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ABSTRACT 

Soft materials are matters that can easily deform from their original shapes and 

structures under thermal or mechanical stresses, and they range across various groups of 

materials including liquids, foams, gels, colloids, polymers, and biological substances. 

Although soft materials already have numerous applications with each of their unique 

characteristics, integrating materials to achieve complementary functionalities is still a 

growing need for designing advanced applications of complex requirements. This 

dissertation explores a unique approach of utilizing intermolecular interactions to 

accomplish not only the multifunctionality from combined materials but also their tailored 

properties designed for specific tasks. In this work, multifunctional soft materials are 

explored in two particular directions, ionic liquids (ILs)-based mixtures and 

interpenetrating polymer network (IPN).  

First, ILs-based mixtures were studied to develop liquid electrolytes for molecular 

electronic transducers (MET) in planetary exploration. For space missions, it is challenging 

to operate any liquid electrolytes in an extremely low-temperature environment. By tuning 

intermolecular interactions, the results demonstrated a facile method that has successfully 

overcome the thermal and transport barriers of ILs-based mixtures at extremely low 

temperatures. Incorporation of both aqueous and organic solvents in ILs-based electrolyte 

systems with varying types of intermolecular interactions are investigated, respectively, to 

yield optimized material properties supporting not only MET sensors but also other 

electrochemical devices with iodide/triiodide redox couple targeting low temperatures.  

Second, an environmentally responsive hydrogel was synthesized via 

interpenetrating two crosslinked polymer networks. The intermolecular interactions 
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facilitated by such an IPN structure enables not only an upper critical solution temperature 

(UCST) transition but also a mechanical enhancement of the hydrogel. The incorporation 

of functional units validates a positive swelling response to visible light and also further 

improves the mechanical properties. This studied IPN system can serve as a promising 

route in developing “smart” hydrogels utilizing visible light as a simple, inexpensive, and 

remotely controllable stimulus.  

Over two directions across from ILs to polymeric networks, this work demonstrates 

an effective strategy of utilizing intermolecular interactions to not only develop 

multifunctional soft materials for advanced applications but also discover new properties 

beyond their original boundaries.   
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CHAPTER 

1. INTRODUCTION 

Soft materials range over many different classes of materials, including liquids, 

foams, colloids, gels, polymers, and multifarious biological materials, and fulfill numerous 

critical applications throughout the modern world with each of their unique properties [1–

6]. It is always a strong desire to combine the characteristics of those materials to achieve 

complementary functionalities. In comparison to materials with hard bodies and rigid 

structures, soft materials are advantageous for the integration across different materials 

thanks to their complexity and flexibility [7,8]. Soft matter based functional materials not 

only present a collective performance by each individual component but also evolve new 

features from their rich and intriguing interfacial interactions, inspiring broad possibilities 

to design and construct advanced platforms of multifunctional materials. Recent successful 

examples have been demonstrated in a vast variety of fields, such as flexible electronics 

[9–11], biomedical and tissue engineering [12–15], soft armors [16,17], soft actuators and 

robotics [18–22], and a great number of more.  

In this work, two different systems of soft materials, ionic liquids (ILs) based 

mixtures and interpenetrating polymer network (IPN), are developed and investigated for 

two specific applications, low-temperature seismic sensing and environmentally 

responsive hydrogels, respectively. For each material system, a unique approach of tuning 

intermolecular interactions is used to obtain not only the multifunctionality from combined 

materials but also their tailored properties for specific tasks. In the direction on ILs-based 

mixtures, we developed a multi-component electrolyte system for space missions at 

extremely low temperatures. ILs have a wide liquid temperature range, which is a highly 
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favorable material characteristic in developing low-temperature electrolytes, but the ionic 

conductivity of ILs often suffer from high viscosities and insufficient ion-disassociations 

due to their commonly seen bulky cations [23] and strong electrostatic attractions between 

cations and anions [24]. The results from our study, including both aqueous and non-

aqueous approaches, demonstrate a facile strategy to overcome such a barrier of developing 

liquid electrolytes for not only MET sensors but also other electrochemical devices with 

iodide/triiodide redox couple targeting low temperatures. In the other direction on 

hydrogels, an interpenetrating polymer network (IPN) system is explored to develop a 

visible-light responsive and mechanically enhanced “smart” hydrogel. Poor mechanical 

properties are known challenges for hydrogel-based materials. The formation of the 

interpenetrating network improves the mechanical properties of synthesized IPN hydrogels 

compared to hydrogels made of a single network of each polymer, and the analysis of glass 

transition temperature (Tg) reveals its upper critical solution temperature (UCST) 

responsive swelling behavior, which is in contrast to the prevalent lower critical solution 

temperature (LCST) transition of most currently available environmentally responsive 

hydrogels. The visible-light responsiveness of the IPN hydrogel was enabled by the 

incorporation of the functional units, which was also observed to have an effect to further 

enhance the mechanical properties by modifying the average pore size of the polymer 

networks. Such an IPN shows the potential to serve as a practical route in developing 

“smart” soft materials using visible light as a simple, inexpensive, and remotely 

controllable stimulus. Overall, this dissertation is structured as follows.  

Chapter 2 provides the background and motivations for the topics discussed in this 

dissertation, primarily focusing on ILs and their mixtures, environmentally responsive 
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hydrogels, and their current limitations from available studies for the applications of our 

interests, which yield the main work of this presented work.  

Chapter 3 explains the methodology for the preparation of ILs-based liquid 

electrolytes containing iodide/triiodide ions, the synthesis of IPN hydrogels and their 

incorporation with functional additives, as well as various tools and techniques of 

characterizing the soft material samples prepared in this study.  

Chapter 4 provides the results and discussions that can be divided into two broad 

directions as stated above. Within the first direction, three iodide/triiodide-containing, ILs-

based electrolyte systems are discussed in section 4.1, 4.2, and 4.3, respectively. In section 

4.1, we first discussed and compared the thermal, transport, electrical, and electrochemical 

properties of a dual IL low-temperature electrolyte system among varying formulations, 

emphasizing on the effects of adding water as a co-solvent and incorporating 

ethylammonium nitrate ([EA][N]) as a second IL component in the mixture. Walden plot 

analysis was applied to compare the optimized electrolyte system with other similar IL-

based electrolyte systems from literatures, followed by the electrochemical stability 

assessment of the electrolytes and the sensing performance validation of an in-house 

fabricated MET seismometer based on a real-time earthquake detection using the 

developed electrolyte. In section 4.2 and section 4.3, we continue to take advantage of the 

design strategy that is demonstrated in section 4.1 and expand the research to two different 

IL/organic solvent mixtures with gamma-butyrolactone (GBL)/propylene carbonate (PC) 

and butyronitrile (BuCN), respectively, to further extend the material limits for low-

temperature liquid electrolytes. In addition, the hypothesized intermolecular interactions 

among certain functional group pairs between solvent molecules and ions of ILs were 
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characterized via several different instrumental techniques to provide insights on a 

microscopic level for a better understanding of the underlying physical phenomena and 

their potential correlations with bulk properties of electrolytes. In the second direction, 

section 4.4 examines the formation of an IPN hydrogel between polyacrylamide (PAAm) 

and poly(acrylic acid) (PAAc) as well as the incorporation of chlorophyllin with this soft 

composite matrix for the aimed material features in enhanced mechanical properties, UCST 

transition behavior, and promising responsiveness to visible-light irradiation.  

Chapter 5 summarizes the experimental work conducted on the development of two 

multifunctional soft material systems, ILs-based low-temperature liquid electrolytes and 

IPN-structured hydrogels, for each of their targeted applications. Finally, future works are 

also proposed with regards to further advancing the maturation of MET sensing technology 

and integrating ILs with functional polymer networks to form new conductive composite 

materials.  
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CHAPTER 

2. BACKGROUND AND MOTIVATION 

2.1 Ionic Liquids (ILs) 

ILs are salts in the format of liquid. They consist of entirely ions and still remain 

fluidic below 100 °C or even at room temperature with their low melting temperatures. 

This unique behavior of ILs is due to the weak coordination of their bulky and asymmetric 

constituent ions, which significantly resists the formation of stable crystal lattices and 

lowers the melting points [25,26]. Because of such conformational flexibility and the 

constitution of entirely ions, ionic liquids inherit the characteristics from both molecular 

solvents and inorganic salts [27]. A general comparison between ionic liquids and 

inorganic salts was given by Frost et al [28], as shown in Figure 2.1.1. ILs are also known 

as “designer solvents” because of their great versatility in properties by selection of cation 

and anion. In addition to the wide temperature range of the liquid state, ILs also possess a 

number of remarkable features including property tunability, ionic conductivity, 

electrochemical stability, negligible volatility, and non-flammability [29–31], which have 

extended their applications to a large variety, such as chemical synthesis and processing 

[32–37], facilitators for catalysis [38–41], media for separation process [42–44], lubricants 

[45–47], biology [48–50], electrochemistry [51–54], thermal fluids for heat storage and 

transfer [55,56], and nuclear waste treatment [57–59]. The industrial usage of ILs was first 

commercialized in the production process of alkoxyphenylphosphines, a generic 

photoinitiator precursor, at a multi-ton scale by a BASF site in Ludwigshafen, Germany, 

in 2002. Another successful example, developed by Chevron 2013 [60] and implemented 

by Honeywell in 2016 [60], involves a new alkylation technology in which ILs are 
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introduced as alternative catalysts in replace of hydrofluoric or sulfuric acids to refine 

cleaner-burning high-octane fuels [61].  

 

 

 

Figure 2.1.1. Comparison of inorganic salts, ionic liquids, and conventional liquid oils: 

unlike the inorganic salt forms stable formation of crystalline packing between the cations 

(yellow) and the anions (blue), the ionic liquid shows very poor coordination of the anions 

and cations, more similar to the randomly orientated molecular structures of conventional 

oil (purple) (adapted from [28]). 

 

A map that summarizes current and potential applications of ILs is shown in Figure 

2.1.2, extrapolating the development of technologies in ILs from the present progresses to 

the future expectations. Among diverse applications, ILs have also become an appealing 

family of materials in particular as electrolytes for various energy storage and electronic 

devices due to their advantages over conventional electrolytes based molecular liquids 

(MLs) as the media [62–66]. For energy storage devices such as supercapacitors, the cell 

voltage is constrained by the electrochemical stability window of the electrolytes. While 

most of aqueous electrolytes would not survive beyond a cell voltage of 1.23 V [67] and 

typical organic electrolytes fail to exceed 3 V [63] otherwise irreversible redox reactions 

begin to undermine the cell performance, ILs-based electrolytes offers the excellent 
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electrochemical stability to allow a much higher cell voltage and therefore improve the 

energy density of the devices [68]. For example, Balducci et al. reported a supercapacitor 

cell that can reach a maximum operating potential range of 4.5 V at 60 °C using activated 

microporous carbon as active material and IL N-butyl-N-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide ([PYR14][TFSI]) as the electrolyte, and their results 

showed both high cycling stability and high stable specific capacitance of the ionic liquid 

electrolyte [69]. Moreover, the thermal stability of ILs as electrolytes enables 

supercapacitors to operate at high temperatures. Borges et al. developed a composite 

electrolyte based on a mixture of clay and 1-butyl-2,3-dimethylimidazolium 

bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI]) ionic liquid at an optimal weight ratio 

of 1:1 to facilitate a stable performance of the supercapacitor at 200 °C [70]. For processes 

and devices with working principles involving electrochemical reactions, on the other hand, 

ILs are also considered attractive materials for the development of advanced electrolytes 

due to their non-volatility and non-flammability. For instance, in lithium-ion batteries, 

current organic electrolytes that contains volatile and flammable solvents can cause serious 

safety concerns when encountering the accumulation of heat and pressure in the cell from 

the exothermic reactions in the case of thermal runaway and may eventually lead to an 

explosion [71–73]. ILs-based electrolyte systems have been exploited to improve the safety 

as well as other performances for lithium-ion batteries. A study reported by Guerfi et al. 

demonstrated that an addition of IL 1-ethyl-3-methyleimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) at an optimized concentration of 40 % 

in organic solvents used in commercial batteries could yield a significantly higher safety 

of the electrolytes with no flammability and comparable electrochemical performances up 
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to 2 C rate for discharge [74]. Yang et al. investigated the usage of IL N-propyl-N-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([PYR13][TFSI]) in combination 

with organic additives and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and the 

mixed electrolyte showed no flammability when the [PYR13][TFSI] is at 60 vol% as well 

as an increased discharge capacity with higher temperatures up to 75 °C [75]. Song et al. 

reported the properties of pure [PYR13][TFSI] containing 1 M LiTFSI without any organic 

solvent as the electrolyte against silicon-based anode material with a discharge capacity of 

1058–960 mA h g-1 over 200 cycles at a capacity retention of 88%, and their results 

indicated that the products from PYR13 cations and TFSI anions also contributed to forming 

a stable solid-electrolyte-interphase layer to effectively passivate the electrode surface for 

the enhanced cycling performance [76].  

 

 

 

Figure 2.1.2. Current and potential applications of ionic liquid (adapted from [77]).  
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In addition to their applications in the energy field, ILs based electrolytes have 

shown their unique potentials in sensing technology and devices [52,78,79]. Very similar 

to their roles in energy devices, ILs electrolytes serve as media for target analytes to 

transport, until reaching the electrode surfaces, realizing the purposes of detection. 

