at room temperature (∼24 h), the resultant film was heated at 150°C for 1 h and a transparent and brown silicone elastomer was obtained. Supplementary Table S1 summarizes the variables for the synthesis of SEs (C-1 to C-17) crosslinked by covalent bond.
The reinforcing filler was also added to improve the mechanical property. Taking C-18 as an example (Supplementary Table S2), fumed silica H2000 (0.22 g) was added into n-hexane solution containing (DP-1) (0.6 g) and P-2.5 (1.6 g). Then TA in aqueous solution was added to mixture and stirred rapidly for ca. 15–20 min. The resultant mixture was poured into a Teflon mold and remained at room temperature to remove the solvents (ca. 24 h), affording a film. The film was heated at 150°C for 1 h and the final silicone elastomer was obtained. Supplementary Table S2 summarizes the formulation data for covalently bonding elastomers after the reinforcement.
Measurement of Crosslinking Density
The average molecular weight (Mc) between the crosslinking points is usually used to indicate the crosslinking density of silicone elastomers. It is generally measured using an equilibrium swelling method in toluene (Lu and Feng, 2017). The silicone elastomers were dried before measurement and weighed as mass m1. Then the silicone elastomer was immersed in toluene at room temperature (ca. 3 days). The swollen gel was taken out from the liquid when the weight of the gel (m2) kept constant (excess solvent was removed from the surface). The volume fraction Φ of the silicone elastomer dissolved in toluene was calculated by Eq. 1.
[image: image]
m1 and m2 represent the masses of silicone elastomers before and after swollen in toluene, respectively. ρ1 and ρ2 represent the densities of toluene and silicone elastomers, respectively. Mc was calculated by Flory and French’s Eq. 2. V1 and χ represent the molar volume of toluene and the Flory-Huggins interaction parameter of polysiloxane and toluene (0.465).
[image: image]
The crosslink density ν can be calculated by Eq. 3.
[image: image]
Model Reaction of Catechol and n-decylamine
In a flask, catechol (0.5515 g, 5 mmol) and n-decylamine (1.5729 g, 10 mmol) were added and mixed. The mixture was heated at 150°C for 1 h under stirring. After the reaction finished, the product was afforded as a brown liquid.
Application as Adhesives for Bonding Iron Sheets
Taking B-3 as an example, TA (15 mg) and PAMPMS (0.4 g) was mixed in n-hexane (5 ml). The mixture was coated evenly on two 2 × 6 cm iron sheets and the bonding method is the lap joint. The application method and test method are performed in accordance with the national standard (GB 7124–2008). With the adhesive crosslinked by hydrogen bond, the bonded iron sheets were placed at room temperature to remove the solvent (24 h) before testing. With the adhesives crosslinked by covalent bond, the bonded iron sheets were heated at 150°C for 1 h before testing. Supplementary Table S4 summarizes the formulation of adhesives.
RESULTS AND DISCUSSION
Synthesis and Characterization
Novel silicone elastomers were prepared using aminopropyl functionalized polysiloxanes as the base polymers and TA as the crosslinker at different conditions (Figure 1). At room temperature, the silicone elastomers, H-1 to H-16, were crosslinked by hydrogen bond between amine groups from the polysiloxanes and phenolic groups from TA. After heating the hydrogen bonding elastomers at 150°C for 1 h, the silicone elastomers, C-1 to C-17, crosslinked by covalent bond were obtained.
The formed silicone elastomers were characterized by FT-IR technique. Figure 2 shows the IR spectra of raw materials (P-5.8, DP-1 and TA) and elastomers (H-9 and C-13 as examples). The characteristic absorption of phenolic groups are observed at 3,450 cm−1 in TA, while the characteristic absorption peak of -N-H bond in amine groups from DP-1 and P-5.8 are observed at 3,700 cm−1 and 3,650 cm−1. After crosslinking, these peaks nearly disappear in the elastomers (H-9 and C-13), thereby indicating that the interaction or a reaction between phenolic and amine groups occurred. In addition, the strong absorption peaks in the range of 1,022–1,094 cm−1 in P-5.8, DP-1, and C-13 are attributed to the characteristic Si-O-Si stretching vibration.
[image: Figure 2]FIGURE 2 | FT-IR spectra of TA, P-5.8, DP-1, C-13, and H-9
Effect of Variables on the Properties of Hydrogen Bond Crosslinked SEs
As mentioned above, by virtue of the abundant phenolic groups in TA, it is expected to crosslink amino-functionalized polysiloxanes via the hydrogen bonding between phenolic hydroxyl and amine groups (Figure 1). To fabricate a high-value SE, it is indispensable to investigate the various effects on the formability and mechanical properties of the SEs. Table 1 summarizes the variables that were examined to evaluate the formability of silicone elastomers based on hydrogen bonding.
The first factor is the processing technique. It is known that polysiloxanes containing low content of aminopropyl groups are insoluble in water, while TA is merely soluble in water. This feature makes TA difficult to be evenly dispersed in the polysiloxane system. Thus the crosslinking process was performed in a mixed solvent. In other word, the crosslinking proceeded by adding the aqueous solution of TA into the organic solution of aminopropyl polysiloxane. It is found that when the organic solvent was dichloromethane (H-4) or trichloromethane (H-5), the elastomers could not be formed. This finding can be explained by the phenomenon that dichloromethane and trichloromethane evaporate too quickly, resulting in the inability of tannic acid and PMPMS to form an effective contact. Although the crosslinking can occur in tetrahydrofuran (H-3), TA aggregated in the formed film. It is delighted that the SEs can be well-formable when using toluene (H-1) or n-hexane (H-2) as the solvent. Considering the toxicity of toluene, n-hexane was chosen as the organic solvent for the preparation of SEs. In addition, we found that if the solvent is insufficient, the formation of hydrogen bond in the system led to an increase of the viscosity, which made the elastomers be formed with some defects, i.e., some bubbles in the elastomers. Thus, more solvent is required during the crosslinking process to reduce the viscosity of the system. It was found that the suitable volumes of solvent and water are 15 and 0.2 ml while the selected parameters include 1.6 g of P-2.5, 0.6 g of DP-1, and 30 mg of TA.
It is known that the addition of a base polymer with terminated functional group can enhance the break elongation of elastomers. Thus, amino-terminated polysiloxane DP-1 was added to study this effect. When the elastomer was cross-linked by hydrogen bond, we added no DP-1 in H-6 and 0.6 g of DP-1 in H-7. It was found that the tensile strength of the SEs decreased from 1,023 kPa (H-6) to 580 kPa (H-7) (Figure 3A). However, the elongation at break increased from 26% (H-6) to 66% (H-7). This phenomenon suggests that the addition of DP-1 can slightly increase the elongation at break of the elastomers. However, the Young’s modulus and cross-link density decreased in a certain. This finding may be attributed to the low reactivity of DP-1, which can hinder the crosslinking.
[image: Figure 3]FIGURE 3 | (A–C) Tensile curves of hydrogen bond cross-linked silicone elastomers affected by amino content of PAPMS and the usage of DP-1 (A), TA dosage (B), and molecular weight of PAPMS (C); (D) The images of H-11 (left) and H-13 (right).
The mechanical properties of hydrogen bond cross-linked elastomers are also affected by the -NH2 content in PAPMS. As shown in Figure 3A, when the molar content of -NH2 in PAPMS was increased from 2.5% (H-7) to 5.8% (H-9), the tensile strength increased from 580 kPa (H-7) to 632 kPa (H-9), but the elongation at break decreased from 66% (H-7) to 32% (H-9). This finding is apparently due to the enhancement of crosslinking density (0.16–0.32 mol/L) and Young’s modulus (1.4–2.5 MPa), which was led by the increased -NH2 contents (Table 2). The amount of the crosslinker TA undoubtedly influences the mechanical properties of SEs. As expected, too many or too few amounts of TA is detrimental to the formation of elastomers. For example, if the amount of TA is 8 mg (H-10), the elastomer cannot be formed due to too few crosslinking sites (The other parameters include 1.6 g of P-2.5, 0.6 g of DP-1, and 15/0.2 ml of hexane/water). When the amount of TA is too high, such as 90 mg (H-14), the cross-linking rate is too fast, resulting in significant defects in the elastomer. It was found that the TA dosages from 30 to 60 mg are suitable and the elastomers (H-11, H-12, and H-13) were obtained with good formability. As shown in Figure 3B, with an increment of TA dosages, the tensile strength was enhanced from 283 kPa (H-11) to 580 kPa (H-13), and the elongation at break and Young’s modulus also increased from 38% (H-11) to 66% (H-13) and from 1.0 MPa (H-11) to 1.4 MPa (H-13), respectively (Table 2). This finding indicates an increase in the material’s ability to resist deformation with increasing the amount of TA. In addition, the colors of the resultant elastomers turned from pale yellow to brownish-yellow (H-11 and H-13 in Figure 3D).
TABLE 2 | Mechanical properties of hydrogen bond cross-linked SEs.
[image: Table 2]The molecular weights of PAPMS can also determine the properties of the elastomers. Two PAPMS with Mn of 163,305 g mol−1 (P-2.2) and 64,000 g mol−1 (P-2.5) acted as the base polymers when the other parameters include 0.6 g of DP-1 and 20/0.4 ml of hexane/water (Note: it is difficult to precisely control the molecular weight and the–NH2 content of the PAPMS). Due to the large molecular weight of P-2.2, 50 mg of tannic acid was added at room temperature for effective crosslinking. The results reveal that PAPMS with higher molecular weight can give the elastomers with higher elongation at break (Figure 3C), but lower tensile strength (H-15 and H-16). This result can be explained by the different crosslinking density. Although a higher molecular weight can lead to a better ductility of the cross-linked network, but higher molecular weight of PAPMS at the same mass means a lower amount of amino groups, that is, fewer crosslinking sites, thereby leading to a lower degree of cross-linking density. This result was also evidenced by the Young’s modulus (Table 2).
Effect of Variables on the Properties of Covalent Bond Crosslinked Silicone Elastomers
As mentioned above, the covalently crosslinked SEs can be readily prepared by heating the hydrogen bonding SEs at 150°C. The effect of various factors on the formability and mechanical properties of elastomers were also investigated and were summarized in Supplementary Table S1 and Table 3. The first variable is the heating time. When the selected parameters include 1.6 g of P-4.8, 0.6 g of DP-1, 30 mg of TA, and 15/0.2 ml of hexane/water, with an increment of heating time from 1 to 3 h, the tensile strength of the elastomer increased from 458 kPa (C-1) to 614 kPa (C-3), and the elongation at break increased from 36% (C-1) to 43% (C-3) (Figure 4A). This phenomenon suggests that the mechanical properties of elastomers can be enhanced by prolonging the heating time. Meanwhile, Young’s modulus increased from 1.6 to 1.9 MPa and crosslink density increased from 0.22 to 0.44 mol/L (Table 3). However, as the heating time continued to increase to 4 h, a decrease of the mechanical property of the elastomer (C-4) was found. This finding may be due to the fact that excessive cross-linking occurs within the networks due to prolonged heating.
TABLE 3 | Mechanical properties of covalent cross-linked silicone elastomers.
[image: Table 3][image: Figure 4]FIGURE 4 | The tensile curves of covalently bonded elastomers influenced by heating time (A), DP-1 (B), -NH2 content (C), and TA content (D).
Amino-terminated polysiloxane DP-1 was used as a chain extender for the cross-linking of elastomers. The results showed that the elastomer (C-5) had a tensile strength of 468 kPa and an elongation at break of 30% without the addition of DP-1 (Figure 4B). When 0.6 g of DP-1 was added, the tensile strength of the elastomer (C-7) was 579 kPa and the elongation at break was 58% (Figure 3C). It can be seen that the addition of DP-1 can improve the mechanical properties of the elastomers. At the same time, excessive DP-1 is not conducive to the formation of cross-linked networks, and this phenomenon is similar to that of hydrogen bonding system. The Young’s modulus and crosslink density of the elastomer underwent a decrease due to the addition of DP-1 (Table 3). In addition, the effect of -NH2 content in PAPMS is similar to that of hydrogen bond cross-linked system (Figure 4C). As the -NH2 content increases from 2.5 to 5.8 mol%, the tensile strength increases from 579 kPa (C-7) to 700 kPa (C-8) and the elongation at break largely decreases from 58% (C-7) to 42% (C-8) (Figure 4C) (Table 3). This finding can be explained as follows. As the amino content of PAPMS increases, the cross-linking degree of the elastomers increases and their mechanical properties are improved. This explanation can be also evidenced by the Young’s modulus and crosslink density (Table 3). However, as the amino content continues to increase, the elastomer (C-9) becomes excessively cross-linked and thus leads to a decrease in tensile strength and elongation at break.
Based on the abovementioned results, the elastomers with the best elastomeric properties were prepared from P-5.8. Thus it was utilized as the base polymer to study the effect of TA dosage on the elastomer properties. As expected, if the amount of TA is too low (e.g., 8 mg for C-10 when the other parameters include 1.6 g of P-5.8, 0.6 g of DP-1, and 15/0.2 ml of hexane/water), the elastomer can not be formed due to the low crosslinking density. If the amount of TA is too high (e.g., 120 mg for C-15), the elastomer can be formed, but appeared as a film with apparent defect on the bottom because of too fast crosslinking rate. It was found that suitable amounts of TA are in the range of 10–90 mg. With an increment of TA dosage, the tensile strength increases from 425 kPa (C-11) to 848 kPa (C-14), while the elongation at break of the elastomers slightly decreases from 54% (C-11) to 42% (C-14) (Figure 4D). This finding is apparently due to the improved crosslinking density from 0.28 mol/L (C-11) to 0.80 mol/L (C-14) and Young’s modulus increased from 1.1 MPa (C-11) to 2.6 MPa (C-14) as increasing the TA dosage (Table 3). This result indicates that the increase of TA dosage can improve the mechanical properties of the elastomers. Meanwhile, the hardness also increased from 25.4 Shore A (C-11) to 38.4 Shore A (C-14) (Table 3). It can be seen that in the covalent bonding cross-linking system, the increase of TA dosage can increase the hardness of the elastomers and has a reinforcing effect (Zhang et al., 2015). In addition, the increment of TA dosage makes the colors of products darken from deep yellow to nearly black (Figure 5).
[image: Figure 5]FIGURE 5 | Images of covalent bond crosslinked elastomers by altering the dosage of TA.
The effect of molecular weight of PAPMS on the mechanical properties of silicone elastomers is similar to that found in hydrogen bond crosslinked SEs. P-2.2 (Mn = 163,305) and P-2.5 (Mn = 64,000) were chosen as the base polymers to investigate the effect of molecular weight (other parameter include 0.6 g of DP-1, 30 mg of TA, and 15/0.3 ml of hexane/water). As shown in Supplementary Figure S1, the elongation at break of the elastomers decreases from 249 kPa (C-16) to 199 kPa (C-17) with increasing the molecular weight, and the elongation at break increases from 27% (C-16) to 67.4% (C-17). Meanwhile, Young’s modulus and crosslinking density decrease to some degree (Table 3). This result can be explained by the fact that higher molecular weight of the base polymer means less crosslinking sites and thus the crosslinking degree is low, but the elongation at break of the elastomer can increase.
The Performance Enhancement of SEs by Adding Reinforcing Fillers
Based on the abovementioned results, the mechanical properties of these elastomers crosslinked either by hydrogen bond or by covalent bond are not satisfied. To improve elastomer properties, the reinforcing filler was added and the fumed silica H2000 was used as an example. The formability and mechanical data of the resultant SEs are summarized in Supplementary Tables S2, S3. As expected, the mechanical properties of the elastomers, H-17 to H-20, were gradually improved as the amount of H2000 increased. In the hydrogen bond crosslinked system, the maximum tensile strength is 1.9 MPa (H-20), while the elongation at break of this elastomer is 111% (Figure 6A, the parameters include 1.6 g of P-2.5, 0.6 g of DP-1, and 15/0.2 ml of hexane/water). When the amount of H2000 continues to increase, the mechanical properties of the elastomer (H-21) will decline because too much H2000 hinders the formation of the cross-linked network. These hydrogen bond cross-linked elastomers (H-17 to H-20) were further heated at 150°C for 1 h to yield covalently cross-linked elastomers, C-18 to C-21. As shown in Figure 6B, the tensile strength was further increased to 3.0 MPa at a dosage of 0.88 g of H2000 (C-21). Compared to the analogous hydrogen bond crosslinked elastomer H-20, the tensile strength was increased by 50%. This finding can be explained by the increased cross-linking density (e.g., 0.45 mol/L for H-20 to 1.23 mol/L for C-21) after the transformation from hydrogen bond crosslinking to covalent crosslinking. In addition, the Young’s modulus increased with the amount of H2000 in both the hydrogen bonding and covalent bonding cross-linking systems. In other word, the crosslinking density of the elastomer formed by the covalent system is greater than that of the elastomer formed by the hydrogen bonding system under the same formulation (Supplementary Table S3).
[image: Figure 6]FIGURE 6 | The tensile curves of hydrogen bond cross-linked silicone elastomers, H-17 to H-20 (A) and covalent bond crosslinked silicone elastomers, C-18 to C-21 (B), after adding the reinforcing filler.
Cross-Linking Mechanism
The hydrogen bond crosslinking mechanism was investigated by immersing the elastomers in tetrahydrofuran (THF), which can serve as a hydrogen bond acceptor and thus interrupt the hydrogen bond crosslinking. It was found that the elastomers can be gradually soluble in THF under stirring and re-formed after removing the solvent (Figure 7). This reversible crosslinking feature accords with the characteristic of hydrogen bond, indicating the networks are formed by hydrogen bond crosslinking.
[image: Figure 7]FIGURE 7 | The reversible film formation by hydrogen bonding crosslinking.
The cross-linking mechanism by covalent bond between TA and PAPMS was investigated by a model reaction between catechol and n-decylamine (Supplementary Figure S2). The reaction condition was 1 h at 150°C, resulting in the products MC. The products were characterized by FT-IR, 1H NMR and high resolution mass spectrometry. In FT-IR spectrum of catechol and the products, the broad characteristic peaks of–OH from catechol was observed at 3,500 cm−1 and 3,300 cm−1 and disappeared in MC (Figure 8A). This finding indicates the successful occurrence of some reactions, for example, hydroxylamine reaction, between catechol and n-decylamine. The 1H NMR spectra also proves this result (Figure 8B). The proton peak from the phenolic hydroxyl group in catechol was observed at 8.8 ppm, while this peak disappeared in the product MC, indicating the reaction of the phenolic hydroxyl group. In addition, the protons from the benzene rings shift from 6.72 to 6.61 ppm in catechol to around 6.68–6.57 ppm in MC, further indicating that phenol was not fully oxidized and the hydroxylamine reaction occurred. The HR-MS results can prove the structure of the products. As shown in Supplementary Figure S3, the found weights of 250.2112, 406.3686, and 558.5202 g/mol are associated with the products by the hydroxylamine reaction of amino and–OH groups in TA and Michael addition reaction of amine and the quinone groups after the oxidation of TA, respectively, consistent with previous results (Liang et al., 2016). In addition, by comparing the 1H NMR of the mixture of catechol and n-decylamine before the reaction and MC, ca. 70% of catechol underwent a hydroxylamine reaction and the rest proceeded by the oxidation reaction of phenolic group and subsequent Michael addition reaction, which was calculated on the basis of integration ratio of the alkyl protons from n-decylamine and the phenyl protons from catechol (Supplementary Figure S4). These results reveal that the covalent crosslinking of SEs is determined by the combined contribution of the hydroxylamine reaction and Michael addition reaction, while the former is the main contributor.
[image: Figure 8]FIGURE 8 | (A) FT-IR spectra of catechol and MC; (B) 1H NMR spectra of catechol, n-decylamine and MC.
Elastomer Curing Time Analysis
To investigate the specific crosslinking time between TA and aminopropyl polysiloxane, the rheometer was used to analyze the curing time of these two cross-linked systems. The hydrogen bond crosslinking system was studied using H-9 as an example. A representative parameters include P-5.8 (1.6 g), DP-1 (0.6 g), TA (60 mg), and n-hexane/water (15/0.3 ml). Figure 9A shows the curves of loss modulus (G″) and energy storage modulus (G′) of the hydrogen bond crosslinking system with curing time. It was found that G″ is larger than G′ before 37 min, indicating that the system did not cure. The intersection point of G″ and G′ is the gel-solution transition point. As the time increases, G′ becomes larger and the system becomes a gel. The curing behavior of covalent bond cross-linking system was investigated using C-13 as an example, which was tested at 150°C. It was found that the G″ and G′ crossover point is about 90 s (Figure 9B). The difference in time between these two crosslinking systems is clearly related to the reaction conditions. The hydrogen bonding crosslinking and the covalent bonding crosslinking occurs at room temperature and at 150°C, respectively. Obviously, higher temperature resulted in higher reactivity, and thus in faster curing time.
[image: Figure 9]FIGURE 9 | Rheological curves of H-9 (A) and C-13 (B) s.
Micromorphology and Hydrophobic Properties of Silicone Elastomers
The micromorphology of these SEs were observed by SEM technique. H-9 and C-13 were selected as examples. It was found that they display uniform surface morphology (Figures 10A,B), confirming that the hydrogen bond crosslinking and covalent bond crosslinking have occurred and the system is not a simple physical mixture. The hydrophobic properties of these elastomers were estimated by measuring the static contact angles. As shown in Figure 10C, these elastomers exhibit similar hydrophobicity compared to traditional SEs. The maximum contact angle of hydrogen bond crosslinked SEs is about 118° (H-11 to H-13 as examples), while that of covalent bond crosslinked SEs is about 124° (C-11 to C-13 as examples). These results indicate the good hydrophobicity of these elastomers.
[image: Figure 10]FIGURE 10 | (A) SEM image of H-9; (B) SEM image of C-13; (C) the contact angles of silicone elastomers, H-11 to H-13 and C-11 to C-13.
Thermal Stability
The thermal stability of these elastomers was also investigated by thermogravimetric analysis (TGA) because the decomposition temperature influences their applications. The experiments were conducted at a heating rate of 10 K/min under the atmosphere of nitrogen. Figure 11 depicts the TGA curves of two types of crosslinked SEs (H-11, H-12, and C-11 to C-13 as examples). The results reveal that the TA dosage for the hydrogen bond crosslinked does not have a significant effect on thermal stability and the SEs exhibit a high thermal stability with the Td, 5% (5% weight loss temperature) at 372.5°C (Figure 11A). This finding can be explained by the reversible feature of hydrogen bonding, while the thermal stability is mainly contributed by the polysiloxane chains. In comparison, the increment of TA dosage leads to a higher thermal stability for the covalent bond crosslinked SEs with the Td, 5% from 308.6°C (C-11) to 401.8°C (C-13) (Figure 11B). This finding could be attributed to improved crosslinked density with an increment of TA dosage.
[image: Figure 11]FIGURE 11 | TGA curves of hydrogen bond crosslinked SEs, H-11 and H-12 (A), and covalent bond crosslinked SEs, C-11 to C-13 (B).
Application as Adhesives
To explore the potential applications of these materials, the elastomers were used as adhesives. The adhesive property was conducted by bonding two iron sheet together with a lap joint. The formulations for bonding are summarized in Supplementary Table S4. The results revealed that the prepared specimens are fully capable of carrying 500 g of weight for both hydrogen bond crosslinking and covalent bond crosslinking (Figure 12). In addition, the effect of amino content on the adhesive property was also investigated. It was found that the shear strength of both hydrogen bond crosslinking and covalent bond crosslinking increase with an increment of amino content, and the highest shear strength is 0.40 MPa (Supplementary Table S5).
[image: Figure 12]FIGURE 12 | Images of adhesive performance test bonding by hydrogen bonding SEs (A) and covalent bonding SEs (B).
CONCLUSION
Novel silicone elastomers have been prepared using amino-containing polysiloxanes as the base polymers and tannic acid as a natural crosslinker under a catalyst-free method. By altering the reaction conditions, the silicone elastomers have been successfully crosslinked by hydrogen bond and covalent bond. The formability and mechanical properties of these silicone elastomers can be tuned by processing technique, the amount of TA and aminopropyl-terminated polydimethylsiloxane, the molecular weight and -NH2 content of PAPMS, and the amount of reinforcing filler. The hydrogen bonding mechanism can be proved by the reversible crosslinking feature of the elastomers, which can be gradually dissolved in THF and re-formed after removing THF. The covalent bond crosslinking contains the simultaneous occurrence of hydroxylamine reaction and Michael addition reaction, evidenced by a model reaction of catechol and n-decylamine. These elastomers exhibit good thermal stability and excellent hydrophobic property and can be applied as adhesives for bonding iron sheets to hold the weight of 500 g. To our best of knowledge, this report provides the first example of silicone elastomers crosslinked by tannic acid under a catalyst-free method. In contrast to conventional silicone crosslinking technologies, the present strategy does not require any catalyst and the crosslinker is from nature, which can meet the requirement of green chemistry. By virtue of large database and low-cost of natural polyphenols, more organic elastomers and other crosslinked materials can be readily prepared by selecting amine-containing polymers and using the present tannic acid and other polyphenols as natural crosslinkers and thus their extensive applications could be promisingly explored.
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The synthesis and characterization of a novel florescent chemosensor 1 with two different types of cationic binding sites have been reported in this work, which is a calix[4]crown derivative in 1,3-alternate conformation bearing two 2-phenyl-5-(4-dimethylaminopyenyl)-1,3,4-oxadiazole units. The recognition behaviors of 1 in dichloromethane/acetonitrile solution to alkali metal ions (Na+ and K+), alkaline earth metal ions (Mg2+ and Ca2+), and transition metal ions (Co2+, Ni2+, Zn2+, Cd2+, Cu2+, Mn2+, and Ag+) have been investigated by UV-Vis and fluorescence spectra. The fluorescence of 1 might be quenched selectively by Cu2+ due to the photo-induced electron transfer mechanism, and the quenched emission from 1 could be partly revived by the addition of Ca2+ or Mg2+; thus, the receptor 1 might be worked as an on–off switchable fluorescent chemosensor triggered by metal ion exchange.
Keywords: calix[4]crown, 1,3-alternate conformation, 1,3,4-oxadiazole, copper (II) detection, fluorescent chemosensor
INTRODUCTION