Moreover, ILs offer their versatility to advance the performance of sensing devices in many 

other aspects, including high selectivity for analytes of interests [80–82], functionality as 

binders for electrodes [83–86], and great compatibility with analytes from a wide spectrum 

of material types [87–90]. For instance, Lu et al. reported an electrochemical approach of 

employing IL protonated-betaine bis(trifluoromethylsulfonyl)imide ([Hbet][TFSI]), not 

only as an electrolyte but also a selective solubilization medium, to quickly and directly 

detect heavy metal traces including lead oxide, cadmium oxide, and copper oxide, by 

anodic stripping voltammetry [82]. The concept of this sensing method is based on ability 

of [Hbet][TFSI] to reversibly solubilize a variety of rare earth metal oxides via the 

carboxylic acid group forming a coordinated metal-betaine complex with metal ions, and 

the electrolyte can be recycled for reuse by an aqueous acidic solution [91]. The ability of 

interacting with specific electrode materials hint new possibilities for ILs-based 

electrolytes in advanced device designs. 

Although ILs exhibit excellent traits and promising advantages as electrolyte 

materials, they are not simple replacements of MLs yet. In comparison to MLs-based 

electrolytes, the ionic conductivities of ILs are limited by their relatively high viscosity, 

hindering the transport of ions in electrolytes and posing adverse effects at a device level 

in applications. For example, the performance of ILs-based electrolytes for batteries at high 

capacity rate are still not comparable with conventional electrolytes due to low ion mobility 
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[76,92]. When operating at relatively high temperatures, the transport properties of ILs-

based electrolytes are not the major concerns as both conductivity and fluidity improve 

with elevated temperatures. At low temperatures, however, ILs-based electrolytes are often 

expected to encounter significant decrease in ionic conductivity, rendering unsatisfying 

functionalities even if they are able to remain as liquids. With increasing needs of applying 

energy devices and sensors under extreme environmental conditions, such a limit restrains 

the potential of using ILs-based electrolytes for low-temperature applications. More 

fundamental studies on effects of viscosity and a deeper understanding on the 

physiochemical properties of ILs are much needed for not only better evaluating their 

functionalities as electrolytes but also meeting new expectations from uprising challenges. 

It is also foreseeable that task-specific applications will continue to drive the research in 

ILs for their specialized functionalities. In our case, the development of an ILs-based 

multifunctional electrolyte system to support sensing operations at extreme conditions for 

planetary exploration will be reported with details in this dissertation. 
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2.2 Environmentally Responsive Hydrogels 

Hydrogels are soft polymeric materials that are highly hydrophilic to contain a 

significant amount of water within their crosslinked networks. The chemical and physical 

linkages, such as ionic or covalent bonding and chain entanglement or van der Waal forces, 

respectively, enable hydrogels to form three-dimensional structures and possess unique 

swelling behaviors. The high hydrophilicity of hydrogels can be attributed to the presence 

of hydrophilic functions groups, such as hydroxyl, carboxyl, amines, amide, sulphonyl, and 

so on, and the high content of water also allow hydrogels to a certain extend of material 

flexibility similar to nature tissues [93]. One of popular applications of hydrogels that can 

be seen in daily life are soft contact lens, which were pioneered by Wichterle and Lím in 

1960 using poly(2-hydroxyethyl methacrylate) (PHEMA) due to its excellent transparency, 

compatibility to normal biological processes, and well-balanced mechanical properties 

versus water content [94]. Depending the property of interest, hydrogels can be categorized 

into several different subgroups as schematically shown in Figure 2.2.1.  

 

Figure 2.2.1. A schematic map of most common classes of hydrogels categorized by 

properties (figure adapted from [93]).  
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Environmentally responsive hydrogels are “smart” hydrogels that respond to 

external stimuli, such as temperature [95,96], pH [96,97], ions [98,99], electric field [100–

102], enzymes [95,103], and light [100,104,105], with significant volume transitions. 

Owning to this remarkable feature, such group of hydrogels uphold a variety of important 

applications including sensors [106], actuators [107], drug delivery [97,100,108,109], and 

oil cleanup [110,111]. Very recently, environmentally responsive hydrogels have also been 

explored in the field of atmospheric water harvesting (AWH) with hydroscopic polymeric 

materials to develop a super moisture absorbent system. Such a polymeric-network-based 

moisture capturing system holds a unique advantage other AWH materials that use active-

surface-based vapor adsorption, because it is no longer limited by the high energy barrier 

that is inevitably involved with the phase transition of water [112]. The switchable 

hydrophilicity of environmentally responsive hydrogels renders not only a synergetic route 

of rapid and controllable water release but also a promising cycling capability to minimize 

the energy consumption. Figure 2.2.2. demonstrates the volume transition of 

environmentally responsive hydrogels as well as some representing examples of their 

applications.  
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Figure 2.2.2. Illustrations of (a) the volume transition of environmentally responsive 

hydrogels and examples of their representing applications including: (b) actuators [113], 

(c) sensors [114], (d) drug delivery [115], and (e) oil clean-up [116].  

 

 

One type of the most extensively studied environmentally responsive hydrogels is 

the temperature responsive hydrogels, due to the ease of using temperature to trigger their 

responses in volume transitions. Such responses to temperature stimulus can be found on 

hydrogels of both natural and synthetic origins, which share the feature of possessing at 

least one hydrophilic part and one hydrophobic part in the molecular structure. The 
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functional groups of the hydrophilic part are commonly found as an amide group, and the 

hydrophobic part can be groups such as methyl, ethyl and propyl. The molecular structures 

of three well-known synthetic temperature responsive polymers are shown in Figure 2.2.2 

(a). The volume transition of temperature responsive hydrogels is driven by the switch 

between the hydrophilic and the hydrophobic characteristic of the molecules via the 

interplay of the dominating interaction between the functional groups of the polymers and 

the solvents, for example, water. According to Flory-Higgins solution theory, there are 

three main types of interactions when a polymer is dissolved with water, including 

interactions between polymer-polymer, polymer-solvent, and solvent-solvent. The relative 

strength of these interactions competes among each other to determine the swelling or de-

swelling of a polymer network in the environment of a certain solvent. For polymers that 

exhibit a typical lower critical solution temperature (LCST), their network becomes more 

hydrophobic and shrinks due to the reduction of the polymer-solvent interaction above a 

specific temperature. Meanwhile, a discontinuous de-swelling of the hydrogel is also 

observed. There have been explanations to interpret the behavior of temperature responsive 

hydrogels in different angles. In the point view of Gibbs free energy of mixing, a negative 

free energy (G) indicates a spontaneous mixing process which favors the polymer-solvent 

interaction. When temperature is above LCST, the water molecules around the polymer 

chains become significantly less ordered as hydrogen bonds are disrupted due to the rise of 

the kinetic energy. In this scenario, the entropy of the system increases so the term (TS) 

becomes dominant to yield a negative G in the thermodynamic relation G = H – TS. 

When temperature is below LCST, the hydrogen bonds are formed so that the water 
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molecules around the polymer chains become more ordered, resulting in a reduced entropy 

and a more dominant enthalpy term (H) with a positive overall G.  

The aforesaid behavior makes the temperature responsive hydrogels very attractive 

for delivering drug to targeted cells with higher functioning temperature than normal 

physiological temperatures, for example, cancer cells [117–119]. Additionally, the 

encapsulation by the hydrogel matrix can also protect and sustain the efficacy of the drug 

from hostile environments, for instance, the low pH condition in the stomach, until the 

release of the drug [120,121]. More recently, natural temperature responsive polymers 

based on polysaccharides, a class of polymeric carbohydrate molecules in which 

monosaccharide units are covalently linked by O-glycosidic bonds, have also drawn great 

attention because of their excellent biocompatibility and biodegradability. Representing 

members from this class, such as gelatin [122], dextran [123], and chitosan [124], are 

considered as stronger material candidates for human drug test trials in the field of 

pharmaceutics and biopharmaceutics, and their molecular structures are shown in Figure 

2.2.2 (b). 
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Figure 2.2.3. Molecular structures of representing (a) synthetic and (b) natural temperature 

responsive polymers.  

 

 

Besides temperature responsive hydrogels, another extensively studied 

environmentally responsive hydrogel is pH responsive hydrogels, which is sensitive to 

changes in pH or electrolyte concentration of the solution. Those hydrogels are typically 

made of constituent polymers that contain ionic pendant groups, which can be either acidic 

(a) 

(b) 
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or basic functional groups, attached to their polymeric backbone. The pH responsive 

behavior of such hydrogels is based on the exchange of protons or hydroxyl ions present 

in the solution. For instance, poly(N,N’–dimethylaminoethyl methacrylate) hydrogel 

exhibits volume reduction in an environment of basic media. In contrast, poly(acrylic acid) 

based hydrogels demonstrate volume expansion at high pH due to the acidic nature. The 

transition takes place within a narrow pH range around the acid dissociation constant pKa 

of the hydrogel, where the ionization level of the pendant group changes to significantly 

modify the water solubility of the polymer chains, resulting in a discontinuous swelling or 

de-swelling of the gel network [125]. A schematic presentation of the pH responsive 

swelling and de-swelling process for both anionic and cationic hydrogels in response to the 

pH changes of the environment is shown in Figure 2.2.3. When fully neutralized, pH-

responsive polymers that originally contained segments of polyacid or polybase may 

transform to polyelectrolytes or polyampholytes. Once the ionization process is completed, 

a higher pH only enhances the ionic strength of the solution without causing any further 

swelling of the hydrogel. In addition to the concentration of the electrolyte, the swelling 

properties are also dependent on two other key quantities, the dissociation constant of the 

ionizable groups and the amount of the ionizable moieties. While the ionization of the 

functional pendant groups follows the similar mechanism as that of the corresponding 

mono-acids or mono-bases, the dissociation of the polyelectrolyte is under the influence of 

adjacent ionized groups and therefore subject to shifting the dissociation constant (Ka) of 

the hydrogel from the original dissociation constants of the respective mono-acids or 

mono-bases. On the other hand, the amount of the ionizable groups are dependent on the 

varying chemistry for the proposed synthesis routes, where the concentration of the 
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monomers and the degree of crosslinking can contribute to determining the actual swelling 

ratio of the hydrogels as well.  

 

 

 

Figure 2.2.4. Schematic illustrations of the swelling and de-swelling process of (a) anionic 

and (b) cationic hydrogels in response to pH changes in the solution (adapted from [97]). 

 

 

The pH responsive hydrogels are very attractive in many applications, especially in 

advanced drug delivery. The physiological environment of human body contains 

distinguishable pH conditions at different body sites or even within the same tract. For 

instance, the intestine has an almost neutral pH while the pH of the lower stomach ranges 

from 1.5 to 4.0. When utilizing pH responsive hydrogels for drug delivering to the target 

region, for example, the medicine will be encapsulated by the reduced swelling at a lower 

pH environment of the stomach and then released when the swelling is enhanced in the 

neutral environment of the intestine [97]. Lowman et al successfully demonstrated the use 
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of a pH responsive, poly(methacrylic-g-ethylene glycol) hydrogel as an oral delivery 

vehicle for localized release of insulin via rapid hydrogel swelling in the basic or neutral 

environment of intestine after being protected from the proteolytic activities in the acidic 

environment of stomach [126]. A schematic illustration of the drug delivery process is 

shown in Figure 2.2.4. In addition to drug delivery, applications of pH responsive 

hydrogels have also been widely extended to gene delivery, protein separation, coating 

thickeners, and biosensors where changes of external pH are needed.  

 

 

 

Figure 2.2.5. A representative example of applying pH responsive hydrogels in drug 

delivery. (Adapted from [127]).  
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Both temperature and pH responsive hydrogels can be synthesized through various 

polymerization techniques. While free radical polymerization is the most common route, 

other controlled polymerization methods, for example, microemulsion polymerization, can 

yield precisely designed block copolymers to form hydrogel particles with well-defined 

micro- or nanostructures [128–130]. When dispersing such microgels or nanogels in a 

solvent system, the pH of the solution can trigger phase separation via the swelling and 

deswelling of those particles. Another intriguing phenomenon, self-assembly of hydrogels 

from block copolymers can be observed upon environmental stimuli to form different 

shapes of aggregates via hydrophobic interactions [131–133]. As studies are dedicated to 

utilization of novel materials in synthesis, great attention has been paid to click chemistry, 

wherein various types of functional segments or ligands can be introduced to obtain tailored 

properties for specialized applications. Recently, other classes of stimuli, such as light, has 

also been emphasized due to their unique strength in triggering and controlling the 

responses of the hydrogels. In addition, one major drawback across all types of 

environmental responsive hydrogels, namely poor mechanical properties, demands efforts 

in research to tackle associated challenges without compromising the responsive sensitivity.  
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2.3 Motivation of Work 

2.3.1 Ionic Liquids Based Liquid Electrolyte Systems for Low-Temperature Molecular 

Electronic Transducer (MET) Sensing in Planetary Exploration  

The interest of humanity in exploring the universe is enduring and unremitting, and 

the remarkable properties of ionic liquids have already allowed them to play a vital role in 

a series of space related applications. In 2007, a hydrophilic ionic liquid, 1-ethyl-3-

methylimidazolium ethylsulphate ([EMIM][EtSO3]), which doesn’t solidify until below 

temperature is below 175 K (–98 °C), with a layer of silver coating, has been used to form 

a smooth, uniform, and highly reflective surface as the basis for a lunar liquid mirror 

telescope, due to its negligible vapor pressure and low melting point [134]. More recently, 

the Laser Interferometer Space Antenna (LISA) Pathfinder spacecraft, which was launched 

in 2015 to test technologies for the study of gravitational waves in space, employed ionic 

liquids as the new propellants for its colloidal thrusters to realize more efficient and precise 

maneuver of the spacecraft, replacing the traditional liquid metals based propellants which 

are known for high surface tensions and high melting points [135,136]. Space lubricants is 

another critical field that is supposed to sustain the operation of mechanical systems on 

artificial satellites and spacecrafts while the possibility of repairing is close to none. The 

harsh environment in space includes high vacuum, high irradiation, and drastic change of 

temperature, impeding the performance of traditional lubricant materials such as silicones 

and mineral oils, and the non-volatility, the high thermal stability, the wide liquid 

temperature range of ionic liquids have also attracted special attention to their utilization 

as materials for space lubricants [46,47,135]. Okaniwa and Hayama reported a [TFSI] type 

of ionic liquids as a base oil to formulate a space lubricant with superior friction and wear 
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characteristics under vacuum below 10-4 Pa and at low temperature below –40 °C, high 

radiation resistance, and other satisfying performances in compliance with NASA 

specifications for Total Mass Loss (TML) and Collected Volatile Condensable Materials 

(CVCM) [46]. Fan and Wang et al also investigated the physicochemical and tribology 

properties of two alkyl imidazolium based ionic liquids, 1-hexyl-3-methylimidazolium 

tetrafluoroborate and 1-hexyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide, 

under simulated space environment, and the results showed excellent friction reducing and 

anti-wear performances against high temperature, high vacuum and various types of 

irradiation [47]. Despite the abovementioned advancements, the advantages of ionic liquids 

have not been fully taken for low-temperature electrolytes in space applications to date.  

Various space missions require the electrolytes that can support electronic and 

energy storage devices to operate at extreme temperatures. When studying a foreign planet, 

a planetary seismometer provides the most direct approach to probe the composition, the 

interior structure, and the dynamic processes so that the planning of life detection can be 

informed. Conventional seismometers are based a spring-mass system, which leads to their 

fragile nature and the need of a strict installation angle to operate due to the inherent 

working principle [137]. Since the deployment often encounters a drastic deceleration and 

unpredictable landing conditions, such systems are very limited to serve as space-qualified 

planetary seismometers [138–140]. The operation mechanisms of conventional spring-

mass based seismometers as well as the challenge of a tilted landing angle for deployment 

on an unknown surface are illustrated in Figure 2.3.1.1. These limitations can be lifted by 

utilizing molecular electric transducer (MET) technology in designing planetary 

seismometers, which uses liquid electrolytes to enable the high shock tolerance and the 
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independence of installation angle [141–143]. MET technology derived seismometers 

detect the movement of ions in a flow of liquid electrolyte between the electrodes and 

convert the physical motion to an output of electric current [144–147]. The device structure 

and the working mechanism of a MET seismometer are demonstrated in Figure 2.3.1.2. 

When two electrode pairs are equally biased with electrical voltage, reversible 

iodide/triiodide redox reactions transfer charges between anode and cathode via ions in the 

electrolyte. Therefore, an electrical current is established within the pair. Upon external 

acceleration, the inertial driving force produces movement of the electrolyte, resulting in 

an asymmetry in the electrical currents with a differential proportional to the ground motion. 

In the design of a MET seismometer, the liquid electrolyte, as the sensing body itself, is a 

key component that can respond to the propagations of seismic waves with signals in 

electric currents, disclosing the unknown information of a foreign planet to compass future 

life detection for planetary exploration.  
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Figure 2.3.1.1. A schematic illustration of (a) simplified principle of a mechanical inertial 

seismometer, where damping of the motion is in a linear relationship with the mass 

displacement; and (b) that of an electro-magnetic inertial seismometer, where the 

displacement mass is forced to stand stationary within the frame of coils by a current 

proportional to the displacement and a capacitor is used as the displacement transducer 

with varying capacitance based on the mass (adapted from Havskov and Alguacil [137]; 

(c) potential challenging conditions for deploying a seismometer – if a landing site exceeds 

the maximum effective landing angle then the lander may fail to perform scientific 

measurements and compromise mission objectives (adapted from NASA Europa Study 

2012 Report [148]).  
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Figure 2.3.1.2. The molecular electronic transducer (MET) sensing system. (a) A 

schematic view of a MET seismometer cell structure, which consists of a sensing element 

in an electrolyte channel and two pairs of electrodes configured as anode-cathode-cathode-

anode (ACCA), separated by dielectric spacers, span the width of channels filled with an 

electrolyte (adapted from [141]). (b) Block diagram of power supply and data acquisition 

subsystems for the MET seismometer. (c) A proposed sensor shell design of the MET 

seismometer from the in-house device development at ASU, where holes in the electrodes 

and dielectric spacers allow fluid flow through the channels and the channel-ends are 

capped by elastic rubber diaphragms for the fluid to behave inertially. 

 

However, the liquid electrolyte used in a MET sensor is typically an aqueous 

solution containing potassium iodide and iodine, therefore the application is directly 

hindered by the working temperature range of water. In general, conventional liquid 
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electrolytes based on aqueous or organic solvents suffer from freezing along with lack of 

ionic conductivity when the environmental temperature falls below zero or melting point. 

The occurrence of crystallization will also cause the density change of the solution and 

accumulate the mechanic stress, which is a high risk of structural ss to the host device. 

Meanwhile, adding heating elements to the sensor is unfavored for any space mission due 

to the increase of the device weight and power consumption. Studies have been devoted to 

confronting this issue and have improved the electrolyte performance at the low 

temperatures typically between –20 to –40 °C [149–153]. For applications at extreme 

conditions, for example, at high altitude or in space, where temperature can often be lower, 

the challenge still remains. When the current space missions are targeting the ocean worlds 

where an icy shell covers the surface of the planets (e.g. Europa, Enceladus, and Titan) 

[154–160], the development of a liquid electrolyte that can adapt to such environments 

with extremely low temperatures rise up to a necessity and a priority. In order to further 

extend the lower temperature limit for liquid electrolytes, one of the promising approaches 

is to explore ionic liquids (ILs) as the material for the electrolyte development targeting 

low-temperature operations in planetary exploration. 

As briefly discussed in Section 2.1, the main drawback of using ionic liquids as 

electrolyte materials is their high viscosity, which can depress the charge transport in the 

electrolyte, especially at low temperatures, resulting in low conductivities. While the long 

alkyl chains of ionic liquids resist crystalline packing, they limit the free rotation of the 

molecules and enhance the interactions of van der Waals forces and hydrogen bonding so 

that high viscosities of ionic liquids are reflected. In addition, the cohesion between cations 

and anions of ILs depends on electrostatic attractions, which also impacts the fluidity and 
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conductivity of the system [161,162]. The modification of molecular interactions can be 

used to improve the properties of an IL based system, where introduction of additional 

components such as other ILs or solvents has been applied with promising progresses [163–

168]. Adding a second IL component can inhibit the lattice formation and prevent 

crystallization in the mixture, due to the size mismatch of ions between the primary and 

the second the ionic liquids [168]. Lin et al. reported an eutectic mixture of ILs from 

selecting the combination of different cations to increase such asymmetry of the system, 

which significantly widened the temperature range of operation for their energy storage 

devices [164]. On the other side, incorporating water or organic solvents to an IL system 

is another known strategy to reduce the viscosity effectively, which has been inspiring the 

employment of ionic liquid based binary electrolytes in batteries and dye-sensitized solar 

cells [169–171]. The mainstream investigation of such ILs-based electrolytes has 

emphasized on the operations at room temperature or higher temperatures due to the 

popularity of certain applications. Although there have been studies reporting the 

properties of ILs-based electrolytes at low temperatures [168,172–176], it is rare to find a 

liquid electrolyte that is designed to adapt an environment below –40 °C. Fujie et al. 

explored 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([EMIM][TFSI]) 

as the electrolyte incorporated with metal-organic framework nanoparticles at low 

temperatures down to –45 °C [177]. Aguilera et al. studied a composite electrolyte formed 

by a mixture of ionic liquid [PYR14][TFSI], organic solvents, and lithium salt and extended 

the ionic conductivity measurement to –90 °C using dielectric spectroscopy, but the 

conductivity became almost negligible after temperature reaching –50 °C and the mass 

transport behavior of the electrolyte was not addressed [178]. To our knowledge, the 
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current developments of low-temperature electrolyte systems based on ILs focus on the 

platforms of supercapacitors and batteries, with little research activities in electrochemical 

sensors. On top of that, liquid electrolytes that contain iodide/triiodide ions for extreme 

low-temperature applications have also not been reported. Overall, the breakthroughs of 

using ILs as electrolytes for devices operating at low temperatures are very limited due to 

undesirable phase transitions and unsatisfying transport properties. With increasing needs 

for operations under extreme environmental conditions, such limits significantly restrain 

the potential of employing ILs-based electrolytes for applications in energy devices and 

sensors. 

 

 

Figure 2.3.1.3. Comparison of the conductivity (in black square) and viscosity (in blue 

circle) of [BMIM][I]/water binary mixtures with respect to the mole fraction of water (X1) 

(adapted from [179]).  
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In order to overcome such barriers, we herein report a strategy of utilizing 

intermolecular interactions to develop an ILs-based liquid electrolyte system specifically 

designed for the planetary application of MET seismometers at extremely low temperatures 

in both aqueous and non-aqueous approaches. In the aqueous approach, a multicomponent 

mixture that consist of a primary IL component, 1-butyl-3-methylimidazolium iodide 

([BMIM][I]), water, and lithium iodide (LiI), with the incorporation of a second IL 

component, ethylammonium nitrate ([EA][N]) is investigated. Electrolytes that consist of 

[BMIM][I] have been widely studied [180,181], but their behaviors and limits of 

performance at low temperatures are still unrevealed. Nickerson et al. reported that the 

addition of water into [BMIM][I] could reduce the viscosity of the mixture and summarized 

the general trend between the conductivity and viscosity of the binary system, as shown in 

Figure 2.3.1.3, but the focus of the study was dedicated to their properties only at room 

temperature [179]. Furthermore, while the transport properties of IL-water mixtures have 

been studied with a variety of ILs, we have yet encountered results on their behaviors at 

temperatures below 0 ̊ C with our best efforts. Nakata et al. reported phase diagrams of five 

imidazolium based ILs and water binary systems and observed ice formation before 

reaching the glass transition temperature (Tg) in multiple compositions [182]. The limited 

discussions and discoveries of ionic liquids and water mixtures at low temperatures can be 

attributed to early phase transitions of aqueous systems. In this work, we present an 

approach that, by tuning molecular interactions in the system, the designed electrolyte 

mixture can reach a lower operating temperature with improved transport properties. At an 

optimal concentration, the incorporation of [EA][N] can effectively prevent the 
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crystallization within the solution while successfully retaining a very low Tg below –105 

˚C, due to well-balanced molecular interactions. The extended liquid temperature window 

of the developed electrolytes by the synergy between water and [EA][N] allowed further 

investigations on the evolution of transport behaviors at low temperatures. The properties 

of viscosity and ionic conductivity of the electrolyte solutions were studied at varying 

temperatures from room temperature down to –75 °C, and the effects of [EA][N] were also 

shown to shape other properties of the electrolyte system by lowering the viscosity and 

enhancing the ionic conductivity. The influence was noticeable in improved iconicity as 

well, which makes the developed electrolyte comparable with other good ionic liquids 

under Walden rule. The electrochemical stability of the selected candidate formulations 

was investigated via cyclic voltammetry, demonstrating a steady and reproducible 

electrochemical profile of iodide/triiodide redox reactions. A proper potential window was 

identified, where iodide/triiodide redox reactions were activated but electrochemical 

processes of other species were not induced.  

In the non-aqueous approach, we incorporated organic solvents with ([BMIM][I]) 

instead of using water. The success in the first aqueous approach via orchestrating the 

intermolecular interactions has inspired us to further take advantage of such a powerful 

strategy with organic solvents for new breakthroughs. Organic solvents are a strong 

complement to aqueous based liquid electrolytes. Recently, the binary mixtures of ILs and 

organic solvents have been investigated to support various electrochemical devices, such 

as lithium ion batteries [183] and advanced supercapacitors [184], due to the significantly 

improved transport properties. Moreover, such electrolyte systems have shown improved 

thermal stability and safety without too great compromise on the ionic conductivity, 
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compared to conventional organic electrolytes with higher inherent volatility [185,186]. 

For example, Ruiz et al. reported that electrolytes composed of pyrrolidinium-based ILs 

with nitrile and carbonate-based organic solvents at optimized concentrations, respectively, 

showed satisfying thermal stability, increased conductivity, and a wide electrochemical 

window, which are suitable for supercapacitors operating over a broad temperature range 

from -20 to 80 ˚C [166]. Sirisopanaporn and Scrosati reported a hybrid electrolyte 

containing 56 wt% N,N-butyl-N-ethylpyrrolidinium N,N-bis(trifluoromethane)sulfonimide 

– lithium N,N-bis(trifluoromethane)sulfonimide (Py24TSFI-LiTFSI) and 14 wt% ethylene 

and propylene carbonate (EC-PC) in 30 wt% poly(vinylidene fluoride)-

hexafluoropropylene (PVdF-HFP) copolymer matrix that demonstrated wide 

electrochemical stability from 1.5 V to 4.2 V, much reduced flammability, and high 

conductivity ranging from 3.4 to 9.4 10-4 S cm-1 [187]. Aguilera et al. also observed 

enhancements in ionic conductivity at temperature as low as -90 ˚C from mixtures of two 

carbonate solvents (ethylene carbonate and dimethyl carbonate), 1-butyl-1-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide, and lithium salt.[188] More 

interestingly, the mixtures of IL and carbonate solvents can introduce the electrolyte system 

another favorable functionality of forming a stable solid-electrolyte interface (SEI) layer 

on the carbon-based anode materials, which shields the ionic liquids from the electrode 

surface to prevents side reactions and decompositions of ionic liquids during the reduction 

process, while there is a moderate trade-off between the enhanced stability of the 

electrolytes and the mass transport of the lithium ions due to an extra diffusion step through 

the SEI layer [189,190].  
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When targeting low temperatures, as previously mentioned, the operation 

temperature has a major impact on the conductivity of the electrolyte and therefore the 

overall performance of the device. Besides the reduced conductivity at low temperatures, 

the freezing point or the glass transition temperature of the binary mixtures between ILs 

and the MLs also sets the physical limits for their applications as liquid electrolyte. 