As the third most abundant transition metal ion after zinc and iron in the human body, copper is required by many living organisms for normal physiological processes (Turski and Thiele, 2009; Cotruvo Jr et al., 2015). Maintaining optimal concentration of Cu2+ ion for living cells is an essential factor to keep the normal functioning of enzymes and intracellular metabolic balance. Thus, the development of new fluorescent chemosensors for Cu2+ ion has drawn continuous interest during the past decades. The main progress in this area has been well reviewed (Cao et al., 2019; Sivaraman et al., 2018; Udhayakumari et al., 2017; Liu et al., 2017), and many fluorescent chemosensors for Cu2+ ion based on various fluorophores such as coumarin (Zhang et al., 2019), Bodipy (Ömeroğlu et al., 2021), rhodamine (Fernandes and Raimundo, 2021), Schiff base (Singh et al., 2020), pyrene (Kowser et al., 2021), and 1,3,4-oxadiazole (Wang, et al., 2018) have been reported by different research groups. Among these fluorescent chemosensors, the 1,3,4-oxadiazoles have drawn special interest due to their electron-deficient nature, high photoluminescence quantum yield, and excellent chemical stability, and have found practical applications in the fields of organic light-emitting diodes (Meng et al., 2020) and liquid crystals (Han et al., 2013; Han et al., 2015; Han et al., 2018). In addition, the nitrogen and oxygen atoms of the 1,3,4-oxadiazole unit can provide potential coordination sites with metal ions, which makes it usable as a signaling component in fluorescent chemosensors.
Calixarenes, as one kind of the most important super-molecules, have been widely used in design of fluorescent chemosensors for ions and neutral molecules due to their outstanding features such as preorganized binding sites, easy derivatization, and flexible three-dimensional structures (Kim et al., 2012; An et al., 2019; Miranda et al., 2019; Noruzi et al., 2019; Chen et al., 2020). Many calixarene-based fluorescent chemosensors for transition metal ions have been reported in recent years (Ma et al., 2015). However, the fluorescent switchable chemosensors triggered by different ions are quite few (Chung et al., 2007), which remains a challenge in the field of supramolecular chemistry. Herein, as part of our continuous research in the design and synthesis of new fluorescent chemosensors (Liu et al., 2021; Xie et al., 2016; Han et al., 2012), we utilize the 1,3-alternate calix[4]crown scaffold to construct an on–off switchable fluorescent chemosensor 1 in this work. The synthetic route for 1 is shown in Scheme 1. There are quite a number of chemosensors based on various macrocycles for copper detection reported in literatures (Lvova, et al., 2018; Doumani, et al., Kamei, et al., 2021), in which the macrocyles often only worked as receptors for Cu2+ ions. In contrast, the chemosensor 1 in this work is special in that it has two kinds of macrocycles: one is from the 1,3-alternate calixarene, which provides a three-dimensional scaffold with two appending 1,3,4-oxadiazole units as both signaling component and fluorophore; the other is from the calix[4]crown, which can bind the Mg2+ or Ca2+ ions and has an allosteric effect on the 1,3,4-oxadiazole units on opposite rings. The selective binding of 1,3,4-oxadiazole with Cu2+ ions results in the fluorescence quenching, while the binding of calix[4]crown with Mg2+ or Ca2+ ions can partly revive the fluorescence consequently. Thus, the compound 1 might work as a new type of switchable off–on fluorescent chemosensor.
[image: Scheme 1]SCHEME 1 | Synthetic route for 1, reagents, and conditions: (i) 1-iodopropane, K2CO3, CH3CN, reflux, 24 h; (ii) Br2, 0°C, 3 h; (iii) tetraethylene glycol ditosylate, Cs2CO3, CH3CN, reflux, 72 h; (iv) (1) CuCN, NMP, 180°C, 5 h; (2) FeCl3, 2 M HCl, 100°C, 1 h; (v) KOH, ethanol, reflux, 24 h; (vi) (1) SOCl2, toluene, reflux, 5 h; (2) 4-(dimethylamino)benzohydrazide, pyridine, r. t., 12 h; (vii) POCl3, reflux, 12 h.
MATERIALS AND METHODS
25,27-Dihydroxy-26,28-dipropoxycalix[4]arene 2 and 5,17-dibromo-25,27-dihydroxy-26,28-dipropoxycalix[4]arene 3 were synthesized according to the literature procedures (Hobzova, 2010). Dichloromethane and acetonitrile used for photophysical studies were of spectrometric grade. All the other chemicals and solvents were of analytical grade and used as received from commercial sources. The solutions of metal ions were all prepared from their perchlorate salts. Column chromatography was performed on silica gel (200–300 mesh).
Solution 1H NMR (Proton Nuclear Magnetic Resonance) and 13C NMR (Carbon-13 Nuclear Magnetic Resonance) spectra were recorded on a Bruker AV400 spectrometer and the chemical shifts are quoted in parts per million (ppm) relative to tetramethylsilane (TMS) as an internal standard. ESI-HRMS (Electrospray Ionization-High Resolution Mass Spectrometry) data were obtained with a FTICR-MS mass spectrometer. Melting points were determined with an X-4 melting point apparatus, and the thermometer was uncorrected. Data for single x-ray structure were collected on a SMART1000 CCD-X diffractometer with graphite-monochromatized MoKα x-ray radiation (λ = 0.71073 Å) and Saturn CCD area detector. The x-ray crystal structure of 4 was solved by direct method and expanded using Fourier synthesis technique. No absorption correction was done. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using riding model. Structural refinement based on full-matrix least-squares refinement on |F|2 was performed by using Crystal Structure or SHELXL97 suite program (Sheldrick, 1997).
Synthesis of 4
A mixture of 3 (9.23 g, 13.9 mmol) and Cs2CO3 (11.30 g, 34.7 mmol) in MeCN (700 ml) under nitrogen was stirred at reflux for 30 min and then a solution of the tetraethylene glycol ditosylate (7.85 g, 15.6 mmol) in MeCN (40 ml) was added during an hour. The mixture was refluxed for 72 h and allowed to cool to room temperature. After evaporation of the solvent in vacuo, the residue was taken up in CH2Cl2 (30 ml × 3) and the resultant solution was washed with 1 mol/L HCl (30 ml) and brine (30 ml × 2). The organic layer was dried over MgSO4 and evaporated in vacuo. Recrystallization of the residue from CH2Cl2/MeOH gave 4 a pale-yellow solid. Yield, 75%. Mp: 230–232 °C. 1H NMR (400 MHz, CDCl3) δ 7.17 (s, 4H), 7.08 (d, J = 8.0 Hz, 4H), 6.87 (t, J = 8.0 Hz, 2H), 3.78 (d, J = 4.0 Hz, 8H), 3.54 (s,8H), 3.45 (t, J = 8.0 Hz, 4H), 3.25–3.20 (m, 4H), 3.15 (m, 4H), 1.31 (m, 4H), 0.78 (t, J = 7.5 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 156.97, 155.14, 136.29, 133.81, 132.17, 129.70, 122.77, 115.15, 72.59, 72.09, 70.50, 70.13, 69.03, 37.89, 22.53, 10.23. HRMS-MALDI calculated for C42H48Br2O7 [M + Na] + 847.1639, found 847.1652.
Synthesis of 5
Under nitrogen, a mixture of 4 (10.17 g, 12.3 mmol) and cuprous cyanide (7.68 g, 86.4 mmol) in 20 ml of 1-methyl-2-pyrrolidinone was stirred at 180°C for 4 h. Then, the reaction mixture was cooled slowly to 100°C, and a solution of 23.23 g (86.4 mmol) of FeCl3·6H2O in 5 ml of concentrated hydrochloride and 25 ml of water was added to the reaction mixture. The reaction mixture was further stirred at 100°C for 1 h and cooled to room temperature. The solid was filtered off and recrystallized from chloroform/hexane yielding 5.5 g of compound 5 as yellow solid. Yield 62%. 1H NMR (400 MHz, CDCl3) δ 7.36 (s, 4H), 7.10 (d, J = 7.4 Hz, 4H), 6.90 (s, 2H), 3.82 (d, J = 5.5 Hz, 8H), 3.55 (s, 8H), 3.46 (t, J = 7.4 Hz, 4H), 3.30 (t, J = 6.1 Hz, 4H), 3.17 (t, J = 6.1 Hz, 4H), 1.24 (m, 4H), 0.74 (t, J = 7.5 Hz, 6H).13C NMR (101 MHz, CDCl3) δ 159.98, 156.80, 135.72, 133.54, 133.05, 129.94, 123.05, 119.17, 106.08, 77.36, 72.52, 72.17, 70.56, 69.85, 69.13, 37.75, 22.81, 10.05; HRMS: calcd for C44H48N2O7 [M+NH4]+ 734.3800, found 734.3796.
Synthesis of 6
A solution of 5.18 g (9.2 mmol) of KOH in 100 ml of water was added to the suspension of 1.32 g (1.80 mmol) of 5 in 20 ml of ethanol. The reaction mixture was heated under reflux for 24 h. After cooling, the aqueous solution hydrogen chloride (10% w/w) was added dropwise until the solution became slightly acidic. The precipitate was filtered off, washed with water, and dried to yield a yellow solid product 6 (1.33 g, 96%). Mp: 296–298°C. 1H NMR (400 MHz, CDCl3) δ 12.52 (s, 2H), 7.81–7.77 (m, 8H), 6.98–6.94 (m, 2H), 3.93–3.80 (m, 12H), 3.62 (s, 16H), 1.42–1.31 (m, 4H), 0.69 (t, J = 7.5 Hz, 6H).13C NMR (101 MHz, DMSO-d6) δ 167.03, 158.48, 156.72, 135.62, 133.71, 132.13, 130.41, 125.24, 122.05, 71.17, 70.07, 69.72, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 35.98, 21.74, 9.52. HRMS: calcd for C44H50O11 [M-H]+ 753.3280, found 753.3285.
Synthesis of 1
To a round-bottomed flask was added 6 (80 mg, 0.1 mmol), 10 ml of toluene, and 1 ml of thionyl chloride, and the mixture was refluxed for 5 h. After cooling, the solvent and the excess of thionyl chloride were removed at reduced pressure to give the benzoyl chloride, which was added to a solution of 4-(dimethylamino)benzohydrazide (39 mg, 0.22 mmol) in 10 ml of dichloromethane and 0.1 ml of pyridine. The reaction mixture was stirred for 12 h at ambient temperature and filtered. The precipitate was washed with ethanol to give the bishydrazide 7 as white solid, which was used to the next step reaction without further purification. The intermediate compound 7 was added to POCl3 (5 ml), and the resultant solution was refluxed overnight under a nitrogen atmosphere. After the reaction mixture cooled to room temperature, it was poured into ice water and extracted with dichloromethane (3 × 10 ml). The combined organic layer was washed with water and brine, respectively. Then, the solvent was removed under reduced pressure, and the crude solid was purified by silica gel column chromatography using petroleum ether/ethyl acetate (1:1) as eluent affording the product 1 as white solids. Yield, 35%. Mp: 281–283°C. 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.0 Hz, 4H), 7.81 (s, 4H), 7.15 (d, J = 8.0 Hz, 4H), 6.93 (s, 2H), 6.72 (d, J = 8.0 Hz, 4H), 3.93 (m, 8H), 3.59–3.53 (m, 12H), 3.31 (d, J = 5.2 Hz, 4H), 3.26 (d, J = 5.2 Hz, 4H), 3.05 (m, 12H), 1.25–1.19 (m, 4H), 0.60 (t, J = 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 164.80, 163.55, 158.76, 157.10, 152.20, 135.07, 133.83, 129.79, 128.32, 128.13, 122.75, 121.14, 118.35, 111.59, 111.27, 72.43, 72.24, 70.42, 70.14, 69.22, 40.11, 38.05, 22.43, 9.95. HRMS-ESI calculated for C62H69N6O9 [M + H] + 1,041.5120, found 1,041.5126. (Supplementary Figure S5, ESI).
General Procedures for the UV/Vis and Fluorescence Experiments
UV-vis spectra were recorded on a Cary 3,010 spectrophotometer, and the resolution was set at 1 nm. Steady-state emission spectra were recorded on a Varian Cary Eclipse spectrometer. For all measurements of fluorescence spectra, excitation was set at 334 nm for complexation, and the excitation and emission slit width was set to be 2.5 nm. Fluorescence titration experiments were performed with CH2Cl2 solutions of compound 1 and varying concentrations of metal perchlorate in CH3CN solution. During all measurements, the temperature of the quartz sample cell and chamber was kept at 25°C.
RESULTS AND DISCUSSION
Synthesis and Structural Analysis
As shown in Scheme 1, calix[4]arene 3 was reacted with tetraethylene glycol ditosylate in the presence of Cs2CO3 to successfully afford the calix[4]crown 3 in 75% yield. The substitution reaction of 4 with CuCN gave 5 in 62% yield, which was refluxed with KOH in ethanol and treated with hydrochloric acid solution, readily providing the carboxylic acid 6 in good yield. Then, the carboxylic acid 6 was reacted with thionyl chloride, and treated with benzyol hydrazine or 4-N,N′-dimethylaminobenzyol hydrazine to generate the intermediate bishydrazide 7, which was used in the next step without purification and refluxed with phosphorus oxychloride to afford the target products 1. Except for the calix[4]arene 3, all of the intermediate calix[4]crowns 3–6 and the chemosensor 1 are in 1,3-alternate conformation, which were well established by 1H NMR and 13C NMR data (Supplementary Figures S1–S4, ESI). The 1,3-alternate conformation of 5 was further confirmed unambiguously by x-ray single crystal diffraction as shown in Figure 1. The x-ray crystallographic data are collected in Supplementary Table S1.
[image: Figure 1]FIGURE 1 | X-ray molecular structure of 5.
UV-Vis Absorption and Fluorescence Spectra Analysis
The selectivity of the receptor 1 toward different perchlorate salts, including Na+, K+, Mg2+, Ca2+, Co2+, Ni2+, Zn2+, Cd2+, Mn2+, Ag+, and Cu2+, was first investigated by UV-Vis spectroscopy. The UV-Vis absorption spectra for free 1 in CH2Cl2 solution showed an intense and structureless absorption band (ε = 4.94 × 105 L/mol·cm) peaking at 340 nm (Figure 2), which might have resulted from the spin-allowed π-π* transitions involving the phenyloxadiazole moiety (Han et al., 2006). The addition of Cu2+ ions in the solution of 1 resulted in a significant decrease in the absorbance with an appreciable hypochromic shift of 20 nm. In contrast, only a slight decrease was observed upon addition of other metal ions mentioned above, which suggested that the selectivity of 1 toward Cu2+ is much higher than the other metal ions.
[image: Figure 2]FIGURE 2 | UV-vis spectra of 1 (1 × 10−6 mol/L) upon addition of metal ions (10 equiv) in CH2Cl2/CH3CN (1,000:1, v/v).
Ion recognition ability of 1 was further studied by the fluorescence spectra. As shown in Figure 3, the receptor 1 exhibited a strong emission with λmax at 405 nm in solution of CH2Cl2. Upon addition of Na+, K+, and Mg2+, respectively, almost no changes were observed in the intensity and shape of the emission spectra of 1. It is noted that the addition of Ca2+ might slightly increase the intensity with a bathochromic shift of ca. 15 nm, perhaps because the complexation between the Ca2+ and the crown ether moiety changed the space distance of the two phenyloxadiazole units and the fluorescence changed consequently. Apparently, the fluorescence response of 1 toward transition metal ions was found to be more pronounced, and the addition of Co2+, Ni2+, Zn2+, and Ag+ could quench the emission of 1 in a different extent, accompanied by a concomitant red shift of ca. 14–17 nm. In contrast, the addition of Cu2+ significantly quenched the fluorescence of 1 under the same conditions as the aforementioned metal ions, suggesting that there is a strong interaction between 1,3,4-oxadiazole moieties of 1 and Cu2+ ion over the other metal ions.
[image: Figure 3]FIGURE 3 | Fluorescence spectra (λexc = 334 nm, Slit = 2.5) of 1 (1 × 10−6 mol/L) upon addition of metal ions (10 equiv) in CH2Cl2/CH3CN (1,000:1, v/v).
The fluorescence emission properties of 1 in the presence of Cu2+ and a competitive metal ion were measured to investigate the selective recognition for Cu2+. As shown in Figure 4, no apparent changes were observed in fluorescence intensity when 10 equivalent amounts of transition metal ions (Co2+, Ni2+, Zn2+, Cd2+, Mn2+, and Ag+) were added to the solution of 1 and Cu2+ (10 equiv). This suggested that the recognition for Cu2+ was not interrupted by the competitive transition metal ions; thus, the receptor 1 might act as a selective fluorescent chemosensor for Cu2+. The addition of alkali metal ions (Na+ and K+) to the solution of 1 and Cu2+ could increase the fluorescence intensity slightly, while the alkaline earth metal ions (Mg2+ and Ca2+) could revive the emission significantly.
[image: Figure 4]FIGURE 4 | Fluorescence spectra (λexc = 334 nm, Slit = 2.5) of 1 (1 × 10−6 mol/L) and Cu2+ (10 equiv) upon addition of other metal ions (10 equiv) in CH2Cl2/CH3CN (1,000:1, v/v).
In order to elicit the binding property of the chemosensor 1 toward Cu2+ ion, fluorescence titration of 1 (1.0 × 10–5 mol/L) with Cu2+ ion (0–2 equiv) was carried out (Supplementary Figure S6). According to the fluorescence titration curves of 1 with Cu2+ ion at room temperatures, the association constant Ka was calculated as 1.6 × 10–4 L·mol−1 (R = 0.97526) for the 1–Cu2+ complex by the Benesi–Hildebrand plot (Thordarson, 2011) (Figure 5). Moreover, the emission intensity of 1 is linearly proportional to the Cu2+ concentration in the range of 0–20 μM.
[image: Figure 5]FIGURE 5 | Plot of emission intensity versus the concentrations of Cu2+ ion (λem = 405 nm, λex = 334 nm).
The fluorescence changes of 1 upon addition of Cu2+ and Mg2+ ions are displayed in Figure 6. The nitrogen atoms of the 1,3,4-oxadiazle units can bind with Cu2+ to form the complex 1·Cu2+, and the paramagnetic nature of Cu2+ ion could strongly quench the fluorescence of the 1,3,4-oxadiazole units through the electron transfer mechanism, which is consistent to the results reported in literature (Han et al., 2012). In contrast, the polyether ring (crown-5 moiety) and the oxygens from the two propoxyl groups could provide coordination sites with the alkaline earth metal ions to form the complex 1·Mg2+, which will change the molecular conformation as well as the space distance of the two 1,3,4-oxadiazole units. Consequently, the decomplexations between the 1,3,4-oxadiazoles and Cu2+ ions took place and resulted in the increase of the fluorescence. Thus, the receptor 1 might be acted as an on–off–on switchable fluorescent chemosensor triggered by the exchange of Cu2+ and Mg2+.
[image: Figure 6]FIGURE 6 | The complexation of 1 with Cu2+ and Mg2+ ions.
To gain a better understanding about the switchable fluorescence of the chemosensor 1, DFT calculations with the GAUSSIAN 09 series of programs (Frisch et al., 2013) were carried out to analyze the molecular structures of 1 and 1·Mg2+, and DFT method B3-LYP with 6-31G(d) basis set was used for geometry optimizations (A. D. Becke, 1993). As shown in Figure 7, the distance between N1 and N2 in the free receptor 1 is 9.97 Ǻ, while the corresponding distance is 11.74 Ǻ in the complex 1·Mg2+, indicating that the molecular conformation changed simultaneously due to the allosteric effect (Kumar et al., 2012; Ni et al., 2013). The conformational change as well as the increase in distance makes it difficult for the chemosensor 1 to coordinate with Cu2+ ion to form the stable complex, which reasonably explains the fact that the addition of Mg2+ ions to the solution of 1 and Cu2+ can trigger the revival of fluorescence.
[image: Figure 7]FIGURE 7 | Computational optimized molecular structures of 1 and 1·Mg2+.
CONCLUSION
In summary, we have designed a new type of fluorescent chemosensor based on a 1,3-alternate calix[4]crown with two different cationic binding sites. The 1,3,4-oxadiazole units could bind selectively with Cu2+ to form the complexation and resulted in the fluorescence quenching of the chemosensor. The presence of various transition metal ions does not interfere with the quenching process, while the alkaline earth metal ions Mg2+ might be entrapped by the crown-5 moiety and revive the fluorescence significantly due to the allosteric effect. As the chemosensor in this work is not soluble in water, it is difficult to investigate the Cu2+ ions’ detection under physiological conditions. Devising a water-soluble chemosensor for Cu2+ ions is in progress in our lab.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
JH designed the work and wrote the manuscript. CS synthesized and characterized the compounds. CS and SD carried out the UV-Vis absorption and fluorescence studies. TZ carried out the DFT calculations. JH revised and edited the manuscript. All authors contributed to discussion on the results for the manuscript.
FUNDING
This work was financially supported by the National Natural Science Foundation of China (No. 21272130) and the 111 Project (grant no. B12015).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.766442/full#supplementary-material
REFERENCES
 An, L., Wang, C., Han, L., Liu, J., Huang, T., Zheng, Y., et al. (2019). Structural Design, Synthesis, and Preliminary Biological Evaluation of Novel Dihomooxacalix[4]arene-Based Anti-tumor Agent. Front. Chem. 7, 856. doi:10.3389/fchem.2019.00856
 Becke, A. D. (1993). Density-functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 98, 5648. doi:10.1063/1.464913
 Cao, X., Li, Y., Gao, A., Yu, Y., Zhou, Q., and Chang, X. (2019). Multifunctional Fluorescent Naphthalimide Self-Assembly System for the Detection of Cu2+ and K+ and Continuous Sensing of Organic Amines and Gaseous Acids. J. Mater. Chem. C 7, 10589–10597. doi:10.1039/c9tc03243f
 Chang, K.-C., Su, I.-H., Senthilvelan, A., and Chung, W.-S. (2007). Triazole-modified Calix[4]crown as Novel Fluorescent On-Off Switchable Chemosensor. Org. Lett. 9, 3363–3366. doi:10.1021/ol071337+
 Chen, Y.-J., Chen, M.-Y., Lee, K.-T., Shen, L.-C., Hung, H.-C., Niu, H.-C., et al. (2020). 1,3-Alternate Calix[4]arene Functionalized with Pyrazole and Triazole Ligands as a Highly Selective Fluorescent Sensor for Hg2+ and Ag+ Ions. Front. Chem. 6, 593261. doi:10.3389/fchem.2019.59326110.3389/fchem.2020.593261
 Cotruvo, Jr., J. A., Aron, A. T., Ramos-Torres, K. M., and Chang, C. J. (2015). Synthetic Fluorescent Probes for Studying Copper in Biological Systems. Chem. Soc. Rev. 44, 4400–4414. doi:10.1039/c4cs00346b
 Doumani, N., Bou-Maroun, E., Maalouly, J., Tueni, M., Dubois, A., Bernhard, C., et al. (2019). A New pH-dependent Macrocyclic Rhodamine B-Based Fluorescent Probe for Copper Detection in white Wine. Sensors 19, 4514. doi:10.3390/s19204514
 Fernandes, R. da. S., and Raimundo, I. M. (2021). Development of a Reusable Fluorescent Nanosensor Based on Rhodamine B Immobilized in Stober Silica for Copper Ion Detection. Anal. Methods 13, 1970–1975. doi:10.1039/d1ay00168j
 Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., et al. (2013). Gaussian 09, Revision D.01. Wallingford, CT: Gaussian, Inc. 
 Han, J. (2013). 1,3,4-Oxadiazole Based Liquid Crystals. J. Mater. Chem. C. 1, 7779–7797. doi:10.1039/c3tc31458h
 Han, J., Chui, S. S. Y., and Che, C. M. (2006). Thermotropic Liquid Crystals Based on Extended 2,5-Disubstituted-1,3,4-Oxadiazoles: Structure-Property Relationships, Variable-Temperature Powder X-ray Diffraction, and Small-Angel X-ray Scattering Studies. Chem. Asian J. 1, 814–825. doi:10.1002/asia.200600252
 Han, J., Wang, F.-L., Liu, Y.-X., Zhang, F.-Y., Meng, J.-B., and He, Z.-J. (2012). Calix[4]arene-based 1,3,4-oxadiazole: Novel Fluorescent Chemosensors for Specific Recognition of Cu2+. ChemPlusChem 77, 196–200. doi:10.1002/cplu.201200004
 Han, J., Wang, Z.-Z., Wu, J., and Zhu, L.-R. (2015). A Room-Temperature Liquid Crystalline Polymer Based on Discotic 1,3,4-oxadiazole. RSC Adv. 5, 47579–47583. doi:10.1039/c5ra05983f
 Han, J., Xi, Z., Wang, F., Bu, L., and Wang, Y. (2018). Synthesis, Liquid Crystalline and Photoluminscent Properties of 1,3,4-oxadiazole Derivatives: from Calamitic Monomers, H-Shaped Dimers to Calix[4]arene-Based Tetramers. Dyes Pigm. 154, 234–241. doi:10.1016/j.dyepig.2018.03.008
 Hobzova, R., Sysel, P., and Duskova-Smrckova, M. (2010). Synthesis and Characterization of Calix[4]arene-Containing Polyimides. Polym. Int. 60, 405–413. doi:10.1002/pi.2962
 Kamel, A. H., Amr, A. E.-G. E., Almehizia, A. A., Elsayed, E. A., and Moustafa, G. O. (2021). Low-cost Potentiometric Paper-Based Analytical Device Based on Newly Synthesized Macrocyclic Pyrido-Pentapeptide Derivatives as Novel Ionophores for point-of-care Copper(II) Determination. RSC Adv. 11, 27174–27182. doi:10.1039/d1ra04712d
 Kim, H. J., Min Hee Lee, M. H., Mutihac, L., Vicens, J., and Kim, J. S. (2012). Host–guest Sensing by Calixarenes on the Surfaces. Chem. Soc. Rev. 41, 1173–1190. doi:10.1039/c1cs15169j
 Kowser, Z., Rayhan, U., Akther, T., Redshaw, C., and Yamato, T. (2021). A Brief Review on Novel Pyrene Based Fluorometric and Colorimetric Chemosensors for the Detection of Cu2+. Mater. Chem. Front. 5, 2173–2200. doi:10.1039/D0QM01008A
 Kumar, M., Kumar, N., and Bhalla, V. (2012). Ratiometric Nanomolar Detection of Cu2+ Ions in Mixed Aqueous media: a Cu2+/Li+ Ions Switchable Allosteric System Based on Thiacalix[4]crown. Dalton Trans. 41, 10189–10193. doi:10.1039/c2dt31081c
 Liu, S., Wang, Y.-M., and Han, J. (2017). Fluorescent Chemosensors for Copper(II) Ion: Structure, Mechanism and Application. J. Photochem. Photobio. C. 32, 78–103. doi:10.1016/j.jphotochemrev.2017.06.002
 Liu, S., Wu, Q., Zhang, T., Zhang, H., and Han, J. (2021). Supramolecular brush Polymers Prepared from 1,3,4-oxadiazole and Cyanobutoxy Functionalized Pillar[5]arene for Detecting Cu2+. Org. Biomol. Chem. 19, 1287–1291. doi:10.1039/d0ob02587a
 Lvova, L., Caroleo, F., Garau, A., Lippolis, V., Giorgi, L., Fusi, V., et al. (2018). A Fluorescent Sensor Array Based on Heteroatomic Macrocyclic Fluorophores for the Detection of Polluting Species in Natural Water Samples. Front. Chem. 6, 258. doi:10.3389/fchem.2018.00258
 Ma, J., Song, M., Boussouar, I., Tian, D., and Li, H. (2015). Recent Progress of Calixarene-Based Fluorescent Chemosensors towards Mercury Ions. Supramole. Chem. 27, 444–452. doi:10.1080/10610278.2014.988627
 Meng, X., Wang, P., Bai, R., and He, L. (2020). Blue-green-emitting Cationic Iridium Complexes with Oxadiazole-type Counter-anions and Their Use for Highly Efficient Solution-Processed Organic Light-Emitting Diodes. J. Mater. Chem. C 8, 6236–6244. doi:10.1039/d0tc01054e
 Miranda, A. S., Serbetci, D., Marcos, P. M., Ascenso, J. R., Berberan-Santos, M. N., Hickey, N., et al. (2019). Ditopic Receptors Based on Dihomooxacalix[4]arenes Bearing Phenylurea Moieties with Electron-Withdrawing Groups for Anions and Organic Ion Pairs. Front. Chem. 7, 758. doi:10.3389/fchem.2019.00758
 Ni, X.-L., Cong, H., Yoshizawa, A., Rahman, S., Tomiyasu, H., Rayhan, U., et al. (2013). Heteroditopic Thiacalix[4]arene Receptor Having Ester and Bipyridyl Moieties for Ions Binding with Positive/negative Allosteric Effect. J. Mol. Struc. 1046, 110–115. doi:10.1016/j.molstruc.2013.04.040
 Noruzi, E. B., Kheirkhahi, M., Shaabani, B., Geremia, S., Hickey, N., Asaro, F., et al. (2019). Design of a Thiosemicarbazide-Functionalized Calix[4]arene Ligand and Related Transition Metal Complexes: Synthesis, Characterization, and Biological Studies. Front. Chem. 7, 663. doi:10.3389/fchem.2019.00663
 Ömeroğlu, İ., Tümay, S. O., Makhseed, S., Husain, A., and Durmuş, M. (2021). A Highly Sensitive “ON–OFF–ON” Dual Optical Sensor for the Detection of Cu(II) Ion and Triazole Pesticides Based on Novel BODIPY-Substituted Cavitand. Dalton Trans. 50, 6437–6443. doi:10.1039/d1dt00792k
 Sheldrick, G. M. (1997). SHELXS-97 and SHELXL-97. Gottingen: University of Gottingen. 
 Singh, G., Shilpy, , Singh, A., Diksha, , and Pawan, (2020). Synthesis of Organosilocane Allied N-Heteroaryl Schiff Base Chemosensor for the Detection of Cu2+ Metal Ions and Their Biological Applications. New J. Chem. 44, 13542–13552. doi:10.1039/d0nj01774d
 Sivaraman, G., Iniy, M., Anand, T., Kotla, N. G., Sunnapu, O., Singaravadivel, S., et al. (2018). Chemically Diverse Small Molecule Fluorescent Chemosensors for Copper Ion. Coord. Chem. Rev. 357, 50–104. doi:10.1016/j.ccr.2017.11.020
 Thordarson, P. (2011). Determining Association Constants from Titration Experiments in Supramolecular Chemistry. Chem. Soc. Rev. 40, 1305–1323. doi:10.1039/c0cs00062k
 Turski, M. L., and Thiele, D. J. (2009). New Roles for Copper Metabolism in Cell Proliferation, Signaling, and Disease. J. Biol. Chem. 284, 717–721. doi:10.1074/jbc.R800055200
 Udhayakumari, D., Naha, S., and Velmathi, S. (2017). Colorimetric and Fluorescent Chemosensors for Cu2+. A Comprehensive Review from the Years 2013-15. Anal. Methods 9, 552–578. doi:10.1039/c6ay02416e
 Wang, L., Gong, X., Bing, Q., and Wang, G. (2018). A New Oxadiazole-Based Dual-Mode Chemosensor: Colorimetric Detection of Co2+ and Fluorometric Detection of Cu2+ with High Selectivity and Sensitivity. Microchem. J. 142, 279–287. doi:10.1016/j.microc.2018.07.008
 Xie, D.-H., Wang, X.-J., Sun, C., and Han, J. (2016). Calix[4]arene Based 1,3,4-oxadiazole as a Fluorescent Chemosensor for Copper(II) Ion Detection. Tetrahedron Lett. 57, 5834–5836. doi:10.1016/j.tetlet.2016.11.051
 Zhang, Z., Liu, Y., and Wang, E. (2019). A Highly Selective “Turn-on” Fluorescent Probe for Detecting Cu2+ in Two Different Sensing Mechanisms. Dyes Pigm. 163, 533–537. doi:10.1016/j.dyepig.2018.12.039
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Sun, Du, Zhang and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 23 November 2021
doi: 10.3389/fchem.2021.777041