Considerable efforts in research have devoted to investigations on different combinations 

of ILs and organic solvents to obtain desired physicochemical or electrical properties upon 

requirements for targeted devices. Since there is a large selection of organic solvents, their 

mixtures with ILs provide the flexibility to develop tailored properties for task-specific 

functionalities. Among various available molecular solvents, gamma–butyrolactone (GBL) 

and propylene carbonate (PC) have high boiling points, low melting points, making them 

favored candidates of components to include in the electrolytes for supporting a broad 

range of operation temperatures [191,192]. The chemical structures, melting points, and 

boiling points of GBL and PC are summarized in Table 2.3.1.1. Several studies show that 

the incorporation of GBL and PC not only improve the transport properties of ILs but also 

boost the thermal stability and electrochemical performance of the electrolytes. Wang et al. 

reported that a binary system of 50 wt% 1-allyl-3-methylimidazolium 

bis(trifluoromethanesu)lfonyl)imide ([AMIM][TFSI]) and 50 wt% PC improved the 

performance of lithium battery, in terms of high ionic conductivity and wide 

electrochemical window, while not compromising safety [193]. Anouti and Timperman 

rendered the mixtures of pyrrolidinium nitrate ([Pyrr][NO3]) and GBL as the electrolyte 

for low-temperature operations of carbon-based supercapacitors with a remarkable 

conductivity of 9 mS/cm at –40 °C [194]. Kuhnel et al. rendered a trinary electrolyte system 
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that are composed of containing [PYR14][TFSI], PC, and LiTFSI for lithium-ion batteries, 

showing tunable properties by the concentration of ionic liquid and promising capacity 

retention of 91% after 500 cycles at room temperature [195]. More recently, Tian et al. 

proposed the use of the binary mixture between [EMIM][BF4] and GBL as the electrolyte 

for a graphene-based capacitor with an exhibited low-temperature ionic conductivity of 

0.31 mS/cm at – 70 °C, which marked the lowest temperature of measured conductivity by 

our best knowledge [196].  

 

Table 2.3.1.1. The molecular structures and physicochemical properties of GBL and PC.  

 

 

 

Although the past and current discoveries show encouraging results, the studies on 

the low-temperature properties of binary mixtures between ILs and molecular solvents are 

still very limited and their performances with actual electrochemical devices much less 

explored at low temperatures than at elevated temperatures. This gap can be attributed to 

the occurrence of the phase transitions before even reaching extremely low temperatures. 

The choice of solvents affects the electrolyte properties is also not yet well understood, 

despite many studies devoted to IL-solvent mixtures, and an electrolyte that can support 
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triiodide-iodide reactions for low-temperature applications has not been reported from the 

mixtures based on ILs and molecular solvents. Herein, we report an ILs/organic solvents 

mixture system consisting of [BMIM][I], PC, GBL, and LiI with investigations in thermal, 

transport, and electrochemical properties. Very recently, Zec et al quantitatively revealed 

the formation of hydrogen bonding between an acidic hydrogen of the alkyl group adjacent 

to the oxygen on the imidazolium ring and carboxylic oxygen of GBL in their molecular 

dynamic simulations [197], as illustrated in Figure 2.3.1.4. We hypothesize that such 

intermolecular interaction between GBL solvent molecule and [BMIM] cation via 

hydrogen bonding will disrupt the ion-pair formation between [BMIM] cation and iodide 

anion in the neat [BMIM][I] ionic liquid and thus reduce the cohesive energy of the mixture 

system to lower the Tg of the resulting solution. Moreover, while GBL has been applied as 

a low-temperature solvent for lithium batteries and supercapacitors, it is still expected to 

crystalize at extremely low temperatures when targeting the temperature of the surface 

environment on Europa. Since PC possess a similar molecular structure with GBL 

including the same carbonyl functional group, it also participates in re-configurating the 

intermolecular interactions when it is incorporated into the mixture solution in replace of 

the GBL content at optimized ratios. As a result, the thermal and the transport properties 

of the electrolyte can be directionally modified on the bulk scale as well. Since the 

molecular structure of PC resembles GBL in many ways, we anticipate the following two 

effects from their intermolecular interactions. First, Tg is retained at a low temperature 

because of the similar role PC serves as GBL in the mixture solution. Second and more 

importantly, the interaction between GBL and PC interferes the formation of aggregated 
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networks organic solvent molecules, preventing unfavorable phase transitions in the 

electrolyte.  

 

Figure 2.3.1.4. (a) An illustration of the hypothesized hydrogen bonding between 

[BMIM][I] and GBL; (b) The distance between the alkyl carbon adjacent to the oxygen on 

the imidazolium ring and the carbonyl oxygen of the solvent molecular as a function of the 

distance between the hydrogen on the imidazolium and the same carbonyl oxygen (adapted 

from reference [197]).  

 

In addition to incorporation of GBL and PC, another organic solvent, butyronitrile 

(BuCN) is also studied with [BMIM][I] in the non-aqueous approach in our electrolyte 

development that supports the same electrochemical redox reaction between iodide and 

triiodide ions. BuCN is a unique solvent that possesses a high boiling point and a low 

melting point to allow a very wide liquid temperature window for developing electrolytes 

aiming the extreme operation conditions. Due to superior physical and transport properties, 

BuCN has been explored as a favorable solvent to form binary electrolytes with ILs for 

energy storage applications [198,199]. Despite its attractive potential in combining with 
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ILs, to our best knowledge, BuCN has not been systematically studied with ILs that contain 

iodide anions. We characterized the thermal, transport, and electrochemical properties of 

the mixture between [BMIM][I] and BuCN over a broad range of concentrations, and the 

underlying intermolecular interactions between the nitrile group of BuCN and [BMIM]+ 

cations are also investigated at the molecular level and connected to the macroscopic 

properties of the mixtures, which offers another angle to extend the tunability such mixture-

based electrolyte systems towards specific tasks.  

We anticipate the results from this part of the dissertation to not only provide a 

feasible liquid electrolyte system for the space applications of MET sensing technology at 

extremely low temperatures but also open up a practical design strategy to obtain tailored 

properties of a multi-component system via designing molecular interactions between 

species in a mixture system.  
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2.3.2 Interpenetrating Polymer Network (IPN) Based Environmentally Responsive 

Hydrogels for Dynamic Tactile Display 

Among various temperature responsive hydrogels, crosslinked poly(N-

isopropylacrylamide) (PNIPAAm) is well-known and extensively studied. The popularity 

of PNIPAAm hydrogel can be attributed to the substantial volume change from its famous 

LCST behavior at around 33 °C. As mentioned, the hydrogels of LCST nature exhibit 

shrinkage at above LCST due to the reduction of polymer-water interaction, showing a 

transition of de-swelling from a hydrophilic state to a hydrophobic state. At the 

hydrophobic state, the resulting polymer network of PNIPAAm separates from the water 

phase and collapses to a globular conformation from the structure of randomly extended 

coils at below LCST. With a transition temperature very near both physiological and 

ambient room temperatures, PNIPAAm has been able to expand the application of 

hydrogels into a variety of emerging fields such as flexible electronics [200,201] tissue 

engineering [202,203], artificial muscle [204,205], biomimetic robotics [206,207], 3D 

printing [208,209], and other novel devices. Depending the specific application, different 

architectures of PNIPAAm hydrogels can be obtained for targeted functionalities and 

tunable LCSTs via parameters such as chemistry of synthesis, fabrication process, and 

solvent environments. In addition, they have demonstrated great biocompatibility with 

animal cells via integration with naturally occurring polymers [210,211] and can also be 

modified to respond to other types or multiple types of external stimuli [212,213]. Our 

research group has also contributed to pioneering the synthesis and engineering of 

PNIPAAm in diverse directions, and some selected works are highlighted in Figure 2.3.2.1. 

Zhang et al. showed the formation of “smart” thermos-responsive dumbbell-structured 
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gold-PNIAAm/polystyrene composite particles using gold nanoparticles with controlled 

structures as the building blocks via seeded polymerization [214]. Chen and Dai reported 

a route of surfactant free precipitation polymerization to synthesize multi-stimuli 

responsive ionic microgel particles based on the copolymers between NIPAAm and N-[3-

(dimethylamino)propyl]-methacrylamide (DMAPMA) that can effectively uptake and 

release rheology modifiers to alter the bulk viscosity of surrounding fluid [215]. More 

recently, Chatterjee et al. explored the integration between soft NIPAAm hydrogels with 

hard materials using thin film silicon ribbons to enable a mechanical buckling of the stiff 

silicon driven by the responsive transition of NIPAAm with respect to environmental 

stimuli [216]. The idea of a NIPAAm hydrogel based tactile display was also explored by 

Chatterjee in one of his later work as demonstrated in Figure 2.3.2.1 (e).  
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Figure 2.3.2.1. (a-b) Formation pathway of gold-polymer composite particles with TEM 

images at varying reaction stages and their responsiveness with respect to temperatures 
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[214]; (c) TEM images of collapsed composite ionic microgels containing Fe3O4 

nanoparticles and the zeta potentials of both poly(NIPAAm-co-DMAPMA) microgels and 

neat Fe3O4 nanoparticles at various pH [215]; (d) Schematic illustration of integrating 300 

nm thick thin silicon ribbon with PNIPAAm hydrogel and environmental SEM images of 

the buckling pattern based on the silicon-PNIPAAm integration [216]; (e) Setup of a 

projection system and the quick photo-responsiveness of PNIPAAm hydrogel incorporated 

with photochromic compound benzospiropyran showing the light induced features formed 

on the hydrogel surface (unpublished work by Dr. Prithwish Chatterjee).  

 

 

Although PNIPAAm may represent the current state of the art of environmentally 

responsive hydrogels, it confronts the following challenges. First, like typical hydrogels, 

PNIPAAm has weak mechanical properties due to the porous structure filled with water. 

The use of nanocrystalline clay as a crosslinker, such as Laponite, has been reported to 

increase the toughness of hydrogels by lowering crosslinking density to reduce the 

localized stress under deformation [217,218]. However, Laponite is highly hydrophilic and 

does not disperse in majority of organic solvents, which severely restricts its use to purely 

aqueous solvent systems [219]. Second, the response behavior of PNIPAAm in water is 

limited to its LCST nature. When developing materials for human-machine interfaces, a 

positive swelling transition where an external thermal or light stimulus drives the localized 

volume expansion is much more beneficial for natural sensory responses. Since a LCST 

governed swelling behavior only undergoes contraction upon heat or light, PNIPAAm or 

any other LCST-based hydrogels are not able to fulfill such a design requirement. In 
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contrast to LCST transition, polymers that demonstrate the property of UCST exhibit an 

opposition behavior where the swelling is enhanced at above a certain transition 

temperature and inhibited below this transition temperature. When choosing a media 

material outside of water, ILs as a novel type of solvents have been explored to reverse the 

phase transition of PNIPAAm into UCST behavior in replacement of water [220–223]. But 

its toxicity hinders the compatibility of hydrogels in biomedical applications. Third, it is 

difficult to realize certain subtle “maneuvers” in temperature responsive hydrogels, for 

example, localized volume transition and remote control, preventing hydrogels from being 

used in more sophisticated applications. Another type of stimuli, light, is less emphasized 

but an appealing option to overcome this shortcoming. Light can be easily focused into a 

beam of small size to aim at a specific area on a large hydrogel matrix and enable the more 

precise responses. Hydrogels have been combined with chromophore materials to realize 

light responsiveness [224–227]. Azobenzene, for example, has been employed to drive the 

volume transition of PNIPAAm based hydrogels by its reversible photo-isomerization 

[224,228]. However, the photo-responsive mechanism based on azobenzene groups as well 

as other prevailing chromophores requires the wavelength of light stimuli from either 

ultraviolet range (10 – 400 nm) or infra-red/near infra-red range (above 700 nm). Visible 

light (400 – 800 nm) responsive hydrogels are less harmful and can use more abundant 

sunlight so that are more demanded in designing human-machine interfaced devices, such 

as tactile display for visually-impaired. 

In order to address the aforementioned challenges, a mechanically reinforced and 

visible-light responsive hydrogel with UCST characteristic was designed in this study by 

constructing an interpenetrating polymer network (IPN) hydrogels of polyacrylamide 
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(PAAm) and poly(acrylic acid) PAAc with chlorophyllin (Ch) incorporated as the 

chromophore. Interpenetrating network hydrogels have been known to demonstrate a 

greater degree of mechanical properties that traditional hydrogels fall short [229,230]. For 

instance, ionically crosslinked alginate network and covalently crosslinked PAAm network 

can form hybrid double network via the additional covalent crosslinking between the 

carboxyl group on alginate chains and the amine group on PAAm chains, resulting in high 

strechability and toughness [231]. Both of the networks contribute to sharing the load 

where the unzipping of the ionic crosslinking blocks between guluronic acid and calcium 

in the alginate network effectively dissipates fracture energy and the covalent crosslinks in 

the polyacrylamide network withstands the permanent deformation [232–234]. This type 

of interpenetrated network, which is also called ionic-covalent entanglement (ICE), has 

been expanded to other novel and biocompatible choices of material systems, for example, 

carrageenan biopolymers and epoxy-amine systems based hydrogel [235], and calcium 

crosslinked gellan gum and  genipin crosslinked gelatin based hydrogel [236]. Besides 

ionic crosslinking, physical crosslinking that has also been explored to design 

interpenetrating network hydrogel with biocompatible chitosan as a copolymer and showed 

excellent mechanical properties [237], where chitosan forms strong physical 

microcrystalline crosslinks that dissipates energy while the covalent crosslinked network 

resists the deformation [237,238]. In addition, the role of hydrogen bonding has 

demonstrated a significant contribution to the mechanical enhancement of interpenetrating 

network hydrogels as well [239]. As a weaker mode of bonding, hydrogen bonding can 

break before other types of bonding which facilitates the energy dissipation within the 

hydrogel network. We plan to utilize the interpenetrating network hydrogels to develop a 
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type of visible light sensitive and positive swelling environmentally responsive hydrogels. 

In this study, a pair of two polymers, PAAm and PAAc, is selected because of their 

attractive intermolecular polymer-polymer interactions allowing the complex formation by 

hydrogen bonding [240,241]. We anticipate the formation of an IPN network between the 

PAAm and PAAc polymer chains, as illustrated in Figure 2.3.2.2, and a resulting UCST 

swelling behavior via the formation and the dissociation of hydrogen bonding within the 

double network. We also hypothesize that chlorophyllin-incorporated interpenetrating 

network of PAAm-PAAc will present a mechanically enhanced, positive-swelling, and 

visible-light responsive hydrogel.  

 

 

 

Figure 2.3.2.2. (a) Chemical structures of polyacrylamide (PAAm) and poly(acrylic acid) 

(PAAc); (b) A schematic illustration of the synthesis process to interpenetrating network 

hydrogel between PAAm and PAAc. 
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CHAPTER 

3. METHODOLOGY 

3.1 Materials 

The ionic liquids, 1-butyl-3-methylimidazolium iodide ([BMIM][I]) (>98%) and 

ethylammonium nitrate ([EA][N]) (>97%), were purchased from Ionic Liquids 

Technologies Inc., and anhydrous lithium iodide (LiI) (98%) was purchased from VWR 

International. The organic solvents, butyronitrile (BuCN) (99%), gamma-butyrolactone 

(GBL) (99%), and propylene carbonate (PC) (99.7%), were purchased from Sigma-

Aldrich Chemicals. Acrylamide (AAm), acrylic acid (AAc), N,N’-methylenebisacrylamide 

(MBAAm), azobisisobutyronitrile (AIBN), and chlorophyllin sodium copper salt (Ch) 

were also purchased from Sigma-Aldrich Chemicals. HPLC grade water was purchased 

from Fisher Scientific. All the chemicals were used as received without further purification.  

3.2 Synthesis, Formulation, and Sample Preparation  

3.2.1 Mixtures of Ionic Liquid and Solvents Based Electrolyte Solutions 

The solution of ionic liquid/water/lithium salt mixtures were prepared by manual 

mixing and ultrasonic agitation by a Sonics VibraCell at 500W in an ice-water bath for 90 

seconds. After mixing and sonicating, the solutions were visually inspected to be 

homogeneous and fully miscible. The incorporation of 5 mol% lithium iodide solid salt 

was added and dissolved to all the mixture electrolytes as a default component to increase 

the iodide concentration of the solution. The formulations of mixture solutions studied in 

this work are named by their composition in mol %, for example, a solution consist of 5 
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mol % [BMIM][I], 90 mol % water, and 5 mol % LiI is referred as [BMIM][I]/water/LiI-

5/90/5.  

The electrolyte solutions of ionic liquid/organic solvents/lithium salts mixtures 

were prepared following the same method mentioned above. Similarly, the formulations of 

such electrolyte samples are named by composition in mol%, for example, a sample 

electrolyte that consists of 5 mol% [BMIM][I], 20 mol% PC, 90 mol% GBL, and 5 mol% 

LiI is referred to as [BMIM][I]/PC/GBL/LiI – 5/20/70/5. If the solution contains only a 

single component that was used as received, it is referred to as “neat”. 

3.2.2 Interpenetrating Polymer Network Hydrogels of Poly(acrylamide) and Poly(acrylic 

acid) with Incorporation of Chlorophyllin 

 The synthesis of the first phase PAAm chlorophyllin-containing hydrogel started 

with dissolving 2.35 mg AIBN as the initiator in 0.5 mL tetrahydrofuran (THF) solvent 

and followed by addition of 4.5 mL deionized (DI) water, 670 mg AAm, 10 mg 

chlorophyllin, 10 mg MBAA. After mixing and degassing, the solution was then heated at 

68 °C for 8 hours to allow the polymerization reaction to proceed. Once the reaction was 

completed, PAAm hydrogel was rinsed with DI water several times, cut into disk-shaped 

geometry, and dried. The drying process included the air-drying step in the fume hood for 

24 hours and then the vacuum-drying step in the oven at 40 °C for 24 hours.  

The precursor solution for the second phase PAAc of PAAm-PAAc IPN hydrogel 

was prepared by mixing 0.345 mL (0.36 g) AAc monomer, 2.35 mg AIBN, and 10 mg 

MBAA in 5 mL DI water and followed by vortex mixing for 10 minutes. The previously 

obtained dry PAAm hydrogel was dropped into the AAc precursor solution and allowed to 
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soak for 24 hours at room temperature. After soaking, the above AAc solution was purged 

and then kept at 68 °C for 8 hours allowing the reaction to complete. During this process, 

AAc monomers were polymerized and crosslinked within the first phase network of PAAm 

gel matrix to form PAAm-PAAc chlorophyllin-containing interpenetrating network 

hydrogel. 

3.3 Characterization Methods 

3.3.1 Characterization of Mixtures Based Electrolyte Solutions 

Differential Scanning Calorimetry 

A differential scanning calorimeter (DSC) (TA Instruments Q-20) was used to 

characterize the low-temperature thermal behaviors of electrolyte sample solutions. The 

cooling step involved the use of liquid nitrogen via a quench cooling process from 40 °C 

to –160 °C, and then the heating step was performed from –160 °C to 40 °C at a controlled 

heating rate of 5 °C/min.  

Rheology 

A TA Instruments DHR-2 rheometer equipped with an Environmental Test 

Chamber (ETC) was used to perform a temperature sweep of samples solutions at a shear 

rate of 1 rad/s. Each sample solution was cooled from 25 °C down to –75 °C at a rate of 

2 °C/min by liquid nitrogen and then heated up from –75 °C back to 25 °C at a rate of 

10 °C/min. A TA Instruments AR-G2 rheometer was used for isothermal measurements at 

25 °C on BuCN-based sample solutions at 1 rad/s and temperature was controlled by a 

water cooled/heated Peltier plate.   

Fourier Transform Infrared Spectroscopy  
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The Fourier transform infrared (FTIR) spectra of electrolytes, including both neat 

and mixture solutions, were obtained by probing the sample under a vacuum environment 

using a Bruker IFS 66V/S FTIR with a deuterated lanthanum -alanine doped triglycine 

sulphate (DLATGS) detector, a KBr mid-IR beam-splitter, and a Pike diamond-ATR 

module. 

Raman Spectroscopy 

The measurements were taken using a 70 mW wavelength stabilized diode laser 

with a wavelength of 633 nm as the excitation source, and the spectra were obtained using 

1800 g mm-1 grafting and 45 sec acquisition time. 

Nuclear Magnetic Resonance Spectroscopy  

A Bruker 400 MHz nuclear magnetic resonance (NMR) spectrometer was utilized 

to detect and confirm the intermolecular interactions among the ions in the ionic liquids 

and the solvent molecules in the organic carbonates, and 1H NMR spectroscopy was 

performed 2 h after preparing 20 mg sample solutions in 1 mL deuterium oxide (D2O). 

Electrochemical Impedance Spectroscopy 

All electrochemical experiments presented were conducted via a VMP3 multi-

channel potentiostat (Bio-Logic). A customized conductivity cell was used to perform 

electrochemical impedance spectroscopy (EIS) for obtaining the ionic conductivities of the 

electrolyte sample solutions with respect to varying temperatures and chemical 

compositions. Platinum wire electrodes were fixed at a constant distance by customized 

glass tubing in the conductivity cell, and the cell constant was determined by calibration 

with 0.1 and 0.01 m potassium chloride solutions prior to measurements. The impedance 
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data of the electrolyte sample solutions were measured by an alternating voltage set to 10 

mV, over frequencies sweeping from 900 kHz to 1 Hz. For low temperature measurements, 

the solution temperature was controlled using methanol/water mixture in a dry ice bath and 

monitored by an OMEGATTE HH303A thermometer/data logger (Omega). Measurements 

were taken after the temperature reading and the open circuit voltage stabilized for at least 

one minute.  

Electrochemical Stability 

A Dr. Bob’s electrochemical cell purchased from Gamry, with a platinum disk (3 

mm diameter) working electrode, a Pt wire as the counter electrode, and an Ag/AgCl 

(saturated KCl) reference electrode, was used to contain the prepared solution for the 

measurements of electrochemical window. The counter electrode and the reference 

electrode were separated from the solution to minimize contaminations during experiments 

using a glass frit and a bridge tube, respectively. The electrochemical windows of the 

electrolyte solutions at room temperature were determined via cyclic voltammetry at a 

sweep rate of 100 mV/s, where the steady profiles were reproduced for at least 10 cycles 

with no occurrence of undesired reactions. The potential in the presented graphs are respect 

to the normal hydrogen electrode (NHE). 

3.3.2 Characterization of Interpenetrating Network Hydrogels 

Swelling  

The swelling weight of the hydrogel samples were measured gravimetrically after 

wiping off the excessive water from hydrogel surface. The hydrogel was incubated in water 

for 48 hours at room temperature prior to the weight measurement and any heat- or light-
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induced swelling test. The swelling ratio of hydrogels, R, was calculated from the 

following equation: 

𝑅 =  
𝑊𝑠

𝑊𝑑
 ×  100%                                                           (1) 

where Ws and Wd stand for the swelling weight and the dry weight of hydrogel samples, 

respectively. The increase of the swelling weight upon stimuli, S, was calculated from the 

following equation:  

𝑆 =  
𝑊𝑡−𝑊0

𝑊0
 ×  100%                                                       (2) 

where W0 and Wt stand for the swelling weight of hydrogel sample before the exposure to 

the stimuli and after the exposure, respectively. In the visible-light induced swelling test, a 

commercial projector, an office computer, and a focusing lens were utilized together to 

irradiate visible white light to the hydrogel. A Thorlab digital optical and power energy 

meter was used to measure the light intensity of the projector. 

Fourier Transform Infrared Spectroscopy  

The attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) 

spectra were taken on the powders of ground dry interpenetrating network gel samples with 

a Bruker IFS 66V/S FTIR, wide-band Mercury Cadmium Telluride (MCT) detector, KBr 

mid-IR beamsplitter, and a Pike diamond-ATR module. 

Scanning Electron Microscopy 

The morphology of the synthesized interpenetrating network hydrogels was studied 

using a Philips FEI XL-30 Scanning Electron Microscopy (SEM). Prior to SEM, samples 

were dehydrated by a freeze-dryer (FreeZone1, Labconco Corporation) and glued onto the 

brass sample holders followed with a gold sputter coating process. 
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Mechanical Testing - Instron 

The compressive tests were performed on synthesized hydrogels in their wet state 

by Instron E3000 test system at ambient room temperature. Three different strain rates, 0.5 

mm/min, 0.05 mm/min, and 0.005 mm/min, were run to study the effect of ramp rate on 

the corresponding mechanical properties of prepared hydrogels. Prior to the test, all the 

samples were soaked in water for 48 h at room temperature to allow the hydrogels swelling 

to reach equilibrium. 

Ultraviolet-Visible Spectrophotometry 

The temperature dependent opacity transition of the interpenetrating network 

hydrogels was captured via a Cary 300 Bio UV-Vis spectrophotometer. The hydrogel 

sample was cut in the shape of a thin slice and was placed in the cuvette along with adequate 

amount of water. The temperature control function was utilized for a temperature range 

from 15 °C to 50 °C, and a laser wavelength of 600 nm was used. 

Differential Scanning Calorimetry 

The TA Instruments Q-20 DSC was also used to characterize the glass transition 

temperature of prepared hydrogels in their dry state. Prior to DSC measurement, the gel 

samples were first air dried at room temperature for 24 hours and then vacuum dried at 

90 °C for 24 hours to further eliminate water retained in the network. During measurement, 

samples were subjected to cyclic heating and cooling with ramp rate of 10 °C/min.  
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CHAPTER 

4. RESULTS AND DISCUSSION 

4.1 Dual Ionic Liquid Based Liquid Electrolyte System for Low-Temperature 

Planetary Exploration 

4.1.1 Effects of Water and Ethylammonium Nitrate (EAN) on Thermal Behaviors of 

ILs/Water/LiI Mixtures Based Electrolytes  

Understandings in phase behaviors at varying temperatures are of great importance 

for electrolyte developments, especially when conduction mechanisms may change 

drastically depending on the state of matter. The differential scanning calorimetry (DSC) 

was employed to characterize the thermal transitions of prepared ILs/water/LiI mixture-

based electrolyte formulations at low temperatures. As shown in Figure 4.1.1.1 (a), the 

addition of water into [BMIM][I]/LiI solution was observed to significantly shift the glass 

transition of the mixture solution. Pure [BMIM][I] exhibited a glass transition temperature 

(Tg) at – 67.4 ± 1.4 °C. When the water content was increased in the mixture, the mixture 

solution displayed a lower Tg. With the highest water content, formulation 

[BMIM][I]/water/LiI-5/90/5 demonstrated the lowest Tg at –109.2 ± 0.1 °C among all the 

[BMIM][I]/water/LiI based mixture solutions. This phenomenon can be explained by the 

effect of molecular interactions that is reflected on the characteristics of the solutions at the 

bulk scale. Nickerson et al. reported the importance of the iodide-water hydrogen bonding 

present in the binary system based on [BMIM][I] and water mixtures, as two hydrogen 

atoms were pulled closely to the iodide ion and water molecules were able to self-arrange 

into the structured domain of [BMIM][I]. Their simulation via molecular dynamics 

uncovered that, when the water content was increased, some of the water molecules were 
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more surrounded by other water molecules than being drawn closer to iodide ions, resulting 

in a weaker iodide-water hydrogen bonding and an overall reduced intermolecular 

interaction in the [BMIM][I]/water binary system [179]. We hypothesize that, as the water 

content increases in our mixture system, water molecules can weaken the coulombic 

attractions between [BMIM] cations and iodide anions by forming hydrogen bonding with 

iodide anions, and the disrupted ion-pair formations lead to decrease in cohesive energy 

with a corresponding lower Tg. The glass transition is known to reflect the cohesive energy 

of a system, where low values of Tg indicates low cohesive energies [242,243]. Although 

adding water can decrease Tg of the electrolyte solution, it also presents a challenge by 

introducing other thermal transitions that take place over the scanning temperature range 

between 40 °C and –160 °C. With the highest water content, the formulation of 

[BMIM][I]/water/LiI-5/90/5 solution also showed a predominating endothermic peak, 

which could correspond to the melting of water aggregates in the solution with high water 

content. The formulation of [BMIM][I]/water/LiI-20/75/5 showed both exothermic and 

endothermic peaks, which indicated the interactions between ions and water molecules 

allowed the recrystallization to occur and followed by the melting process. Bernades et al. 

discovered similar phenomenon through their investigations of IL/water binary mixtures, 

concluding that distinct structural regimes in the systems are dependent on the water 

content in the solution [244]. Their findings showed that the system possessed a higher 

probability of forming water aggregates or networks at a water molar fraction of 0.8 and 

above, which are also in good agreement with our DSC results. While the formulations 

[BMIM][I]/water/LiI-5/90/5 and 20/75/5 both possess low Tg below –100 °C, their 

tendency to crystalize from strong water-water interaction made them an unfavorable 
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electrolyte candidate for low-temperature applications. On the other hand, the formulations 

of [BMIM][I]/water/LiI solutions, 75/20/5 and 40/55/5, demonstrated no other observable 

thermal behaviors than glass transition, which could be due to lower water molar fractions 

in the formulations; however, both formulations exhibit higher Tg as the cost. Since any 

solidifications caused by either glass transition or crystallization can negatively impact the 

transport properties of the ions and severely undermine the electrical property of the 

electrolyte, the identified thermal transitions above may suggest the limitations of the 

operating temperature for a [BMIM][I]/water mixture system. 