[image: image2]
Porphyrin Photoabsorption and Fluorescence Variation with Adsorptive Loading on Gold Nanoparticles
Akira Shinohara1,2,3, Guang Shao1, Takashi Nakanishi3* and Hideyuki Shinmori2*
1School of Chemistry, Sun Yat-sen University, Guangzhou, China
2Faculty of Life and Environmental Science, Graduate Faculty of Interdisciplinary Research, Department of Biotechnology, University of Yamanashi, Kofu, Japan
3International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials Science (NIMS), Tsukuba, Japan
Edited by:
Huacheng Zhang, Xi’an Jiaotong University, China
Reviewed by:
James Brewster, Pfizer, United States
Jitao Lu, Weifang University, China
* Correspondence: Takashi Nakanishi, nakanishi.takashi@nims.go.jp; Hideyuki Shinmori, shinmori@yamanashi.ac.jp
Specialty section: This article was submitted to Supramolecular Chemistry, a section of the journal Frontiers in Chemistry
Received: 14 September 2021
Accepted: 25 October 2021
Published: 23 November 2021
Citation: Shinohara A, Shao G, Nakanishi T and Shinmori H (2021) Porphyrin Photoabsorption and Fluorescence Variation with Adsorptive Loading on Gold Nanoparticles. Front. Chem. 9:777041. doi: 10.3389/fchem.2021.777041