To overcome the setback with the involvement of water as well as to retain a low 

Tg, a second ionic liquid component, [EA][N], was introduced to the electrolyte system. 

Figure 4.1.1.1 (b) showed a “smoothening” effect of incorporating [EA][N] into the 

solution in replacement of some portion of water. As [EA][N] was increased in place of 

water and [BMIM][I] was kept at 5 mol%, the peaks corresponded to crystallization of the 

electrolyte were significantly weakened and shifted towards lower temperatures for 

electrolyte formulation [BMIM][I]/[EA][N]/water/LiI-5/20/70/5 and 5/25/65/5. When 

[EA][N] was increased to 35 mol%, the endothermic peak of the electrolyte was no longer 

observed. At a different [BMIM][I] content of 10 mol%, the similar effect was also shown 

with formulations of [EA][N] content increased to 25 mol% or above to substitute for 

corresponding portions of water. Protic ionic liquids, such as [EA][N] and its alkyl 

derivatives, are known to demonstrate the similarity with water in forming three-

dimensional donor-acceptor networks between the ammonium group on the 

ethylammonium and the oxygen from the nitrate via hydrogen bonding [245–247]. 

Therefore, we postulate that [EA][N] behaves very alike water in the system, with 
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ammonium groups available for constructing hydrogen bonding with iodide ions. 

Consequently, the addition of [EA][N] effectively substitutes the role of the replaced water 

in retaining Tg of the mixture system below –105 ˚C by interfering potential ion pairs. 

Meantime, the reduction of the water content also prevents the formation of water 

aggregates by lowering the possibility of water molecules surrounding one another, 

resulting in the absence of other undesirable thermal transitions. With [BMIM][I] and LiI 

both kept at 5 mol%, the magnitudes of the heat flow reflected the mitigated thermal events, 

as water concentrations were reduced by replacement of [EA][N], showing an observable 

trend between formulations [BMIM][I]/[EA][N]/water/LiI-5/20/70/5, 5/25/65/5, and 

5/35/55/5. Among all the screened formulations, [BMIM][I]/[EA][N]/water/LiI-5/35/55/5, 

10/30/55/5, and 10/25/60/5 demonstrated highly desirable thermal behaviors for 

developing low-temperature electrolyte with low glass transition temperatures all below –

105 °C, and no presence of other detectable phase transitions within the temperature range 

of our interest.  
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Figure 4.1.1.1. DSC heating curves from –160 °C to 40 °C for different compositions of 

(a) [BMIM][I]/water/LiI and (b) [BMIM][I]/[EA][N]/water/LiI mixture solutions. 
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4.1.2 Effects of Molecular Interactions on Transport Properties of ILs/Water/LiI 

Mixtures at Low Temperatures 

As ion transport ability of the electrolytes plays a vital role on their potential 

performance for electrochemical applications, the effects of optimized molecular 

interactions on resulting transport properties of the electrolyte systems with water and 

[EA][N] have also drawn our attention. In ionic liquids electrolyte systems, the movements 

of ions rely on self-diffusion as well as the influence from the applied electric field, with 

viscosities being one of the determining factors. In Figure 4.1.2.1 (a), a strong temperature 

dependency of the viscosity evolution was clearly shown on all the electrolyte formulations. 

When temperature decreased, the viscosity of the electrolyte increased exponentially 

because of the reduced molecular mobility and enhanced intermolecular cohesion at a 

lower temperature. [BMIM][I] is known for its high viscosity due to strong electrostatic 

attractions, so its concentration directly affects the resulting viscosity of the overall mixture 

solution. Due to the presence of the highest [BMIM][I] content, formulation 

[BMIM][I]/water/LiI-40/55/5 appeared to be the most viscous among all the measured 

formulations and experienced the most drastic escalation in viscosity as temperature 

dropped. In order to reduce the viscosity of mixtures, increasing water content to weaken 

interactions between [BMIM] and iodide ions becomes a viable solution, with the effect of 

composition on viscosity of [BMIM][I]/water binary systems reported [179]. Similarly, 

Seddon et al. explained the effect of water on viscosities of 1-butyl-3-methylimidazolium 

tetrafluoroborate at room temperature by the reduction of electrostatic attraction due to 

solvation and hydrogen bond formations [248]. With the least [BMIM][I] concentration 

and the highest water content, [BMIM][I]/water/LiI-5/90/5 solution showed the lowest 
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viscosity at room temperature and a very gradual growth from 25 to –25 ˚C, demonstrating 

the success of the strategy described above. At approximately –25 °C, however, 

[BMIM][I]/water/LiI-5/90/5 solution exhibited a sharp discontinuation with a significant 

viscosity increase of more than one magnitude, which could be related to the phase 

transition of such formulation. This unique feature could result from excess of water that 

were no longer hydrogen-bonded to the ions in the mixture. A similar observation was 

reported by Abraham and Abraham in silver/thallium nitrate and water mixtures, where the 

excessive water was referred as “free water” to form structures more resembling to the pure 

water with effects on viscosity and conductivity of the solution [249]. The viscosity 

evolutions of different formulations as temperature decreases display certain correlations 

with their respective DSC profiles, which can be potentially attributed to the impacts from 

the same alternation in molecular dynamics on both transport and thermal properties of the 

electrolytes. As previously revealed, the strong tendency of [BMIM][I]/water/LiI-5/90/5 

solution to crystalize during cooling could result in an abrupt increase of viscosity for the 

mixture solution, where the formation of solids from water aggregates impede ion 

movements, making it extremely unfavorable for an electrolyte to be employed for low-

temperature applications.  

On the other hand, three selected [EA][N] incorporated ILs/water/LiI formulations 

with desired thermal behaviors, [BMIM][I]/[EA][N]/water/LiI-5/35/55/5, 10/30/55/5, and 

10/25/60/5, all stood out by showcasing promising transport properties as potential 

electrolyte candidates. Due to reduced [BMIM][I] contents, they all demonstrated 

relatively low viscosities. Among them, [BMIM][I]/[EA][N]/water/LiI-5/35/55/5 showed 

the lowest viscosity with the least concentration of [BMIM][I] in the solution. In addition, 
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the viscosity profiles of [EA][N] incorporated formulations all showed smooth and 

continuous decreasing trends as temperature increased, confirming the results from DSC 

analysis that there was no presence of thermal transition within the temperature range of 

the rheological tests. We hypothesize that incorporations of [EA][N] provides sufficient 

screening effect for iodide ions, in replacement of some portions of water, to prevent the 

excess of water molecules from causing additional thermal transitions. A similar 

phenomenon was also reported by Aguilera et al. in their studied electrolyte system, where 

the solvation of lithium ions with the molecules of two organic solvents, ethylene carbonate 

and dimethyl carbonate, inhibited the formation of lithium bis-

(trifluoromethanesulfonyl)imide complexes and thus effectively reduced the viscosity of 

the solution [248]. In our system, the viscosity curves of [EA][N] incorporated 

formulations shared alike features with [BMIM][I]/water/LiI-5/90/5 solution in terms of 

gradual slopes but without any instance of sudden interruptions, again confirming the 

effectiveness of [EA][N].  

The temperature dependency of viscosity for liquids can be described by the well-

known Arrhenius equation. For glass-forming ionic liquids or their mixtures, whose 

behaviors deviate from the Arrhenius equation especially at low temperatures, transport 

properties such as viscosity, diffusion coefficient and ionic conductivity can be better 

characterized by the Vogel-Fulcher-Tammann (VFT) equation. The viscosity, η, can be 

expressed in the modified version:  

        = 0 exp [B/(T-T0)]                                                 (4) 

where 0 (Pa∙s), B (K), and T0 (K) are constants [250–253]. T0 is defined as the theoretical 

ideal glass transition temperature, at which the flowing motions of mass transport 
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completely cease in the system, and B is the constant that can be related to the activation 

energy. The VFT equation is most extensively applied for depicting behaviors during α-

relaxation, where crystallization is avoided due to the nature of supercooled liquids through 

a fast cooling process, with no drastic changes in transport properties until glass transition 

takes place [254]. Therefore, the VFT model fits well for the broad temperature window of 

our interest from room temperature to –75 ˚C and provide additional insights into the 

behaviors of the mixtures, allowing predictions to be extended down to glass transition 

temperatures. As shown in Figure 4.1.2.1 (b), the viscosities of [BMIM][I]/water/LiI and 

[BMIM][I]/[EA][N]/water/LiI mixture solutions followed the VFT behavior very well with 

all the correlation coefficients greater than 0.99. Okoturo and VanderNoot reported that the 

ILs having large cations with small alkyl group, for instance, methyl group, attached to the 

onium atom, would closely fit with the VFT model [252], which agreed with our 

observations on [BMIM][I] and [EA][N] based mixture solutions. The obtained values of 

the constants, 0, B, and T0, from the best-fit of the VFT equation are listed in Table 4.1.2.1. 

The B constant of the VFT equation became larger when the viscosity of the electrolyte 

formulation was higher, which indicated a greater activation energy was required for the 

diffusion of the ions in the solution. The value of the B constant for [BMIM][I]/water/LiI-

40/55/5 was significantly larger than the values for [EA][N] incorporated formulations, 

which could be reflected by the highest viscosity and the steepest slope of its viscosity 

profile with respect to temperature. The trend was also seen by comparing among [EA][N] 

incorporated formulations, as the electrolyte formulation with a higher viscosity was 

associated with a larger B constant. These results hint that different transport behaviors of 

the mixture solutions can be related to their various activation energies, which increases 
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with the increasing concentration of [BMIM][I] in the solution. The higher activation 

energy for ion movements can imply the existence of a strong intermolecular interaction in 

the solution, where ions encounter more resistance to move past one another [253]. The 

formulation [BMIM][I]/water/LiI-40/55/5 serves as a clear evidence, where strong 

coulombic attractions occurred due to insufficient water molecules in separating 

neighbored ions, resulting in a lower fluidity. On the other hand, all the formulations 

showed rather close values of the T0 constant, and no apparent correlation was found 

between the 0 constant and the viscosity of tested electrolyte formulations. With all the 

positive effects of incorporating [EA][N] manifested, there was no obvious observation of 

any negative effect from adding such a second ionic liquid component in the electrolyte 

solution. Thus, further investigation is warranted on the dual IL system of 

[BMIM][I]/[EA][N]/water/LiI mixture solutions as promising candidates of low-

temperature electrolytes.  
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Figure. 4.1.2.1. Temperature dependence of viscosities for comparisons between selected 

electrolyte formulations plotted in the form of (a) viscosity as a function of temperature; 

(b) VFT equation. 
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Table. 4.1.2.1. Fitting parameters from VFT equation based on experimental viscosity data 

of [BMIM][I]/water/LiI and [BMIM][I]/[EA][N]/water/LiI mixtures. 

 

 

The ionic conductivity is directly relevant to the device performance for the 

potential applications of using ILs-based electrolytes, especially at low temperatures when 

charge transport in the solution heavily relies on motions of cations and anions. According 

to previous analyses, we selected the formulations with favorable thermal and transport 

properties, [BMIM][I]/[EA][N]/water/LiI-5/35/55/5, 10/30/55/5, and 10/25/60/5, for 

characterization in conductivity via EIS. The other formulations that displayed high 

viscosity, which would impede the ion movements in the solution, or underwent undesired 

thermal transitions before reaching target operation temperature during cooling, which 

would contribute to dramatic increase of viscosity, were not extended to the low-

temperature conductivity measurements. The results in Figure 4.1.2.2 (a) showed that the 

ionic conductivity of the ILs/water/LiI mixture solutions decreased exponentially as 

temperature decreased, confirming the inverse relation between conductivity and viscosity 
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over a wide temperature window. The formulation of [BMIM][I]/[EA][N]/water/LiI-

5/35/55/5 exhibited the highest conductivity, due to its lowest viscosity, followed by 

[BMIM][I]/[EA][N]/water/LiI-10/30/55/5 and 10/25/60/5 with the second and third 

highest conductivity, respectively, in correspondence to their viscosities. At approximately 

–75 °C, which was the lower limit of our measurement temperature, the electrolyte 

solutions from all abovementioned formulations remained fluidic. 