Here, we report the photophysical structure–property relationship of porphyrins adsorbed on gold nanoparticles. The number of porphyrin–alkanethiolate adsorbates per particle was adjusted by a post-synthetic thiol/thiolate exchange reaction on 1-dodecanethiolate–protected gold nanoparticles. Even with a low loading level of adsorbates (<10% of all thiolate sites on gold nanoparticles), the shoulder absorption at the Soret band was intensified, indicating the formation of aggregates of porphyrin adsorbates on the nanoparticles. Steady-state fluorescence quantum yields could be adjusted by the bulkiness of substituents at the meso-positions of the porphyrin or the methylene linker chain length, regardless of the porphyrin loading level and the nanoparticle diameter.
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1 INTRODUCTION
The design of dye molecules with specific photophysical properties is necessary for many applications including optoelectronics, photocatalysis, and bioimaging (Lu and Nakanishi, 2019; Watanabe et al., 2019; Sato, 2020; Han et al., 2021). Various approaches to customize the properties of such dyes have been explored, based on the thorough investigation of the photophysical structure–property relationship (Shin and Lee, 2002; Benniston et al., 2003; Kovaliov et al., 2014; Kulinich et al., 2016). Despite these efforts, fine-tuning the properties that are intrinsic to the electronic structure of dyes remains challenging because the molecular design approach enables only stepwise adjustments.
One of the alternative approaches to adjusting the photophysical properties is to conjugate dyes and metal nanoparticles (Dulkeith et al., 2002; Doering and Nie, 2003; Pan et al., 2006; Hasobe, 2021). Nanoparticles are usually defined as particles with a diameter between ∼1 and ∼100 nm (Kreibig and Vollmer, 1995). In this size range, the chemical, photophysical, and electrical properties differ dramatically in comparison with the bulk counterparts (Glotov et al., 2019). For practical applications, gold is one of the few appropriate candidates, due to its chemical inertness. Gold nanoparticles (AuNPs), often protected with alkanethiolate groups as developed by Brust et al.(Brust et al., 1994) in the past quarter of a century, are widely employed for this purpose because of their extraordinary redispersibility (Thomas and Kamat, 2003). The alkanethiolate adsorbates can readily be replaced with other thiolates by thiol/thiolate exchange reactions to obtain AuNPs modified by incoming adsorbates. Additional desired functional properties such as the solubility, charge, and affinity with other molecules can be added or amended by successive or coincident adsorbate exchange reactions to afford multifunctional nanoparticles (Ingram et al., 1997).
Porphyrins and their analogs have potential applications in many fields—sensing, catalysis, and photovoltaics, for example—so have attracted interest in their unique photophysics, including huge absorption coefficients of ∼5 × 105 M−1 cm−1 (Kubo et al., 2003; Kinoshita et al., 2012; Barona–Castaño et al., 2016; Ghosh et al., 2019). Thorough investigations on the photophysics of porphyrin–AuNP conjugates have been conducted. For instance, Akiyama et al. reported photocurrent enhancement in porphyrin–AuNP conjugates by a localized surface plasmon resonance (LSPR)–enhanced electromagnetic field (Akiyama et al., 2006). Imahori et al. reported the fluorescence lifetime of porphyrin adsorbates on AuNPs was significantly longer than those on a two-dimensional Au substrate (Imahori et al., 2001). The general strategy for the adjustment of photophysical properties of dye–AuNP conjugates involves altering the size and shape of the nanoparticles and the length of the linkers (Imahori et al., 1998; Dulkeith et al., 2005; Hong and Li, 2013; Do and Imae, 2021). However, less attention has been paid to the number of adsorbates loaded per particle, despite the strong influence on photophysical properties (Shinohara and Shinmori, 2016).
Here, we present the photophysical properties of porphyrin adsorbates on AuNPs having different loading levels, substituents on the meso-positions of porphyrin, lengths of alkanethiolate linkers, and nanoparticle diameters. Porphyrin–AuNP conjugates, with the adsorbate loading levels of up to 10% of all available thiolate sites, were obtained by post-synthetic thiol/thiolate exchange reactions employing 1-dodecanethiolate–protected AuNPs as the precursors. By characterizing conjugates with various loading levels, we have identified the factors that determine the photoabsorption and fluorescence properties of porphyrin adsorbates on the AuNPs.
2 RESULTS AND DISCUSSION
2.1 Synthesis of Porphyrin–Gold Nanoparticle Conjugates
We employed three types of 1-dodecanethiolate–protected AuNPs A–C which have different diameters and distributions (A: 2.5 ± 0.5, B: 2.5 ± 0.9, and C: 5.6 ± 2.2 nm). The 2.5-nm species (A and B) showed weak LSPR around 510 nm (Figure 1), while the resonance was distinct for the 5.6-nm species C at 516 nm (Jin, 2010). Four porphyrin–alkanethiols, three with different methylene linker chain lengths (1a–c, n = 2, 5, and 10) and one with bulkier substituents at three meso-positions of porphyrin (2, n = 5) were chosen as adsorbates (Scheme 1). Compound 2 was synthesized using a route similar to those of 1a–c, as previously reported (Scheme 2) (Shinohara and Shinmori, 2016).
[image: Figure 1]FIGURE 1 | UV-vis extinction spectra (in toluene) of (A) 1b@A and (B) 2@A prepared by post-synthetic modification of nanoparticle A with different initial concentrations of porphyrin–alkanethiols (c0). Insets represent the normalized absorption spectra of porphyrin adsorbates.
[image: Scheme 1]SCHEME 1 | (A) Chemical structure of porphyrin–alkanethiols 1a-c and 2; (B) post-synthetic loading of porphyrin–alkanethiols on 1-dodecanethiolate-protected AuNPs.
[image: Scheme 2]SCHEME 2 | Synthetic route to porphyrin–alkanethiol 2 with bulky tert-butyl substituents.
The post-synthetic modification of 1-dodecanethiolate–protected AuNPs, namely, thiol/thiolate exchange reaction, was performed by mixing with porphyrin–alkanethiols in toluene, followed by purification by gel permeation chromatography to remove unreacted porphyrin–alkanethiols. Hereafter, the porphyrin–AuNP conjugates are denoted as porphyrin–alkanethiolate@AuNPs. 1a–c@B and 1a–c@C that we previously prepared (Shinohara and Shinmori, 2016) were used for the photophysical characterization of the conjugates. The procedure of the thiol/thiolate exchange reaction was slightly modified for the synthesis of 1b@A and 2@A, where the initial concentrations of porphyrin–alkanethiols were adjusted (c0 = 15–50 mM) under a constant concentration of the AuNPs, and the reaction time extended to obtain samples with different loading levels. The range of loaded porphyrin–alkanethiolate adsorbates per particle (N) were determined to be 1.2–3.1 (1b@A) and 1.5–5.5 (2@A) of 126 total thiolate sites (Terrill et al., 1995), respectively. Detailed procedures for the synthesis of A, 2, 1b@A, and 2@A and the determination of N are given in the Experimental Section.
2.2 UV-Vis Extinction Spectra
The UV-vis extinction spectra of 1b@A and 2@A (n = 5, 2.5 ± 0.5 nm) in toluene are shown in Figure 1. Both the conjugates exhibit the weak LSPR band of the AuNPs around 510 nm, B band (Soret band) around 420 nm, and four Q bands in the range of 500–700 nm. The spectra indicate the successful loading of porphyrin–alkanethiolates on the AuNPs. The five absorption maxima of porphyrin adsorbates were red-shifted up to 4 nm (Supplementary Tables S1, S2) compared with those of the corresponding porphyrin–alkanethiols (1b and 2, Supplementary Figure S1). A similar bathochromic effect is also observed in other dye–nanoparticle conjugates (Prasanna et al., 2014; Ashjari et al., 2015).
While the extinction spectra of porphyrin–alkanethiols for 1b and 2 are almost identical (Supplementary Figure S1), the absorption features of porphyrin adsorbates on the AuNP show different trends. It should be noted that shoulder growth on the shorter wavelength side of the Soret band around 405 nm was observed, which could be consistent with the blue-shifted absorption band arising from H-aggregate exciton formation (Eisfeld and Briggs, 2006). The vertical molecular orientation of the porphyrins on the AuNPs through Au–S covalent bonds allows face-to-face aggregations between neighboring porphyrin adsorbates. This is in contrast to the edge-to-edge J-aggregation of the porphyrin adsorbates on AuNPs using multivalent linking, where red-shifted shoulder growth is observed (Kanehara et al., 2008; Ohyama et al., 2009). No observable shoulder growth was found in the Q bands, as predicted by Kasha’s theory that chromophores with a higher molar absorption coefficient show stronger exciton couplings (Kasha, 1976).
We qualified the aggregation of porphyrin adsorbates on AuNPs by the ratio of the molar absorption coefficients of the shoulder (∼405 nm) to the Soret band (∼420 nm), [image: image] (Figure 2A, Supplementary Tables S3, S4). The shoulder growth of 1b@A with increasing N strongly indicates the formation of face-to-face H-aggregates (Figure 2B). A significantly slower shoulder growth rate of 2@A likely results from the steric effect of the bulky aryl groups at meso-positions. The aryl groups that substitute the meso-positions of the porphyrin have a large dihedral angle (60–90°) from the porphyrin π plane (Rayati et al., 2008). Therefore, the introduction of the bulky tert-butyl groups at the 3 and 5 positions of the aryl groups increase their face-to-face distances in the H-aggregates and therefore weaken the exciton coupling (Imahori et al., 2004a).
[image: Figure 2]FIGURE 2 | (A) Spectral deconvolution of the Soret band and shoulder into two Gaussian curves. (B) The relative shoulder intensity ([image: image]) of porphyrin adsorbates with different numbers of porphyrin–alkanethiolate adsorbates per particle (N).
In these conjugates, only a small fraction of the 1-dodecanethiolate sites were exchanged for porphyrin–alkanethiolate (see 2.1). It may seem strange that the porphyrin adsorbates form the aggregates on the AuNPs, despite their low loading level. It is known that the Au–S covalent adsorbates on the AuNPs dynamically migrate. This enables the self-assembly of adsorbates on the AuNPs when the formation of aggregates is thermodynamically favored (Werts et al., 2004; Tanaka et al., 2006). The aggregation tendency of porphyrins by π–π stacking may contribute to the self-assembly of porphyrins on the AuNPs. Also, the amide bond that links the porphyrin moiety is another functional group that can contribute to the aggregation via hydrogen bonds. Such an electrostatic interaction would provide a dominant cohesive force compared with π–π stacking in the nonpolar environment (i.e., in toluene) (Pérez–Rentero et al., 2014) and so help one porphyrin adsorbate access an adjacent porphyrin adsorbate followed by aggregation (Sanz et al., 2012).
The broadening of the Soret band (i.e., the increase in the full width at half maximum (FWHM)) was also remarkable in 1b@A but not in 2@A. Interestingly, unlike the shoulder growth, which depends on N, the FWHM only shows a slight expansion according to the increase in N (1b: 12.2 nm, 2: 11.3 nm, 1b@A: 17.0–18.5 nm, and 2@A: 14.2–15.1 nm, Supplementary Tables S3, S4). It has been shown, in other systems, that the broadening of the absorption band, which is also observed in chromophores adsorbed on two-dimensional Au substrates, arises from interactions between chromophores and other molecules (e.g., other adsorbates or solvent) and is independent of exciton coupling (Leontidis et al., 1995). The porphyrin adsorbates can interact with not only the AuNPs and other porphyrins but also the remaining 1-dodecanethiolate adsorbates. Although the formation of porphyrin aggregates seems to result in this broadening, in the case of 1b@A, the effect of loading level (i.e., the number of possible porphyrin–porphyrin interactions) is much smaller (18.5–17.0 = 1.5 nm) than other effects (17.0–12.2 = 4.8 nm) associated with the porphyrin loading onto the AuNPs. The smaller broadening for 2@A (15.1–14.2 = 0.9 nm of the effect of a loading level, and 14.2–11.3 = 2.9 nm of other effects) indicates that the bulky tert-butyl substituents inhibit not only porphyrin–porphyrin interactions but also interactions with other molecules (e.g., 1-dodecanethiolate adsorbates).
2.3 Steady-State Fluorescence Spectra and Fluorescence Quantum Yields
The steady-state fluorescence spectra of 1b@A and 2@A with various N are shown in Figure 3. Two characteristic emission bands were observed at 658 nm and 721–722 nm, respectively (Supplementary Tables S1, S2) (Akimoto et al., 1999). Emission maxima (λem) were slightly red-shifted on loading (λem: 1b: 654 and 720 nm and 2: 655 and 721 nm) but not affected by N, which is similar to the tendency of the absorption spectra. The fluorescence of the porphyrin adsorbates on the AuNPs is almost quenched (fluorescence quantum yields ΦF = 0.07–0.14% (1b@A), 0.13–0.25% (2@A), Figure 4) compared to the absence of AuNPs (ΦF = 11% (1b), 12% (2)). Such strong quenching of the fluorescence by the AuNPs is broadly found in various fluorophores such as pyrene, anthracene, and rhodamine 6G (Uznański et al., 2009; Kabb et al., 2015; Shaikh et al., 2015).
[image: Figure 3]FIGURE 3 | Steady-state fluorescence spectra of (A) 1b@A and (B) 2@A in toluene (saturated with air at pO2 = ca. 0.21 atm, λex = 515 nm). Insets show fluorescence intensity at 659 nm (I659, Q(0–0) band) versus N.
[image: Figure 4]FIGURE 4 | Fluorescence quantum yields (ΦF) of 1b@A and 2@A with different N.
It is known that most fluorophores are non-fluorescent in H-aggregates, in contrast to J-aggregates which exhibit fluorescence (Liu et al., 2015). In present conjugates, excited porphyrin adsorbates can be quenched not only by the AuNPs but also by the adjacent porphyrin adsorbates. However, ΦF is nearly independent of N (Figure 4), unlike the singlet oxygen quantum yields (ΦΔ), which decreases exponentially as N increases (Shinohara and Shinmori, 2016). This fact indicates that the porphyrin–porphyrin energy transfer is not the dominant pathway for the quenching of fluorescence in the conjugates. Statistical analysis showed ΦF of 2@A (0.15 ± 0.02) is higher than that of 1b@A (0.10 ± 0.02%) upon removing the outlier at N = 2.6 that fell more than two standard deviations (SD) above the mean (Table 1; the results of statistical rejection and significance tests are shown in Supplementary Tables S5, S6). Another potential factor that influences quench efficiency is the spatial freedom of the adsorbates. In this regard, bulky substituents inhibit aggregation and increase the spatial degree of freedom of porphyrin fluorophore, resulting in reduced energy transfer efficiency from porphyrin adsorbates to AuNPs (Best et al., 2007).
TABLE 1 | Average fluorescence quantum yields (ΦF) of porphyrin adsorbates on AuNPs with different diameters and size distributions.
[image: Table 1]2.4 Effects of Linker Chain Length and Nanoparticle Size on Fluorescence
The porphyrin–AuNP conjugates 1a–c@B and 1a–c@C were synthesized as described and determined to have N ranges 3–15 (126 total thiolate sites) and 9–43 (632 total thiolate sites), respectively (spectral and statistical data are shown in Supplementary Figures S3–S6 and Supplementary Tables S6–S19). The εshoulder/εSoret increases with N on both nanoparticles but shows a non-monotonic trend with the length of the side chain (1b > 1c > 1a, Supplementary Figure S4A,B). As mentioned before, the space around the porphyrin becomes larger with the lengthening of the linker and smaller with the tendency of the adsorbate to aggregate. Based on this idea, the aggregation should be the strongest for 1a (n = 2), but it was not in the results. Steric repulsion between the adsorbents is expected to be one of the factors that determine the aggregation formation in the successive adsorptive loading. One particular consideration in the adsorptive loading onto the nanoparticles to form three-dimensional monolayers is the curvature of the substrate surface. At the same curvature, the shorter linkers increase the porphyrin–porphyrin steric repulsion, which is thought to inhibit the formation of aggregates (Terrill et al., 1995) (Supplementary Figure S7A,B). The steric hindrance may also reduce the thiolate density on the gold surface, making such monolayers thermodynamically unfavorable (Ingram et al., 1997). The universal trend in the shoulder growth in adsorbates 1b (n = 5) and 1c (n = 10), which is independent of the particle size, was found (Supplementary Figure S4C). This fact supports our hypothesis: in the adsorptive loading, porphyrins are preferentially loaded next to the already introduced adsorbates and form aggregates. On the other hand, in 1a (n = 2), the universal trend was no longer held. This deviation suggests that the aggregation in 1a on the larger nanoparticles C, due to the π–π stacking and/or the hydrogen bonds between the amide groups, with a small curvature is thermodynamically unfavorable (Supplementary Figure S7C,D). Imahori et al.(Imahori et al., 2000) reported that for tetraarylporphyrin–amide–alkanethiolate (the same structure as the present system), the porphyrin plane is oriented perpendicular to the two-dimensional Au substrate surface when n is an odd number, which is preferable to form H-aggregates (Supplementary Figure S8A). When n is an even number, the porphyrin plane is tilted toward the substrate surface, resulting in weaker exciton coupling by H-aggregation (Supplementary Figure S8B). The competitive effects on the aggregation strength are considered to result in the non-monotonic tendency.
The average ΦF of the conjugates is shown in Table 1. In both series of conjugates, ΦF slightly increased with methylene linker chain length (n = 2, 5, and 10). Note that no significant difference was found between n = 2 and 5 (Supplementary Table S6), which is considered to be due to the large variance of n = 2 (SD = 0.03–0.04%). Strong aggregation at n = 5 (odd number) is likely to contribute to the reduction in the fluorescence quantum yield, however is not, as evidenced by the lack of dependence on N. This is consistent with previous reports of an increasing donor–acceptor distance reducing quenching efficiency (Rao and Mayor, 2005; Deng et al., 2019). In addition, similar to the effect of bulky substituents, lengthening of the linker chain increases the space around the end groups (i.e., porphyrin adsorbates) and may inhibit the quenching of fluorescence (Badia et al., 1996). There are numerous reports on LSPR-induced fluorescence enhancement, as well as the enhancement of photoabsorption, Raman scattering (Chung et al., 2011; Bauch et al., 2014; Zvyagina et al., 2018), and singlet oxygen generation (Shinohara and Shinmori, 2016); however, no statistically significant difference was found between the LSPR-silent (1a–c@B) and LSPR-active (1a–c@C) conjugates (Supplementary Table S6). This can be attributed to the fact that the quenching process, which depends on the porphyrin–nanoparticle distance, is dominant in the range of linker chain lengths (n = 2–10).
3 EXPERIMENTAL SECTION
3.1 General
All starting materials and reagents were purchased from commercial suppliers and used without further purification. Spectroscopic-grade toluene was saturated with air (partial pressure of oxygen pO2 = ca. 0.21 atm) before use.
3.2 Apparatus
UV–vis spectra were recorded on a Shimadzu UV-1800 spectrometer equipped with a Peltier temperature controller. Steady-state fluorescence spectra were recorded on a JASCO FP-5300 fluorospectrometer equipped with a temperature controller. Obtained spectra were corrected by referencing to a tungsten sub-reference lamp (JASCO). 1H NMR spectra were recorded on a Bruker AVANCE DPX400 spectrometer (9.4 T) at ambient temperature in deuterated chloroform containing ca. 0.03% (v/v) tetramethylsilane as an internal standard (δ = 0.00 ppm). TEM images were obtained using an FEI Tecnai Osiris field emission transmission electron microscope with an accelerating voltage of 200 kV.
3.3 Synthesis
3.3.1 Gold Nanoparticles A (2.5 ± 0.5 nm)
The title nanoparticles A were synthesized by one-phase method reported in the literature (Zheng et al., 2006). To a solution of chloro(triphenylphosphine)gold(I) (Braunstein et al., 2007) (250 mg, 0.505 mmol) and 1-dodecanethiol (250 mg, 1.24 mmol) in chloroform (12.5 ml), borane tert-butylamine complex (423 mg, 4.86 mmol) in chloroform/ethanol (12.5 ml/5 ml) was added. After 24 h of stirring at ambient temperature, the mixture was concentrated under reduced pressure, and ethanol (40 ml) was added. The precipitate was collected by centrifugation and repeatedly washed with ethanol under sonication to remove starting materials and other byproducts to obtain A as a black waxy solid (61 mg). The mean diameter and size distribution (a standard deviation) were determined to be 2.5 and 0.5 nm, respectively, by transmission electron microscopy (TEM) (Supplementary Figure S2).
3.3.2 5-(4-Nitrophenyl)-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin (3)
Pyrrole (2.19 ml, 30.0 mmol), 4-nitrobenzaldehyde (1.14 g, 7.5 mmol), and 3,5-di-tert-butylbenzaldehyde (Schuster et al., 2006) (4.92 g, 22.5 mmol) were dissolved in methylene chloride (3 L) and purged with nitrogen for 15 min. To the solution, trifluoroacetic acid (4.44 ml, 60.0 mmol) was added, and the mixture was stirred for 1 h in the dark before neutralization by the addition of triethylamine (14.4 ml, 22.8 mmol). To the mixture, p-chloranil (5.52 g, 22.8 mmol) was added, and the solution was stirred for 3 h at ambient temperature. After the removal of the solvent under reduced pressure, the residue was purified by column chromatography (silica gel, hexane:methylene chloride = 2:1), followed by recrystallization (methylene chloride/methanol) to obtain 3 as purple crystals (1.23 g, 16%). 1H NMR (400 MHz, CDCl3, SiMe4, 294 K): δ/ppm −2.70 (2H, brs, inner NH), 1.51–1.55 (54H, m, CH3), 7.80 (1H, t, J = 1.7 Hz, benzene), 7.81 (2H, t, J = 1.7 Hz, benzene), 8.08 (2H, d, J = 1.8 Hz, benzene), 8.08 (4H, d, J = 1.8 Hz, benzene), 8.43 (2H, d, J = 8.6 Hz, benzene), 8.64 (2H, d, J = 8.6 Hz, benzene), 8.74 (2H, d, J = 4.7 Hz, pyrrole), and 8.90–8.97 (6H, m, pyrrole).
3.3.3 5-(4-Aminophenyl)-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin (4)
To a dispersion of 3 (1.39 g, 1.40 mmol) in concentrated hydrochloric acid (50 ml), stannous chloride dihydrate (1.90 g, 8.40 mmol) was added, and the suspension was stirred for 12 h at 70°C. The mixture was neutralized by the addition of sodium carbonate and extracted with methylene chloride. The organic layer was washed with water and brine, dried over sodium sulfate, then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel and dichloromethane) and then recrystallized from methylene chloride/methanol to obtain 4 as purple crystals (0.29 g, 21%). The majority of 3 was unreacted, apparently due to its low solubility. 1H NMR (400 MHz, CDCl3, SiMe4, 296 K): δ/ppm −2.69, (2H, brs, inner NH), 1.50–1.55 (54H, m, CH3), 4.02 (brs, 2H, NH2), 7.06 (2H, d, J = 8.2 Hz, benzene), 7.78 (1H, t, J = 1.7 Hz, benzene), 7.79 (2H, t, J = 1.7 Hz, benzene), 8.01 (2H, d, J = 8.2 Hz, benzene), 8.07 (2H, d, J = 1.7 Hz, benzene) 8.09 (4H, d, J = 1.7 Hz, benzene), 8.82–8.92 (6H, m, pyrrole), and 8.94 (2H, d, J = 4.6 Hz, pyrrole).
3.3.4 6-Bromo-N-{4-[10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin-5-yl]phenyl}hexanamide (5)
To a mixture of ε-bromocaproic acid (ca. 10 eq.) and N,N-dimethylformamide (1 drop) in toluene, excess thionyl chloride was added. After 1 h of stirring at ambient temperature, the mixture was concentrated under reduced pressure. The residue was redissolved in toluene and concentrated again to obtain ε-bromocaproyl chloride as yellow oil, which was subjected to the following reaction without purification.
An ice-cold mixture of 4 (50.0 mg, 0.0517 mmol) and dry pyridine (0.1 ml) in dry methylene chloride (5 ml), ε-bromocaproyl chloride (ca. 10 eq.) in dry methylene chloride was added dropwise. After 1 h of stirring, the mixture was concentrated under reduced pressure to obtain crude 5 as purple solid. This material was subjected to the following reaction without further purification.
3.3.5 6-Acetylthio-N-{4-[10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin-5-yl]phenyl}hexanamide (6)
Crude 5 was dissolved in bench N,N-dimethylformamide, and potassium thioacetate (50 mg, 0.44 mmol) was added at 0°C. After 1 h of stirring at ambient temperature, the mixture was diluted with methylene chloride (40 ml) and washed with water. The organic layer was dried over sodium sulfate and concentrated under reduced pressure. The residue was purified by column chromatography (silica gel and methylene chloride) and subsequent reprecipitation from methylene chloride/methanol to obtain 6 as purple solid. 49 mg (83% from 4). 1H NMR (400 MHz, CDCl3, SiMe4, 296 K): δ/ppm −2.71 (2H, brs, inner NH), 1.50–1.56 (54H, m, CH3), 1.58 (2H, quint, J = 7.0 Hz, CH2), 1.72 (2H, quint, J = 7.3 Hz, CH2), 1.91 (2H, quint, J = 7.5 Hz, CH2), 2.54 (2H, t, J = 7.5 Hz, NHCOCH2), 2.96 (2H, t, J = 7.3 Hz, AcSCH2), 7.56 (1H, brs, NHCO), 7.78 (1H, t, J = 1.6 Hz, benzene), 7.79 (2H, t, J = 1.6 Hz, benzene), 7.91 (2H, d, J = 8.2 Hz, benzene), 8.07 (2H, d, J = 1.7 Hz, benzene), 8.08 (4H, d, J = 1.7 Hz, benzene), 8.19 (2H, d, J = 8.3 Hz, benzene), 8.86 (2H, d, J = 4.6 Hz, pyrrole), and 8.87–8.92 (6H, m, pyrrole).
3.3.6 6-Mercapto-N-{4-[10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin-5-yl]phenyl}hexanamide (2)
The title compound 2 was synthesized according to the method reported in the literature (Imahori et al., 2004b). To a solution of 6 (34.0 mg, 0.0299 mmol) in degassed tetrahydrofuran (1 ml), potassium hydroxide (30 mg, 0.53 mmol) was added in degassed methanol (1 ml) and the mixture refluxed for 15 min under nitrogen. The mixture was neutralized by the addition of acetic acid (0.1 ml) and then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel and methylene chloride) and subsequent reprecipitation from methylene chloride/methanol to obtain 2 as purple solid. 22 mg (66%). 1H NMR (400 MHz, CDCl3, SiMe4, and 296 K): δ/ppm −2.70 (2H, brs, inner NH), 1.41 (1H, t, J = 7.8 Hz, SH), 1.51–1.55 (54H, m, CH3), 1.60 (2H, quint, J = 7.1 Hz, CH2), 1.75 (2H, quint, J = 7.3 Hz, CH2), 1.88 (2H, quint, J = 7.5 Hz, CH2), 2.52 (2H, t, J = 7.4 Hz, NHCOCH2), 2.62 (2H, q, J = 7.2 Hz, HSCH2), 7.43 (1H, brs, NHCO), 7.78 (1H, t, J = 1.8 Hz, benzene), 7.79 (2H, t, J = 1.8 Hz, benzene), 7.90 (2H, d, J = 8.3 Hz, benzene), 8.07 (2H, d, J = 1.8 Hz, benzene), 8.08 (4H, d, J = 1.9 Hz, benzene), 8.15–8.19 (2H, d, 8.4 Hz, benzene), 8.85 (2H, d, J = 4.7 Hz, pyrrole), and 8.87–8.93 (6H, m, pyrrole).
3.3.7 Porphyrin–AuNP conjugates (1a@A and 2@A)
The solution of A (1 mg/ml = 9.6 μM, assuming the chemical formula of Au400(C12H25S)126 = 1.04 × 105 Da (Terrill et al., 1995)) and porphyrin–alkanethiol (i.e., 1b or 2, 15–50 mM) in toluene (1 ml), was allowed to equilibrate for 24 h at ambient temperature. The mixture was concentrated under reduced pressure at ambient temperature using a centrifugal evaporator (EYELA CVE-2000 equipped with a common oil rotary vacuum pump). The residue was purified twice by size exclusion chromatography (BioBeads S-X1, toluene) to remove unreacted porphyrin–alkanethiol.
3.4 UV-Vis Extinction Spectra
Purified porphyrin–AuNP conjugates were dissolved in toluene to achieve an absorbance at 515 nm of 0.20 ± 0.01 [−], and extinction spectra were recorded. The same solution was subjected to fluorescence measurement (vide infra).
The molar extinction coefficients (ε) of AuNPs are related to their size and surface dielectric constant (Huang and El-Sayed, 2010). In the thiol/thiolate exchange reaction, no significant size change occurs, or even if it does occur, its effect is negligible (Hostetler et al., 1999). The surface dielectric constant mainly reflects the structure of the adsorbates, but since both the original 1-dodecanethiolate and the porphyrin–alkanethiolate are similar, the surface dielectric constants are unlikely to change. Assuming that the porphyrin–alkanethiolate adsorbates are also not affected by the AuNPs, the extinction spectrum of the porphyrin–AuNP conjugates can be considered as the sum of the extinction spectra of the 1-dodecanethiolate–protected AuNPs and the porphyrin–alkanethiol.
Based on this assumption, the extinction spectra of porphyrin–AuNP conjugates were deconvoluted using the following equation (Shinohara and Shinmori, 2016; Shinohara et al., 2020):
[image: image]
Here, A(λ) is the actual extinction spectrum of porphyrin–AuNP conjugates. εPor(λ) and εAuNP(λ) are the separately measured molar absorption coefficients of porphyrin–alkanethiol (1a–c or 2) and 1-dodecanethiolate-protected AuNPs (A–C), respectively. The proportional coefficients a and b were determined by the non-linear least-squares method (300 ≦ λ ≦ 800 nm), and the residue R(λ) was obtained. Finally, to obtain the number of porphyrin–alkanethiolate adsorbates per particle (N), as the quotient of the coefficients a and b, the following equation was used:
[image: image]
To qualify the aggregation of porphyrin adsorbates on AuNPs, εPor(λ) was further deconvoluted into two Gaussian functions, and the relative intensity of shoulder to the Soret band ([image: image]) was obtained (Supplementary Tables S3, S4, S13–S18).
3.5 Fluorescence Spectra
Five milliliters of the solution of porphyrin–AuNP conjugates, used for the extinction spectra measurement (absorbance at 515 nm–0.2), was volumetrically diluted by toluene to make 50 ml. The absorbance of the solution was reduced to below 0.02 (>95% transmittance) in the measurement range, to ensure the elimination of reabsorption of fluorescence by the sample itself. ΦF was determined by the following equation (Zhang et al., 2014):
[image: image]
where ΦF,ref shows ΦF of meso-tetraphenylporphyrin (10–8 M, ΦF,ref = 0.11 (Seybold and Gouterman, 1969)) as an external standard, and A and S show absorbance of porphyrin adsorbates at an excitation wavelength (515 nm) and the area of fluorescence spectra (600–800 nm), respectively.
4 CONCLUSION
In this work, a series of porphyrin–alkanethiols that have different linker chain lengths and substituents were loaded on the AuNPs by the post-synthetic thiol/thiolate exchange reaction. The conditions of the reaction were optimized to obtain low loading levels of total thiolate sites on the AuNPs. The conjugates retain the unique photoabsorption features of porphyrin (the Soret band and Q band) after loading. Slight red-shift, shoulder growth, and broadening were observed in the Soret band but not in the Q bands. Interestingly, porphyrin adsorbates form H-aggregates soon after the onset of the thiol/thiolate exchange reaction. Fluorescence in the adsorbates was determined to be strongly quenched, due to intraparticle energy transfer from the excited adsorbates to the AuNPs. Contrary to our hypothesis, the aggregation contributes little to the fluorescence quenching. Fluorescence quantum yields are affected by linker chain length but neither by the loading level nor nanoparticle diameter, unlike our previous report on the singlet oxygen quantum yields. Thus, this work has advanced our understanding of the photophysical properties of dye adsorbates on AuNPs.
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Protein dimerization plays a key role in many biological processes. Most cellular events such as enzyme activation, transcriptional cofactor recruitment, signal transduction, and even pathogenic pathways are significantly regulated via protein-protein interactions. Understanding and controlling the molecular mechanisms that regulate protein dimerization is crucial for biomedical applications. The limitations of engineered protein dimerization provide an opportunity for molecular chemistry to induce dimerization of protein in biological events. In this review, molecular control over dimerization of protein and activation in this respect are discussed. The well known molecule glue-based approaches to induced protein dimerization provide powerful tools to modulate the functionality of dimerized proteins and are shortly highlighted. Subsequently metal ion, nucleic acid and host-guest chemistry are brought forward as novel approaches for orthogonal control over dimerization of protein. The specific focus of the review will be on host-guest systems as novel, robust and versatile supramolecular approaches to modulate the dimerization of proteins, using functional proteins as model systems.
Keywords: approaches, inducers, protein, dimerization, supramolecular chemistry
INTRODUCTION
Protein dimerization is a crucial biological process in which proteins interact, as for example homo- or hetero-dimers, to form a functional assembly (Figure 1). In fact, proteins rarely show function and activity in their isolated form in a biological environment. The self-assembly of proteins to form dimers or higher oligomeric aggregates is a common biophysical phenomenon, which occurs in every cellular compartment such as cell membranes, the nucleus, and the cytosol. All cellular pathways such as enzymatic activation (Citri and Yarden, 2006; Baselga and Swain, 2009), signal transduction (Ferrer-Soler et al., 2007; Ahsan, 2016), and even pathogenic pathways (Hynes and Lane, 2005) are significantly regulated via protein dimerization.
[image: Figure 1]FIGURE 1 | Schematic representation of protein homo-and hetero-dimerization.
Regulation of protein dimerization is an essential process for the growth and development of organisms under the stimuli of intrinsic or extrinsic factors in the natural environment (Marianayagam et al., 2004). Therefore, understanding and modulating the molecular mechanisms of protein dimerization and their function represents the cutting edge of research and provides multiple entries for biomedical applications. Protein engineering represents one approach to induce or control protein dimerization, thereby facilitating an increase in protein stability and/or function (Grueninger et al., 2008; Ardejani et al., 2011). For example, engineering a dimeric interface of initiator caspase-9 resulted in caspase activation through induced proximity. Shi and coworkers have generated a dimeric caspase-9 by replacing five residues in the β6 strand of caspase-9 (Gly402-Cys-Phe-Asn-Phe406) with those normally present in caspase-3 (Cys264-Ile-Val-Ser-Met268), resulting in a dimeric interface of an engineered caspase-9. The engineered caspase-9 functioned as homodimer in buffered solution, leading to an increase in enzymatic activity in vitro and in cell-based studies (Chao et al., 2005). Additionally, protein can be engineered to feature enhanced dimerization via the introduction of coiled-coil zipper sequences (Junius et al., 1996; Mason and Arndt, 2004). The coiled-coil zipper functions through hydrophobic interactions between leucine rich motifs which form homo- or hetero-dimeric states. An example in this respect is the dimer formation between c-Jun and c-Fos, to form functional DNA transcriptional factors (Mason and Arndt, 2004; Gazon et al., 2017). The dimer formation of leucine-rich zippers provides a bioengineering approach that enables induced dimerization of proteins bearing leucine-rich repeats. The introduction of a leucine zipper motif to quiescent cell proline dipeptidase (QPP), enabled QPP homodimerization, which is essential for QPP activation (Chiravuri et al., 2000). The leucine zipper motifs were also applied to the induced dimerization of other proteins such as protein kinase (MLK-3) (Leung and Lassam, 1998) and tyrosine hydroxylase (Vrana et al., 1994) in which leucine zipper-induced protein dimerization showed a significant increase in enzymatic activity. Notwithstanding the great success achieved, the current approaches to engineered protein dimerization interfaces have their limitations, especially in terms of control over dimerization of protein dimerization event. Mutations made in the active domains of target proteins may change their biological structure and function. Approaches based on the addition of dimeric interfaces, such as via mutation interfaces or addition of leucine zipper-induced domains, do not provide a switching mechanism for temporal control or regulation of the dimerization. Therefore, the function of the resulting proteins in their biological processes is difficult to control. Protein dimerization approaches which are based on external molecular signals, capable of inducing or blocking dimerization, provide a strong point of entry to explore and control the molecular mechanisms of protein dimerization.
A powerful chemical approach currently used to control protein dimerization is via the use of molecular glues. More recently as well the use of metal ion, nucleic acid and synthetic host-guest systems has been explored (Figure 2). All these chemical elements act by bringing two proteins together to induce dimerization, resulting in the activation or inhibition of biological events. The reversibility of chemically-induced protein dimerization is attractive for biomedical research, as it enables an added degree of control over protein dimerization and activation. In this review, a schematic overview and selected examples of protein dimerization mediated by different molecular inducers of dimerization are provided, with a focus on the supramolecular chemistry based approaches. Synthetic host-guest systems are brought forward as novel, robust and versatile entries to modulate the dimerization of proteins.
[image: Figure 2]FIGURE 2 | Schematic representation of dimerization of protein via molecular approaches.
DIMERIZATION OF PROTEIN VIA MOLECULAR CHEMISTRY
Molecular Glue-Induced Dimerization of Protein
A powerful chemical approach currently used to control protein dimerization is via the use of molecular glues (Schreiber, 2021). The concept of molecular glue-induced protein dimerization is based on the use of low molecular weight organic compounds bearing bifunctional moieties which interact simultaneously with two proteins or protein domains (Boyd et al., 2021). A chemical inducer of protein dimerization acts as a dimerizer to bring protein molecules together and form either a homo- or a heterodimer (Corson et al., 2008; Fegan et al., 2010; Boyd et al., 2021) (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic representation of molecule glue induced dimerization of protein: (A) protein homodimerization induced by a symmetric bifunctional molecule, (B) protein heterodimerization induced by an asymmetric bifunctional molecule.
Molecule glue approaches to induce protein dimerization have been demonstrated into two groups: 1) Asymmetric molecules such as Cyclosporin A (Liu et al., 1991), FK506 (Liu et al., 1991; Ho et al., 1996), FKCsA (Belshaw et al., 1996a), rapamycin (Rivera et al., 1996), gibberellin (Miyamoto et al., 2012), abscisic acid (Liang et al., 2011), HaXS (Erhart et al., 2013), TMP-HTag (Ballister et al., 2014) and ATB-737 (Hill et al., 2018) induce hetero-dimerization of proteins; 2) Symmetric molecules such as FK1012 (Spencer et al., 1993), coumermycin (Farrar et al., 1996) and (cyclosporin A)2 (Belshaw et al., 1996b) induce homo-dimerization of proteins (Table 1). For example, the natural product rapamycin has emerged as the biofunctional dimerizer to induce heterodimerization of proteins (Choi et al., 1996; Liang et al., 1999; Bayle et al., 2006; Brown et al., 2015; Mangal et al., 2018; Courtney et al., 2021). The most prominent molecular feature of rapamycin is its two chemically distinct protein binding domains: one part of the molecule binds with high nanomolar affinity to the FK506-binding protein (FKBP12), the other molecular part to the FRB domain of mTOR, FRAP (FKBP-rapamycin associated protein), overall resulting in dimerization of the proteins involved. Rapamycin is thus capable of inducing heterodimerization of fusion proteins featuring FKBP and FRB domains. In contrast to rapamycin, coumermycin has two of the same protein-binding moieties and can be used to induce homodimerization of GyrB (bacterial DNA gyrase B) (Farrar et al., 1996; Farrar et al., 2000; Cele et al., 2016; Broeck et al., 2019). The concept of molecule glue-induced protein dimerization can be extended to novel synthetic compounds as well. For example, a synthetic dimer of FK506, named FK1012, promotes FKBP12 homodimerization (Schultz and Clardy, 1998), or a synthetic dimer of cyclosporine named (CsA)2 can induce dimerization of cyclophilin (Belshaw et al., 1996b). These molecule glues are also capable of inducing protein dimerization in cases where the dimerizing protein of interest has been fused to a suitable protein ligand binding domain.
TABLE 1 | Molecule glues-induced dimerization of proteins.
[image: Table 1]Protein dimerization induced by the specific binding of cell permeable high affinity small natural products or synthetic molecules represents a powerful tool for controlling dimerization of proteins in numerous biological processes such as gene expression (Rivera et al., 2012; Schreiber, 2021), proteolysis targeting chimera (PROTAC) (Mootz and Muir, 2002; Xu and Evans, 2005; Pratt et al., 2007; Foight et al., 2019), and signaling cascades (Shahi et al., 2012; Lecointre et al., 2018; Fujikawa et al., 2019). For example, control over gene expression was achieved with rapamycin by recruiting activation and repression protein domains to targeted loci (Schreiber, 2021). Fusion of an FRB domain to an activation domain (VP16) and a DNA-binding domain (Gal4) to an FKBP domain led to rapamycin-induced dimerization generating transcriptional activator functionality, and the promotion of gene expression (Liberles et al., 1997; Hardwick et al., 1999). Since toxicity of the natural rapamycin inhibits cell proliferation, Crabtree and co-workers have developed non-toxic rapamycin analogs which were successfully used to control gene expression (Bayle et al., 2006). The use of molecule glues induced protein dimerization to control the stability or rescue of proteins in living cells has also been demonstrated. Crabtree and coworkers described that FRB* -not only bound to FKBP12 in the presence of a rapamycin analog (C20-MaRap) but also bore functionality which conferred reversible instability on the fusion proteins. In the absence of rapamycin analog, the glycogen synthase kinase-3β (GSK-3β) fused to FRB* (GSK-3βFRB*) was rapidly degraded (Stankunas et al., 2003). Interestingly, C20-MaRap induced dimerization of FKBP12 and GSK-3βFRB*, which might lock FRB* in a folded state, resulting in the stabilization of the GSK-3β protein. This system may provide a means to control the stability or degradation of target proteins. Another robust approach to rescue proteins from the proteasome is by using both molecule glue induced dimerization and splicing of ubiquitin hydrolysis. For example, split ubiquitin for the rescue of function (SURF) was based on the complementation of genetically split ubiquitin under the control of rapamycin-induced dimerization of FRB and FKBP. The strategy was as follows: 1) the FKBP was fused to the N-terminal fragment of ubiquitin to form FKBP-UbN, 2) the C-terminal fragment of ubiquitin was fused to a protein of interest and FRB to form the FRB-UbC-protein complex, and subsequently fused to a degradation signal (degron) which would cause degradation of the fusion protein by proteasome recognition. In the absence of rapamycin, the proteasome recognizes and “kills” the fusion protein through degron domain recognition, thereby promoting degradation of fusion protein. Addition of rapamycin caused dimerization of FRB and FKBP, which resulted in the reassembly and function of ubiquitin, thereby releasing the protein of interest from the degron and rescuing its function (Pratt et al., 2007). In addition, molecular glue-induced protein dimerization has also been investigated to control the activation of certain kinase family members, in order to study signal transduction (Belshaw et al., 1996b; Spencer et al., 1996; Kim et al., 2020). A synthetic molecule glue - FK1012 - induces homo-dimerization of FKBP and can also be used to gain control over programmed cell death. The Fas cytoplasmic domain was fused between poly FKBP and myristoyl group which located on the cell membrane. The presence of FK1012 mediated the aggregation of the Fas-poly FKBP receptor leading to activation of Fas signaling transduction, and eventually cell death (Spencer et al., 1996). An engineered rapamycin-induced dimerization approach of Fas consisting of FKBP and FRB proteins allowed rapamycin to specifically induce cellular apoptosis (Kim et al., 2020). Thus, the molecule glue approach is highly valuable for fundamental studies, drug development, and other biomedical applications. This approach, however, does require the construction of large fusion proteins, in which the required protein domains contribute substantial mass to the final protein construct, potentially affecting the biological activity of the target protein (Spencer et al., 1993; Fegan et al., 2010). Alternative methods for molecular control over protein dimerization are additionally required. Apart from molecular glue based approaches, metal ion, nucleic acid and host-guest chemistry are brought forward as novel approaches for orthogonal control over dimerization of protein.