In addition to viscosity, other factors can also impact the conductivity of a mixture 

electrolyte system based on ILs. The intrinsic nature of ILs can further complicate the 

relationship between viscosity and ionic conductivity with their unique molecular 

interaction.  Jarosik et al. investigated the conductivity of ionic liquids in different mixtures 

and considered the effect of ion-ion interactions on the charge transports of ILs. In their 

study, for example, the binary system of 1-ethyl-3-methylimidazolium tetrafluoroborate 

([EMIM][BF4]) and water displayed a maximum conductivity with a molar fraction of 

[EMIM][BF4] at approximate 0.1, while the viscosity kept decreasing with increasing water 

content. Their interpretation concluded that formations of stable ion aggregates, which 

could no longer behave as charge carriers, was the underlying reason why the highest 

conductivity can be obtained by an optimal composition to maximize the disruption of ion-

pairs by intermolecular forces between [EMIM][BF4] and water [255]. Ruiz et al. also 

reported the similar type of parabolic relationships between the conductivities and the 

compositions of n-butyl-n-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

mixing with a variety of molecular solvents [166]. Although such a factor can often be 

overlooked among relatively simple systems of conventional electrolytes, where ions are 

mostly 100% dissociated, it becomes incredibly crucial in ILs-based electrolytes because 
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the involvement of several ion-ion interactions between different charged species can 

potentially cap the conductivity performance despite the reduction of the viscosity. For all 

the formulations presented in Figure 4.1.2.2 (a), however, it did not appear to be the case 

as the viscosity remained to be the dominant factor of our electrolyte systems over the 

tested temperature range. Since their compositions were tuned for desirable thermal 

properties, the existence of ion clusters was minimized. The negative impact of ion-ion 

interactions, which could be alarming in other ILs based electrolytes, was not observed in 

our dual IL system due to the strategy of incorporating [EA][N] and water to enhance the 

conductivity at low temperatures.  

Resembling the previous discussion on viscosity, the temperature dependence of 

the ionic conductivity, σ, for the electrolyte solutions in this study can also be depicted by 

the VFT behavior in the following expression:  

                                          σ = σ0 exp [–B/(T–T0)]                                                (5) 

where constant σ0 is the limiting conductivity at indefinite high temperature[256,257]. As 

shown in Figure 4.1.2.2 (b), the measured conductivities of selected 

[BMIM][I]/[EA][N]/water/LiI mixture solutions can be fitted by the VFT equation very 

well with all correlation coefficients greater than 0.99. The fitting results for each tested 

formulation are summarized in Table 4.1.2.2. The formulation with a higher conductivity 

is associated with a smaller value of the constant B, indicating a lower activation energy 

barrier for ions to overcome in such a solution system. This finding is consistent with the 

previous results from viscosity analyses, where a smaller value of the constant B also 

reflects a lower viscosity as viscosity is inversely proportional to ionic conductivity. In 

addition, the VFT behavior can be useful to predict the conductivity of ILs/water/LiI 
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mixture solutions outside the temperature range of measurements. For example, we 

experimentally observed that among all three tested formulations 

[BMIM][I]/[EA][N]/water/LiI-10/30/55/5 with its largest B constant suffered the most 

conductivity drop as temperature decreased, but it also presented the largest value of 

constant σ0 which hinted that it could potentially have the highest limiting conductivity at 

a much more elevated temperature when diffusion is no longer the dominating limitation 

to ionic charge transfer in such solution systems. For the focus of this project in developing 

a low-temperature electrolyte solution, the formulation of [BMIM][I]/[EA][N]/water/LiI-

5/35/55/5 thus far demonstrated the highest conductivity as well as the most desirable 

thermal properties. As the best candidate, it is further assessed by the Walden plot analysis 

in the next section for comparisons with other reported electrolyte systems based on 

different ILs.  
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Figure. 4.1.2.2. Temperature dependence of conductivity for comparisons between 

selected electrolyte formulations plotted in the form of (a) conductivity as a function of 

temperature; (b) VFT equation.  

 

 

Table 4.1.2.2. Fitting parameters from the VFT equation based on experimental 

conductivity data. 
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4.1.3 Effects of Water and [EA][N] on Ionicity of ILs/Water/LiI Mixtures via Walden 

Plot Analysis  

In addition to respective discussion on viscosity and ionic conductivity, here we 

correlate these two properties and analyze their evolutions simultaneously. The 

conductivity of ILs based electrolytes does not solely depend on viscosity, thus the other 

influential component, namely the iconicity, is worth further investigation. Ionicity 

represents the extent of ion disassociation, which also shows strong dependence on 

molecular interactions of the system. The relationship between the viscosity and the molar 

ionic conductivity of ionic liquids can be quantitatively illustrated by the Walden rule 

[258–260]: 

                                                Λ = constant   (6)  

where Λ is the molar conductivity and the constant is material dependent. As previously 

discussed, the consideration of ion-ion interactions highlights the concepts of ionicity for 

studying transport properties of the ILs based electrolytes. The Walden plot allows us to 

evaluate the transport behavior of the ILs/water/LiI electrolyte system from our 

development and compare it to similar systems of ionic liquids reported in the literatures 

containing at least one of the same cations or anions. As shown in Figure 4.1.3.1, the plot 

is constructed by the molar conductivities versus the reciprocal of viscosities. The diagonal 

line across the plot with a slope that equals to 1 represents the ideal Walden line, which is 

derived from 0.01 M aqueous KCl solution, indicating the complete dissociation of the ions 

in the dilute solution. The departure of the data points deviating above or below from the 

ideal line can suggest the decoupling or clustering of the ions, respectively, which provides 

an approach to characterize the ionicity of the solution. If the values are close to the ideal 
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line, they advise good ionicity of the solution. Otherwise poor ionicity is informed for 

systems far below the line. Ueno et al. classified the dependency of ionicity on structures 

and combinations of cations and anions based on their Lewis acidity and Lewis basicity, 

and their work summarized that higher Lewis acidity or basicity of cations and anions, 

respectively, suggests stronger ion-ion interactions, resulting in ion aggregates and 

therefore a lower iconicity [261]. The primary ionic liquid of our systems, [BMIM][I], 

consists of an imidazolium cation with moderate Lewis acidity and an halide anion with 

high Lewis basicity. According to the definitions established by Ueno et al., such a 

combination indicates poor ionicity. However, when water and [EA][N] are incorporated 

at a designed concentration, the mixture system demonstrates molar conductivities 

comparable with typical ILs that have good ionicity at room temperature. Figure 4.1.3.1 

showed comparable iconicity of the formulation [BMIM][I]/[EA][N]/water/LiI-5/35/55/5 

with other electrolyte systems that are commonly categorized as good ionic liquids. On the 

other hand, 1-butyl-3-methylimidazolium bromide ([BMIM][Br]) [262], which has similar 

combinations of cation and anion with [BMIM][I], exhibits the feature of poor iconicity 

with its profile significantly deviating from the ideal line even at room temperature. This 

remarkable improvement can again be attributed to effects of incorporating water and 

[EA][N], which validates the success in minimizing formations of ion clusters discussed in 

the previous section. As temperature decreases, the deviation from the ideal line becomes 

larger for our formulation, implying a weaker dissociation of ions due to the presence of 

stronger hydrogen bonding at lower temperatures. The weakened dissociation of ions can 

also be seen on 1-butyl-3-methylimidazolium acetate ([BMIM][CH3OO])[263] in response 

to the temperature drop, while the enhanced dissociation of ions appears on [EA][N] [264], 
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1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) [243] and [BMIM][Br] 

[262] at varying degrees. Despite the descending ionicity, the highly linear relation 

between conductivity and viscosity showed that the ionic conduction of the dual ionic 

liquids system in our formulation still obeys the Walden rule well over the temperature 

range of our investigation. Moreover, the studies of other similar systems from literatures 

were not extended into such a low temperature region as this work did. To our best 

knowledge, it is the first time that the ionic conductivities and viscosities of any [BMIM][I] 

based electrolyte were reported below –70 °C.  

 

 

Figure. 4.1.3.1. Walden plot of the formulation [BMIM][I]/[EA][N]/water/LiI-5/35/55/5 

in comparisons with other similar IL systems from literatures including [EA][N] [264], 

[BMIM][Br] [262], [BMIM][BF4] [243], and [BMIM][CH3COO] [263].   
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4.1.4 Electrochemical Stability of ILs/Water/LiI Mixtures  

The electrochemical stability is another important property of electrolytes because 

the electrochemical window (EW) determines the proper range of potential that can be 

applied to a specific electrolyte system, especially as the sensing mechanism of a MET 

seismometer relies on the electrochemical reactions of the I-/I3- redox couple. Cyclic 

voltammetry (CV) analyses were conducted to identify the EW for the proposed best 

candidate of the electrolyte formulation, [BMIM][I]/[EA][N]/water/LiI-5/35/55/5, 

targeting I-/I3- redox reactions. In addition, two other formulations, [BMIM][I]/water/LiI-

5/90-5 and [BMIM][I]/[EA][N]/water/LiI-10/30/55/5, were also measured to investigate 

the effects of the [EA][N] involvement and the iodide ion concentration, respectively. 

Figure 4.1.4.1. illustrated the CV profiles of the above three electrolyte systems, scanned 

from –0.6 V to 0.4 V and then reversed. The formulation [BMIM][I]/[EA][N]/water/LiI-

5/35/55/5 showed no apparent current at the beginning until reaching approximately 0.32 

V, indicating that I- oxidations were electrochemically activated at the anode. The reverse 

scan exhibited a cathodic current as an evidence of I3- reductions, which peaked at 0.305 

V, marking a depletion of I3- at the surface of the electrode. The other two formulations 

behaved similarly, with slight shifts in the starting potentials of anodic reactions and the 

peaked potentials of cathodic currents, depending on the specific compositions. After I3- 

reductions, no other measurable electrochemical events were noticed. It was observed that 

I- never encountered depletions throughout anodic polarization, while I3- were mostly 

consumed during reductions right after generated from oxidations, disclosing that when 

freshly prepared the majority of iodide element from [BMIM][I] and LiI remained as I-. 

The involvement of [EA][N], which is crucial for optimizing the physicochemical 
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properties of the electrolyte system, did not introduce undesired reactions nor affect the 

behaviors of I-/I3- redox couple, as evidenced by the high similarity between the profiles of 

the [BMIM][I]/water/LiI-5/90/5 and [BMIM][I]/[EA][N]/water/LiI-5/35/55/5 

formulations. Interestingly, when comparing the three systems, 

[BMIM][I]/[EA][N]/water/LiI-10/30/55/5 did not generate a higher current despite 

containing up to 5 mol% more I- than the other two formulations. Because I- never depleted, 

the magnitude of the produced current is presumably determined by the ion mobility and 

kinetics but not the concentration. Applying potentials outside the identified EW may result 

in water reductions and I- oxidations, leading to electrode poisoning and irreversible 

composition changes, which would interfere with the working principle and eventually 

disable sensing operations. When operating within the controlled EW from –0.6 to 0.4 V, 

I-/I3- redox reactions were successfully activated with no unexpected event from other 

species, which indicates good electrolyte stability and also provides a guidance of proper 

operating parameters for electrochemical devices.  
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Figure 4.1.4.1. The identified EW for selected electrolyte formulations of ILs/water/LiI 

mixture solutions. All obtained profiles are steadily reproduced for ten cycles with no 

occurrence of reactions from other species except for the I-/I3- redox couple with zoom-in 

details presented in the inset. 

 

 

 

 



 73 

4.1.5 Sensing Performance of Developed ILs/Water/LiI Mixtures Based Electrolyte for 

MET Seismometer  

The sensing performance of developed dual IL electrolyte formulation was tested 

by an in-house built MET seismometer at Arizona State University. The device overview 

of a MET seismometer is shown in Figure 4.1.5.1. The targeted electrochemical redox 

reactions between iodide and triiodide ions take place at the surface of the electrode, which 

are the inner cross-sectional areas of micro-channels on the sensing element. There are two 

different approaches to fabricate the sensing element for a MET device. One approach is a 

micro-electromechanical system (MEMS) approach, which utilizes microfabrication 

techniques (photolithography, wet etch, reactive-ion etch, etc.) to create precisely 

controlled microstructures on the base of a silicon wafer and yield a better symmetry of the 

electrode geometry to potentially reduce the noise floor of the sensor. The other approach 

is a mechanical approach, which is applied to make the sensing element that is used in the 

MET seismometer to characterize and validate the electrolyte formulation in this work. In 

the mechanical route, the sensing element is made of four thin platinum metal layers 

configurated in a designed order of anode-cathode-cathode-anode (A-C-C-A) and placed 

perpendicular to the direction of the liquid flow in the device, and each layer was separated 

by an insulation coating while those inner cross-sectional areas of micro-channels are 

exposed to the electrolyte body. After the sensing element is fabricated, it is inserted into 

the sensor shell via a slit opening along with a 3D-printed sensing element holder, which 

provides structural support and mechanical protection to the sensing element. Once the 

sensing element is put in place, epoxy is applied to seal the opening and left still for curing. 

Polydimethylsiloxane (PDMS) diaphragms are also used to not only seal both sides of the 
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sensor shell to contain the electrolyte body but also provide elastic boundaries to allow the 

flow of the liquid in response to external motions. A small injection hole on the inner side 

of the sensor shell is kept open by designing for transferring the liquid electrolyte into the 

sensor body.  