Metal Ion-Induced Dimerization of Protein
Metal ion-mediated protein dimerization has recently been demonstrated (Sinclair, 2012; Song et al., 2014; Kochanczyk et al., 2016). Tezcan and co-workers for example generated hybrid coordination motifs based on the simultaneous binding of a metal ion to a natural histidine amino acid and a non natural ligand on the α-helical surface of protein cytochrome cb562 (Radford et al., 2010). The ligand, 5-amino-8-hydroxyquinoline, which binds metal ions with high affinity, was covalently ligated to cysteine at position 70 of cytochrome cb562. Addition of metal ions such as Ni2+, Co2+, Cu2+ and Zn2+ induced cytochrome cb562 dimerization, resulting in an increase of global protein stability. Zn ions were also exploited as powerful metal ions to assemble protein in a homodimer (Brodin et al., 2010; Churchfield et al., 2016) and tetramer, in which four Zn ions associated at the surface of each protein monomer. The design and synthesis of a helical coiled-coil by metal-induced folding has also been demonstrated; fusing the Cys-X-X-Cys metal binding domain of rubredoxin to a target random coil peptide enabled Cd2+ to induce peptide dimerization (Kharenko and Ogawa, 2004). Interestingly, metal ion-induced protein dimerization was used to generate a structural superposition closely resembling bZip-type transcriptional factors, suggesting potential applications for the recognition of biological targets. Using metal ions to induce protein dimerization represents a promising approach to controlling over biological processes (Zhang et al., 2005; Affandi and McEvoy, 2019).
Nucleic Acid-Induced Dimerization of Protein
G-quadruplex (G4)-induced protein dimerization has been recently reported (Truong et al., 2020). G4s are four-stranded structures formed by stacking of multiple G-tetrads. In cellular events, the formation of G4 involves in many biological processes such as replication, transcription, translation and telomeric maintenance (Lipps and Rhodes, 2009; Maizels and Gray, 2013). Therefore, specific interaction between G4 with proteins has emerged as a promising approach for regulation of biological processes. A G4-binding protein domain was also identified in N-terminus of RHAU (RHA helicase associated with AU rich element) (Heddi et al., 2015; Dang and Phan, 2019; Dang et al., 2021). Interestingly, NMR solution structure of a complex of an 18-residue peptide (RHAU18) consisting a G4-specifice binding domain and a parallel G4 has showed G4 molecule can simultaneously binds two RHAU peptides at the 3′ and 5′ end G-tetrads (Heddi et al., 2015). The helical RHAU peptides covers and clamps the G4 with three-anchor-point electrostatic interactions between negatively charged phosphate groups of the G4 and the three positively charged amino acids (K8, R10, K19) of the peptide. The specific binding of parallel G4 to two RHAU peptide provides a promising approach for G4-induced self assembly of protein by fusing a functional protein with RHAU peptide (Heddi et al., 2015). Incorporating a RHAU peptide with a fluorescent protein pair: cyan fluorescent protein/yellow fluorescent protein (CFP/YFP), resulting in generation of a pair of FRET (fluorescence resonance energy transfer) RHAU-CFP/RHAU-YFP. Upon addition of G4 to a mixture of RHAU-CFP and RHAU-YFP, the energy transfer from the donor CFP to the acceptor YFP was observed by G4-induced heterodimerization of proteins (Truong et al., 2020) (Figure 4). In addition, G4-induced dimerization protein approach was applied for dimer-driven activation of caspase-9. Inactivated monomeric caspase-9 incorporating with RHAU peptide allowed G4 to regenerate a catalytic activity. In the presence of G4, the catalytic efficiency of caspase-9 was 60-fold enhancement towards the natural substrate. G4 can play as a target molecule for inducing both dimerization and rearrangement of the active site of caspase-9. Another study showed oligonucleotides containing (GT) repeats could induce dimerization of HIV-1 Gag protein (Zhao et al., 2019). Short oligonucleotide as (GT)3 or (GT)8 bound to nucleocapsid (NC) domain of Gag protein leading to change conformation of Gag that is favor for Gag dimerization. Induction of dimerization of protein by nucleic acid is an alternative approach to study on function of protein and interplay between protein dimerization state and activation, not only enzyme, but also many other protein homodimerization events.
[image: Figure 4]FIGURE 4 | Parallel G4 can act as a target-inducer of dimerization and activation of proteins fusing with RHAU peptide. (A) Schematic representation of dimerization of protein and activation via G4, (B) FRET signal was observe under addition of G4 to a mixture of RHAU-CFP/RHAU-YFP (Truong et al., 2020); (C) G4 can play as a target molecule for inducing both dimerization and rearrangement of the active site of RHAU-caspase-9, resulting in enhancement of catalytic efficiency of enzyme (Truong et al., 2020).
Supramolecular System-Induced Dimerization of Protein
Supramolecular chemistry was initially inspired by biomolecules and their higher order structures (Uhlenheuer et al., 2010; Khan and Lee, 2021). Recently, the supramolecular chemistry to modulate and control dimerization of protein have been reported. Supramolecular systems bearing natural or synthetic components have been engineered with desirable properties for use in biochemical research, such as improved water solubility and guest-specific binding (Oshovsky et al., 2007). The application of supramolecular chemistry for protein dimerization is based on the non-covalent interaction of supramolecular hosts with specific guest molecules, while being appended to proteins. Two supramolecular host molecules, cyclodextrin and cucurbit [8]uril, have been most intensively explored as tools for the selective and reversible control over protein dimerization in both buffered solution and living cells (Zhang et al., 2007; Nguyen et al., 2010). Cyclodextrins are naturally-derived sugar-based cone-shaped host molecules, which selectively bind hydrophobic guest molecules to form, typically, a 1:1 complex in aqueous solution. For example, the cavity of a β-cyclodextrin variant recognizes and binds lithocholic acid with high affinity (Ka = 106 M−1) (Yang and Breslow, 1997) (Figure 5A), opening up the possibility for β-cyclodextrin to recognize and bind protein-lithocholic acid conjugates. Cucurbit [8]uril is the eight membered homologue of the cucurbit [n]uril family of glycoluril based macrocycles, which has shown highly attractive biochemical applications due to its capacity to bind various cationic guest molecules, in addition to its good water-solubility and low toxicity (Urbach and Ramalingam, 2011; Masson et al., 2012). The cavity of cucurbit [8]uril is sufficiently large to bind two synthetic guest molecules simultaneously such as two equivalents of N-phenylpiperazine, aminoacridiziniums, naphthyl derivatives, coumarin and neutral red under acidic conditions (Urbach and Ramalingam, 2011) (Figures 5B–D). The favorable recognition of two guests by cucurbit [8]uril enables the formation of highly stable ternary complexes in aqueous solution. The selective non-covalent interaction of cucurbit [8]uril and guest elements provides a means to reversibly control dimerization of proteins incorporating these supramolecular guest elements. The easy design and synthesis of supramolecular host-guest systems opens up the possibility of modulating and controlling dimerization of protein.
[image: Figure 5]FIGURE 5 | (A) β-cyclodextrin recognizes and binds lithocholic acid forming a complex (1:1) (Yang and Breslow, 1997), (B) Chemical structure of cucurbit[8]uril, (C) cucurbit[8]uril selectively binds and dimerizes tripeptide phenylalanineglycine·glycine (FGG) (Heitmann et al., 2006), (D) ternary complex of cucurbit[8]urilmethylviologen·dihydroxynapthalene (Q8:MV:HN) (Ko et al., 2007; Rauwald et al., 2010).
The concept of supramolecular induced protein-protein interactions was first probed using supramolecular host-guest elements attached to synthetic peptides (Ueno et al., 1993). The specific recognition of the adamantyl group by β-cyclodextrin permitted a β-cyclodextrin-conjugated synthetic peptide to selectively recognize and bind an adamantane-conjugated peptide. This self-assembled peptide dimer enabled strong and selective DNA recognition. DNA recognition by supramolecular peptide dimerization could be reversed by inhibiting the supramolecular dimerization with either free β-cyclodextrin or adamantane. The fluorescent proteins were conjugated to the β-cyclodextrin and lithocholic acid host guest system at the C-terminus of the proteins (Zhang et al., 2007) (Figure 6). A high affinity and selective recognition of lithocholic acid by β-cyclodextrin enabled the association of the two fluorescent proteins. In this case, the degree of protein association could be monitored by donor-receptor fluorescence resonance energy transfer (FRET), both in buffer and in cells. Increasing the affinity of the synthetic host-guest complex would enhance the interaction of host-guest conjugated proteins and would thus be attractive from the point of view of studying protein-protein interactions at lower concentrations. This concept could be shown using a β-cyclodextrin host which was modified to heptakis-[6-deoxy-6-(2-aminoethyl-sulfanyl]-β-cyclodextrin (Gomez-Biagi et al., 2008). This molecular upgrading of the β-cyclodextrin side-chains brought about a 10 fold increase in binding to lithocholic acid and enhanced FRET (Uhlenheuer et al., 2011a). The optimization of synthetic host-guest systems is not a unique approach to increase the affinity of protein-protein interactions: engineering of the dimeric interface of the proteins can also been used to increase and stabilize the supramolecular protein dimerization. For example, point-mutated (S208F and V224L) fluorescent CFP and YFP proteins, so called dimerizing proteins (dCFP and dYFP) which normally show weak intrinsic affinity for dimerization, formed strong and stable supramolecular protein complexes on ligation of host-guest elements with a concomitant very strong FRET (Uhlenheuer et al., 2009). The reversibility of the supramolecular protein dimerization, could be probed by addition of β-cyclodextrin to the supramolecular protein dimers, resulting in inhibition of protein dimerization for all types of protein pairs (Zhang et al., 2007; Uhlenheuer et al., 2009; Uhlenheuer et al., 2010). β-Cyclodextrin can also be used to induce homodimerization of proteins (Kitagishi et al., 2012). For example, surface functionalization of bovine serum albumin protein (BSA) with TMe- β-cyclodextrin enabled 5,10,15,20-tetrakis (4-sulfonatophenyl)porphyrin to reversibly control BSA homodimerization via complexation with the TMe- β-cyclodextrin. The resulting supramolecular protein dimer is stable and can be separated from monomeric proteins via size exclusion chromatography.
[image: Figure 6]FIGURE 6 | Schematic representation of cyclodextrin-induced assembly of CFP and YFP functionalized with lithocholic acid and cyclodextrin, respectively (Zhang et al., 2007).
Cucurbit [8]uril is a second attractive supramolecular host molecule for use in reversible protein dimerization studies (Bai et al., 2016; Cao et al., 2021; Liu et al., 2021). Cucurbit [8]uril selectively binds and dimerizes two guest molecules simultaneously within its hydrophobic cavity, and with high affinity (Heitmann et al., 2006; Ko et al., 2007). For example, cucurbit [8]uril recognizes and binds methyl viologen (MV) and naphthalene (Np) simultaneously to form a ternary cucurbit [8]urilMV·Np complex (Ko et al., 2007). This concept could be applied to induce heterodimerization of CFP and YFP. For this, CFP and YFP were chemically outfitted with Np and MV, resulting in synthetic CFP-Np and YFP-MV mutants, respectively. The addition of cucurbit [8]uril mediated heterodimerization of CFP-Np with YFP-MV, resulting in an energy transfer from donor CFP to acceptor YFP (Uhlenheuer et al., 2011b). Incorporation of a 4,4′-bipyridinium scaffold at the C-teminus of transcription factor (GCN4) opened up a new approach to the supramolecular control of peptide assemblies (Novo et al., 2021). Cucurbit [8]uril-induced GCN4 dimerization by the formation of a homoternary supramolecular complex (1 cucurbit[8]uril:2 bipyridinium) could specifically bind to its targeted double-strand DNA. This binding complex was easily disassembled in a reversible manner upon addition of a specific competitor guest. Interestingly, cucrbit[8]uril-induced dimerization of antimitotic peptide-conjugated benzylimidazolium could recognize the microtubules and convert from fibrous to nanoparticulate aggregates through cross-linkage of host-guest complex. The cucurbit[8]uril-induced intertubular aggregation was applied to regulate cell apoptosis and tumor ablation at the cellular level and in the mouse (Zhang et al., 2019). Chemical conjugation of specific guest molecules with proteins or peptides provides a facile supramolecular method to enhance protein-protein interactions which may open up new opportunities for biomedical applications.
The supramolecular host cucurbit[8]uril can as well be efficiently used to reversibly switch the dimerization of fluorescent proteins incorporating a genetically encoded N-terminal phenylalanine-glycine-glycine (FGG) peptide motif (Nguyen et al., 2010; Dang et al., 2014) (Figure 7). The proteins with an FGG-tag are easily generated by autocleavage of an intein system under control of pH and temperature. Selective binding of the FGG-tag to the hydrophobic cavity of cucurbit[8]uril induces protein dimerization and is mediated via a key interaction between the N-terminal amine functionality of the peptide and the carbonyl rim of cucurbit [8]uril (Figure 5C), resulting in protein homo- or heterodimerization. Cucurbit[8]uril-induced dimerization of proteins bearing an FGG-tag via a supramolecular host-guest interaction can be fully reversed through the addition of a small synthetic competitor (methyl viologen) (Nguyen et al., 2010). In addition, cucurbit[8]uril has been used as an inducer of protein tetramerization (dimer of dimer), by combining the two-fold binding of an FGG motif to cucurbit[8]uril with intrinsic affinities between the proteins domains as a stepwise assembly process (Dang et al., 2012). The incorporation of a dimerizing interface at the fluorescent protein surface (dYFP, dCFP) combined with an encoded N-terminal phenylalanine-glycine-glycine (FGG) peptide motif allowed cucurbit[8]uril to selectively recognize and induce FGG-dYFP or FGG-dCFP homotetramerization. The concept of cucurbit[8]uril-induced protein homotetramerization was elucidated using a combination of dynamic light scattering and size exclusion chromatography experiments. Addition of cucurbit[8]uril to a solution of FGG-dYFP, pre-dimerized in solution, resulted in the automatic generation of the tetrameric protein assembly.
[image: Figure 7]FIGURE 7 | Schematic representation of two yellow fluorescent proteins having an N-terminal FGG peptide motif and their dimerization which is induced by cucurbit[8]uril (Nguyen et al., 2010).
Cucurbit[8]uril-induced self assembly of protein dimerization approach has been applied to study molecular mechanisms of dimerization and activation of caspase-9 (Dang et al., 2013) (Figure 8). Caspase-9 consisting of FGG motif (FGG-caspase-9) at the N-terminus allows cucurbit[8]uril to induce protein dimerization which was confirmed by dynamic light scattering (DLS). The catalytic activity of enzyme increases upon increased addition of cucurbit[8]uril until a maximal activity is reached when all FGG-caspase-9 is dimerized. The activity of the cucurbit[8]uril-induced FGG-caspase-9 dimer is not only significantly greater than that of the isolated protein, but is also superior to proteins mutated to have an engineered hydrophobic dimerization interface. Upon addition of a competitor peptide (FGG) to the active cucurbit[8]uril-induced FGG-caspase-9 dimer, the enzymatic activity of enzyme was decreased in a dose-dependent fashion (Dang et al., 2013). The reversibility of the cucurbit [8]uril–FGG system thus shows the full control achievable over dimerization of FGG-caspase-9 dimerization and activation via supramolecular host–guest approach and the potential to either induce or inhibit protein dimerization with specific small guest molecules. Moreover, light-triggered supramolecular cucurbit[8]uril activation of FGG-caspase-9 has been demonstrated (de Vink et al., 2021). Cucurbit [8]uril was temporarily caged by bivalent FGG peptide with high affinity. The UV light induced release of cucurbit[8]uril from a bivalent cage molecule, resulting in activation of cucurbit[8]uril-induced FGG-caspase-9 dimerization. The concept of light-responsive caged cucurbit[8]uril also provides a new platform for application of switchable approaches. Supramolecular reactivation of inactivated enzymes have been studied on inactivated caspase-8 mutant and split-luciferase fragments. A mutated caspase-8 (D384A) featuring FGG motif at the N-terminus which shows enzymatically inactive towards its natural substrate caspase-3, could be fully reactivated upon addition of cucurbit[8]uril (Dang et al., 2018). The FGG motif was applied to split-luciferase fragment pairs at the N-terminus that allowed cucurbit[8]uril to induce dimerization of luciferase and regenerate enzymatic activity (Bosmans et al., 2016). Cucurbit[8]uril can act as a supramolecular inducer of dimerization, thus leading to optimal protein reorganization and enzymatic activation that holds great promises for studying many other protein homodimerization events in a reversible manner, such as dimerizing enzymes and membrane receptor proteins.
[image: Figure 8]FIGURE 8 | Schematic representation of N-terminal FGG-bearing (grey) monomeric caspase-9 (red: large subunit, blue: small subunit) and its dimerization into an enzymatically active homodimer by cucurbit[8]uril (Dang et al., 2013).
Crystal structure of the supramolecular-mediated protein complex has been studied on cucurbit[8]uril-induced dimerization of protein 14-3-3 (involved in human disease including the breast-cancer target) (de Vink et al., 2017; Liu et al., 2021). Fusion of FGG motif to the N-terminus of the 14-3-3 binding epitope of the estrogen receptor alpha (ERα) could be simply formed into a dimeric peptide in the presence of cucurbit[8]uril. Cucurbit[8]uril-induced ERα peptide dimerization significantly enhanced its affinity towards protein 14-3-3 via a binary bivalent binding manner (Figure 9). Molecular insight into the supramolecular interaction of the complex of protein, peptide and cucurbit[8]uril was clarified by the first crystal structure (de Vink et al., 2017). The crystal structure showed that the complex was favorably stabilized by multiple intermolecular interactions. The cucurbit[8]. FGG system has also been applied to generate protein nanowires (Hou et al., 2013; Bai et al., 2016). Genetic generation of the dimeric glutathione S-transferase (GST) surfaces consisting of FGG motif at the symmetric N-terminus allowed cucurbit[8]uril to induce self-assembly of protein into high molecular nanowires (Hou et al., 2013). The incorporation of Se-containing active center to FGG-GST resulted in a functionalized Se-FGG-GST. The Se-FGG-GST could be easily formed into high molecular nanowires in the presence of cucurbit[8]uril which was shown to be a better antioxidant than Se-FGG-GST monomers. That holds a great promise for the design of functional proteins such as biosensors, catalysis and pharmaceuticals.
[image: Figure 9]FIGURE 9 | Schematic representation of cucurbit[8]uril-induced protein assemblies of phosphopeptide (FGG-ERα) and protein 14-3-3.
Approaches of controlling protein dimerization reveals diversity in the regulation of protein activity both in vitro and in vivo. It is necessary to apply these approaches to therapeutic applications. Some molecule glues-induced protein dimerization have been used as drugs in clinical treatment. For example, rapamycin and its analog have been approved by FDA (Food and Drug Administration) as an immunosuppressive drug for transplantation and cancer therapy (Schreiber, 2021). Interestingly, ARV-110 is the first “PROTAC” molecule glue which entered phase I clinical trials (Schreiber, 2021). In addition, supramolecular system-induced protein dimerization also shows great potential for therapeutic applications. The administration of cucurbit [8]uril-induced aggregation of tubulin-targeted antimitotic peptides could induce apoptosis and suppress tumor growth which can be developed as a therapeutic supramolecular approach for cancer treatment (Zhang et al., 2019). The host-guest cucurbit [8]uril:FGG (1:2) complex has been widely used to regulate numerous functional proteins such as caspase-9, caspase-8, protein 14-3-3, nanowires that also holds a great promise for design of functional proteins such as biosensors, catalysis and pharmaceuticals (Liu et al., 2021).
Protein dimerization plays a key role in almost all biological processes. Control over protein dimerization using molecules is an important concept for studying the fundamental underlying molecular processes. The use of molecules to induce protein dimerization in part overcomes the limitations of protein engineering approaches. In particular, the selective recognition of small guests by synthetic host molecules to form 1:1 complexes or 1:2 ternary complexes enables the reversible control of protein dimerization using proteins prefunctionalized with small guest elements. The supramolecular induced dimerization of protein represents orthogonal approaches for studying functional protein dimerization and aggregation, thus opening up new opportunities for biomedical applications.
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Complex 1 2 3 4 5

Formula CaoHsoCON12022P CazHs2C0N12022P2 CazHsaCON12022P CazHs2N14022P2Zn CioHzsMNN5O 1P
Mr 1,051.69 1,077.72 1,079.74 1,112.18 544.28
Crystal system Orthorhombic Monociinic Monociinic Orthorhombic Monocinic
Space group P2,2,2 P2, P2, P2,2,2 c2

a (d) 15.2094(9) 6.9901(7) 7.0017(2) 15.7257 (5) 27.735 (2)
b (&) 20.6549(12) 20.7406(19) 20.6519(7) 210814 (7) 11.2485 (1)
c (A} 7.0696(4) 16.2603(14) 16.2533(5) 6.9203 (2) 6.7722 (6)
« () ) 2 % 20 0

BO % 92.454(3) 92.7700(10) 2 92.021 @©)
y 0 20 2 % 20 0
V&) 2,2209(2) 2210.4(4) 2,231.34(12) 2,288.78 (12) 21114 Q)
z 2 2 2 2 4

F (000) 1,0940 1,1220 1,1260 1,156.0 1,132.0
Reflections collected 24,804 30,266 21,882 22,389 8544
Independent reflections 4711 12,673 7.887 4,087 3994
Goodness-of-fit on F2 1.093 0.976 1.024 1.052 1.027
Completeness to 26 53.46,100.0% 60.08,99.9% 50.04,99.9% 5003, 99.9% 53.46, 99.5%
Rt 0.0341 0.0564 0.0263 0.0270 0.0461

Ry [l > 20()) 0.0760 00516 00319 00813 00379
WA I > 20()) 0.2264 0.0865 0.0799 02224 0.0806
R (al data) 0.0855 0.1052 0.0371 00903 00450
WA (all data) 0.2372 0.1029 0.0826 02319 00844
Flack parameter 002(5) 0.012(18) 0011(15) 0015 (7) -002(2)

CCDC Number 2,064,323 2,064,324 2,064,325 2,064,326 2,064,327
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Polymers  Catalyst precursor  Yield (%) ~ Mw(g mol)  PD

P1 Pd(dba):/L1 95 24,800 1.7
P1 Pd(PPN;); 93 3,000 32
P2 Pd,(dba)s/L1 97 7,900° 1.4
P2 Pd(PP:)s 89 2000 15
P3 Pd(dbal:/L1 92 112,000 35
P3 Pd(PPhg)s 82 8,400 11

"Molecuar weight determined by GPC with THF as the eluent, calibrated with
polystyrene standaras.

®Molecular weight determined by GPC at 150°C with 1,2,4-trichlorobenzene as the
elent, calibrated with polystyrene standards.
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‘Thiophene-2-boronic Aryl halides Time (min) Yield (%)

esters Pd,(dba),/L1 Pd(PPh),
1 : Br 15 96 83
2 @—Br 15 £ 76
3 Br—@—ocu, 15 92 72
4 Br—@—NO, 15 93 81
5 Br—@—CHO 15 o7 81
Br. CH,
6 D[ 30 88 24
H;C Br
CHO
7 30 920 18
Br
8 @\ 30 £ 31
s” “Br
!\
|
9 BI,Q\CH © 30 9 48

Reaction condilions: 1 equiv. of thieny! halide, 1 or 2 equiv. of thiophenyiboronic ester, 5 equiv. of K,COs, THF (5 L mol ), H;0, 0.1 mol% Pox(dba)s + L1, reflux, within 15-30 min, 1 mol%
PA(PPh.).,, reflux, within 2 h.
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Pd(0)/L1 |
+ B
65°C N\
Reaction time (h)||base||Catalyst system ab Yield [%] TON TOF (h™)

1 48 NaHCO; 19Pd, Pd: L1 = 1:3 11 % 94 1.98
2 48 NaHCO5 0.1%Pd, Pd: L1 = 1:3 111 89 890 186
3 025 NaHCO; 0.1%Pd, Pd: L1 = 1:3 111 85 850 3,400
4 0.25 KoCO;s 0.1%Pd, Pd: L1 = 1:3 11 9% 950 3,800
5 025 KqPO, 0.1%Pd, Pd: L1 = 1:3 101 88 880 3,520
6 025 Cs,C0; 0.1%Pd, Pd: L1 = 1:3 101 94 940 3,760
7 0.25 EtN 0.1%Pd, Pd: L1 = 1:3 111 85 850 3,400
8 025 NaHCO; 001%Pd, Pd: L1 = 1:5 21 73 7,300 29,200
9 0.25 KoCOs3 0.01%Pd, Pd: L1 21 89 8,900 36,600
10 0.25 KPO, 0.01%Pd, Pd: L1 21 74 7,400 29,600
11 025 Cs,C05 0.01%Pd, Pd: L1 21 86 8,600 34,400
12 025 EtN 001%Pd, Pd: L1 = 1:5 21 62 6,200 24,800

Reaction conditions: bromobenzene, thiophene-:

.boronic acid pinacol ester, 5 equiv. of the base, THF, H.O, Pd.{dba)s + L1, reflux.
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Entry Tensile strength Elongation at Hardness (shore Young’s modulus Crosslink density

(kPa) break (%) ) (MPa) (mol/L)
C-1 458 36 26.4 16 022
C-2 489 41 220 16 0.36
c3 614 43 224 19 0.44
C-4 336 21 x 1 0.32
c5 468 30 318 19 0.42
C-7 579 58 47.4 14 0.15
c8 700 42 300 22 047
c-9 528 15 20.2 38 0.68
C-11 425 54 254 1.1 0.28
C-12 503 72 2z 1.0 0.35
C-13 700 42 30.0 22 0.47
C-14 848 42 383 26 080
C-16 249 27 28.3 1.1 0.15
c17 199 67 x 04 0.12

x means the sample is not available for the test.
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Entry Tensile strength Elongation at Hardness (shore Young’s modulus Crosslink density

(kPa) break (%) ) (MPa) (mol/L)
H6 1,023 2 340 5.1 025
H-7 580 66 33.1 14 0.16
H9 632 32 310 25 032
H-11 283 38 240 1.0 0.16
H-12 415 39 31.8 14 0.16
H-13 580 66 331 14 0.16
H-15 200 80 305 06 014
H-16 415 39 318 14 0.16
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Entry PAPMS (g) DP-1 (g) TA (mg) Solvents/H0 (ml)* Sample description

Solvent Type
H-1 P-2.5(1.6) 06 30 TOL (15/0.2) Formable
H2 P-2.5 (1.6) 06 30 HEX (15/0.2) Formable
H3 P-2.5(1.6) 06 30 THF (15/0.2) TA aggregation
H-4 P-2.5(1.6) 06 30 DCM (15/0.2) x
H5 P25 (1.6) 06 30 TOM(15/0.2) x
DP-1 dosage/-NH; molar content
H6 P25 (1.6) o 60 HEX (15/0.3) Formable
H7 P-2.5(1.6) 06 60 HEX (15/0.3) Formable
H8 P25 (1.6) 09 60 HEX (15/0.3) x
HO P-5.8(1.6) 06 60 HEX (15/0.3) Formable
TA dosage
H-10 P-2.5 (1.6) 0.6 8 HEX (15/0.2) x
H-11 P-2.5(1.6) 06 30 HEX (15/0.2) Formable
H-12 P-2.5(1.6) 0.6 50 HEX (15/0.3) Formable
H-13 P25 (1.6) 06 60 HEX (15/0.3) Formable
H-14 P-2.5 (1.6) 0.6 90 HEX (15/0.4) x
Molecuiar weight change (P-2.2: My = 1,63,305 g mol ", P-2.5: M, = 64,000 g mol-")
H-15 P-2.2(1.6) 0.6 50 HEX (20/0.3) Formable
H-16 P-2.5 (1.6) 06 50 HEX (20/0.3) Formable

ATHF. tetrahydrofuran: DCM, dichloromethane: TCM, trichloromethane; HEX, n-hexane: TOL, toluene.
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Method Matrix LoD References
(ng/mi)

ELISA Blood 05 Rychert et al., 2010

Plasmonic ELISA Physiological 108 Cecchin etal., 2014
buffer

Microcantilever Physiological 8x10°  Lametal, 2006

deflection buffer

Laser-induced Physiological 120 Zhou et al., 2000

fluorescence detection  buffer

LG- based binding Physiological 1x10°  This work

assay buffer
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Materials Optimal working Range of HoS Reference

temperature (°C) concentration

(ppm)

Pt-WO3 365 1-5 Kim et al., 2018
Pt-SnO» 250 1-5 Bulemo et al., 2018
Fep O3/TiO2 120 1-50 Xu et al., 2019
NiO-SnO» 200 1-10 Ngoc Hoa et al., 2019
MoO3 177 1-100 Zhang et al., 2016
SnO3-CuO 150 1-40 Park et al., 2020
MoO» 100 1-240 This work
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Samples v cr Mn Co Ni Cu zn sb Ba Pb
FC-10 334 £0.82 6.12 £0.00 ND 013001 120£011 035+001 622+151 13.20+063 126.07+1579 0.4x006
FC-16 6.94 £ 0.62 6.05+0.23 ND 011001 0764012 038+0.18 123+096 21.26+038 52.03+3.13 0.05 +0.01
FC-20 78684478 40264570 ND 055+002 071+010 060+0.10 1.12+£087 5546+127 19324089 ND
Regul limit 1 N. 5,000 N. N. 5,000 100,000 100,000 N. 100,000 5,000
Regu limit 2 N. 5,000 N. N. N. N. N. N. 100,000 5,000
LOD 0.01 0.01 0.02 0.005 0.01 0.01 0.006 0.01 0.004 0.05
ND, Not detected.

N., Not mentioned in reference level regulations.

“Regulatory limit 1" s referred to Chinese Standard GB 5085.3 (GB 5085.3, 2007).
“Regulatory limit 2" s referred to the USA standard 40 CFR 261.

LOD, limit of detection.

Each data are based on three replicates.
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Samples v cr

Maximum availability of leaching (Cwmax-Lea), Mg/kg

FC-10 25344123 159028
FC-15 28,04+ 5,67 35674128
FC-20 4031+ 4.24 497 £053
Daily leaching amount (Coaiy-Lea), mg/L.

FG-10 4.90E-08 3.07E-04
FC-15 5.42E-03 6.90E-04
FC-20 7.79E-08 961E-04
Concentration of contaminants in groundwater (Cgw), mg/L.

FC-10 461E-05 2.82E-06
FC-15 5.10E-05 6.34E-06
FC-20 7.34E-05 8.82E-06
DAF 106.20 108.94
Standard limits of groundwater and surface water’s quality, mg/L
GB/T14848-2017 limits I - <005

GB3838-2002 <0.05 <0.05

0.84 £0.11
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12.21 £0.69
23.09+1.28
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