 

 

 

Figure 4.1.5.1. A device overview of a miniature MET seismometer that is used for the 

earthquake detection with selected electrolyte formulation [EA][N]/[BMIM][I]/water/LiI-

10/25/60/5 in this study. (a) a top view of the sensor; (b) a side view of the sensor (via 

SolidWorks); (c) an illustrative cross-sectional view of the sensing element that consists of 

two pairs of electrodes in a designed anode-cathode-cathode-anode (A-C-C-A) 
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configuration, where the reversible electrochemical redox reaction between iodide and 

triiodide ions takes place as the key sensing mechanism.  

 

 

 

The electrolyte formulation selected for the MET seismometer sensing 

performance testing is [EA][N]/[BMIM][I]/water/LiI-10/25/60/5 after considering its 

overall thermal, transport, and electrochemical properties. Upon completion of the 

hardware assembling, a desired volume of electrolyte is manually prepared using the 

method described in the previous chapter. Prior to filling, a degassing procedure is carried 

out for three cycles to eliminate the air dissolved in the electrolyte during preparation at an 

ambient environment, using liquid nitrogen and vacuum pump. The filling process is 

manually operated in a controlled helium environment to minimize the exposure to air and 

carefully observed to avoid overfill or any gas bubble trapped inside of the device. The 

shape of PDMS diaphragms can serve as an indicator for the filling process, where a neutral 

position of the diaphragms is preferred to ensure no additional stress is induced by any 

excessive volume of the liquid electrolyte body. After filling the electrolyte, both MET and 

a commercial force-feedback, broadband reference seismometer (Guralp CMG-3T) were 

placed on a specialized, concert-based testing pier in advance and stayed connected to the 

readout circuit and the power source during the entire testing period, standing by for 

monitoring and detecting earthquakes. 

The detected earthquake reported in this study occurred at 04:27:05 (UTC) on 

November 20th, 2019, and the location is 124 kilometers southwest of Puerto Madero, 

Mexico (13.892°N, 93.209°W). It had a magnitude of 6.3 and a depth of 14.6 kilometer, 
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according to United States Geological Survey (USGS). Figure 4.1.5.2 discloses the 

geographical information of this detected earthquake as well as the earthquake wave profile 

recorded by the reference sensor upon its arrival at testing location in Tempe, Arizona. The 

comparison of the pier testing results for such an earthquake detection between the 

reference and MET seismometer filled with electrolyte formulation 

[EA][N]/[BMIM][I]/water/LiI-10/25/60/5 is shown in Figure 4.1.5.3. The overall detected 

signals from both sensors are filtered by different frequency ranges to analyze the sensing 

results with respect to frequencies. In the snapshot of each respective frequency range 

across from 0.03 Hz to 0.3 Hz, the green and blue lines represent the signals from MET 

seismometer and the reference sensor, respectively, while the overlay of the two (after 

scaling) displayed in the bottom. In the electrolyte that contains iodide ions, triiodide ions 

also exist at a very low concentration via the redox reaction equilibrium between iodide 

and triiodide ions. When a MET seismometer is at its standby state, the triiodide ions react 

instantly at the electrode surface of cathode and stay locally depleted, creating and retaining 

its concentration gradient as a function of the distance from the electrode through the 

volume of the electrolyte body. When the earthquake wave traveled to the testing pier, the 

motion was able to trigger the flow of the electrolyte in the MET seismometer. As the 

chemical equilibrium was disturbed, the cathode was supplied by a suddenly increased 

amount of triiodide ions from the flow within a short period and generate an electrical 

signal in the format of current that can reflect the external motion. In the reported 

frequencies, MET seismometer was able to pick up the earthquake signals and rendered 

the resemblance with the signals from the reference seismometer within the same time 

window. The similarity of the waveforms between MET and the reference is compared in 
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the overlay of their signals, and the best waveform match (83%) is observed at the 

frequency range between 0.05 Hz and 0.07 Hz with a minor delay of 0.32 second. It is also 

noticeable that MET has a higher noise floor than the reference seismometer, although their 

sensing principles are fundamentally different.  

The results from this recorded event showed that MET seismometer using the 

formulation [EA][N]/[BMIM][I]/water/LiI-10/25/60/5 successfully detected the 

earthquake with a good signal match in comparison with a commercial seismometer, 

validating not only the material development for a task-specific electrolyte containing 

iodide and triiodide redox couple but also the hardware development of fabricating a MET-

based, miniature seismometer. Such obtained testing results also warrant our future work, 

including low-temperature pier-testing, field testing, and other flight qualifications in 

collaboration with (NASA). Meanwhile, we also see room for continuous development to 

potentially improve the sensitivity and lower the noise floor of MET seismometer. From a 

materials perspective, one of the approaches is to introduce iodine into the electrolyte. 

Because iodine at a low concentration has an effect to reduce back-electron transfer 

reactions [265], further optimization in the liquid electrolyte materials can be performed to 

enhance the sensitivity of MET seismometer.  
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Figure 4.1.5.2. An event overview of the detected earthquake, including the geological 

information from (a) ASU earthquake monitoring system by Dr. Edward Garnero from 

School of Earth and Space Exploration and (b) The Earthquake Hazards Program by 

USGIS as well as (c) the recorded earthquake waveform information at the testing pier on 

ASU Tempe Campus also by Dr. Edward Garnero.  
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Figure 4.1.5.3. Earthquake detection data comparison between MET and reference 

seismometer at frequency ranges of (a) 0.03-0.04 Hz; (b) 0.04-0.05 Hz; (c) 0.05-0.07 Hz; 

(d) 0.07-0.1 Hz; (e) 0.01-0.2 Hz; and (f) 0.2-0.3 Hz.  

(e) 

(f) 
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4.2 Ionic Liquid Based Low-Temperature Electrolyte Systems using Organic Solvents 

Gamma-butyrolactone (GBL) and Propylene Carbonate (PC) 

4.2.1 Effects of Incorporating Organic Solvents on the Thermal Properties of 

Electrolytes  

When designing an electrolyte system for low-temperature operations, the phase 

behaviors of the materials, such as freezing and glass transition, set the physical limit of 

the liquid electrolytes for their applications. Differential scanning calorimetry (DSC) was 

used to characterize the thermal transitions of prepared electrolyte formulations, revealing 

the interplay between ILs and organic solvents in their mixture solution at various 

formulations over the temperature range from 40 °C to -160 °C. As shown in Figure 4.2.1.1 

(a), the effect of GBL can be clearly seen by DSC analysis. Neat [BMIM][I] demonstrated 

a Tg at -67.4 °C and did not appear to have any additional thermal transitions. GBL was 

employed to host IL as the primary organic solvent for formulating the mixture-based 

electrolyte due to its potential in designing molecular interactions. When GBL was added 

to [BMIM][I], Tg of the mixture system was effectively reduced and furthermore, as the 

concentration of GBL increased, a decreased Tg of the mixture solution was observed. 

When the concentration of GBL was at 90 mol%, the formulation [BMIM][I]/GBL/LiI-

5/90/5 showed the most reduced Tg at -124.6 °C. This strong effect of shifting Tg towards 

a lower temperature by introducing GBL into the electrolyte can be interpreted by the 

interactions in the mixture solution at the molecular level. Vranes et al. also observed the 

similar effect of suppressing phase transition temperatures of IL when mixing 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][NTf2]) with a variety of 

lactone solvents, including GBL.[170] The ionic liquids and molecular liquids are able to 
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establish notable intermolecular interactions through multiple routes. [BMIM][I], for 

example, has exhibited to form hydrogen bonding via the iodide anions with surrounding 

water molecules in their binary mixtures.[179,266] On the other hand, the cations of 

imidazolium-based ILs have been observed, both computationally and experimentally, to 

interact with various organic molecular solvents via the formation of hydrogen bonding 

between the most acidic hydrogen on the imidazolium ring and the lone electron pair of 

the solvent molecules.[197,267–269] Papović et al studied the binary systems of GBL and 

various imidazolium-based ionic liquids and discovered that longer alkyl side chains on 

the imidazolium cation leads to stronger interactions between GBL and ILs.[269,270] In 

our developed mixture system that consists of [BMIM][I] and GBL, we hypothesized that 

a similar intermolecular interaction between the imidazolium moiety of [BMIM]+ cations 

and the carbonyl group of solvent molecules through hydrogen bonding disrupts the ion-

pair formation between [BMIM]+ cations and iodide anions within [BMIM][I] network. 

Consequently, the cohesive energy of the system is significantly reduced and reflected on 

a lower Tg of the resulting mixture solution. The existence of such intermolecular 

interaction will be further revealed experimentally in later sections.   

Although the addition of GBL shifted Tg of the mixtures towards a favorable lower 

temperature, it had a negative impact by introducing undesirable thermal transitions to the 

electrolyte. Despite that the formulation [BMIM][I]/GBL/LiI-5/90/5 displayed the lowest 

Tg among all the solutions, it showed a critical drawback that a series of undesirable thermal 

transitions were observed above Tg. The predominating endothermic peaks at 

approximately -87 °C and -73 °C indicates the occurrence of crystallization, which will not 

only fail the function of liquid electrolyte owing to insufficient motion of flow but also 



 84 

cause high risks of structural damage to the device by volume change of the solution and 

accumulation of mechanical stresses. While the low Tg promised a wider liquidus window 

for low-temperature sensing operations of MET sensor, the phase transitions associated 

with this formulation were not suitable for our targeting liquid electrolyte system. Thus, 

another co-solvent component, PC, was introduced into the mixture to further optimize the 

properties of the electrolyte. Figure 4.2.1.1 (b) demonstrates the effects of incorporating 

PC on the thermal behaviors of the multicomponent system. As PC was used to replace a 

varying fraction of GBL in the solution, the tendency of the mixture to crystalize responses 

to this composition change. With an increasing concentration of PC, the corresponding 

endothermic heat flow of crystallization decreased. When the concentration of PC was at 

15 mol%, the phase transition of formulation [BMIM][I]/PC/GBL/LiI-5/15/75/5 was 

significantly mitigated. After increasing PC concentration to 20 mol% or higher, we no 

longer observed any phase transitions other than the glass transition from these 

formulations. In contrast to formulation [BMIM][I]/GBL/LiI-5/90/5, very smooth DSC 

curves were presented by formulations [BMIM][I]/GBL/LiI-5/20/70/5 and 5/30/60/5. 

Meanwhile, their Tg values, in despite of a slightly rise, were still retained at a very low 

temperature. Formulation [BMIM][I]/GBL/LiI-5/20/70/5 showed a Tg at approximately -

120 °C. To the best knowledge of the authors, this is the lowest Tg that has been reported 

for a liquid electrolyte system. The effects of incorporating PC on retaining Tg at low 

temperatures and tuning the thermal behaviors of the electrolyte can also be interpreted by 

modified intermolecular interactions. It can be viewed that the similar carbonyl functional 

groups shared by both PC and GBL can interact with [BMIM]+ cation to keep the glass 

transition from happening at higher temperatures, while the existence of PC in the mixture 
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also interferes with GBL to prevent its crystallization. This low Tg, free-crystallization, IL-

dual organic solvent mixture system exhibits great potentials as liquid electrolytes for low-

temperature applications. As we attribute desired thermal behaviors to effects of optimized 

molecular interactions, further studies were intrigued on those interactions between IL and 

organic solvents. 

 

 
 

(a) 

Exo Up 
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Figure 4.2.1.1. DSC thermograms from -160 to 40 °C for various formulations of (a) 

[BMIM][I]/GBL/LiI mixture solutions and (b) [BMIM][I]/PC/GBL/LiI mixture solutions. 

 

 

4.2.2 Probing Intermolecular Interactions between IL and Organic Solvents  

In order to reveal the hypothesized molecular interactions, FTIR was first employed 

to investigate the modification of the bonding structures in the developed IL-organic 

solvents electrolytes. As shown in Figure 4.2.2.1 (a), FTIR spectra confirmed the signature 

peaks from the functional groups of each main chemical in the multicomponent system. 

For example, neat [BMIM][I] displayed the vibrations of C–H stretching from both the 

alkenyl group and the carbon-hydrogen bond in between two adjacent nitrogen atoms on 

(b) 

Exo Up 
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the imidazolium ring at 3136 cm-1 and 3070 cm-1, respectively.[271] The former peaks 

from the alkenyl group were still observed in the electrolyte formulations, 

[BMIM][I]/GBL/LiI-10/85/5 and 5/90/5, and [BMIM][I]/PC/GBL/LiI-5/20/70/5, but at a 

much smaller magnitude (with wavenumber shifts between 9 and 18 cm-1). However, the 

latter peak was no longer significant in those formulations, indicating the disruption of the 

bonding configuration due to the interaction between cation and organic solvent molecules. 

This emerged interaction can be further disclosed by the IR response of the carbonyl group, 

which is the same functional group shared by both solvent molecules. Each of neat GBL 

and PC showed a peak of C=O stretching at 1760 and 1780 cm-1, respectively. It is known 

that the carbonyl stretching is sensitive to formation of hydrogen bonding.[272,273] When 

the total number of present carbonyl groups is excessive to that of the available donor 

groups in the system, a partial number of the carbonyl groups will exhibit a peak shift on 

the spectra because their intrinsic vibrations are altered as they accept the protons from the 

most acidic hydrogen of [BMIM]+ cations, while rest of the carbonyl groups that are not 

hydrogen-bonded remain uninfluenced.[273,274]  

When GBL was incorporated with [BMIM][I], the hydrogen bonding formation 

between a faction of the carbonyl groups from GBL as acceptors and [BMIM]+ cations as 

donors was clearly captured by an arisen “shoulder” off the original carbonyl peak at 

approximately 1742 cm-1 on the spectra for formulations [BMIM][I]/GBL/LiI-10/85/5 and 

5/90/5, as shown in Figure 4.2.2.1 (b), indicating the emergence of a new peak from those 

carbonyl groups that strongly interact with [BMIM][I] via hydrogen bonding. This 

observation serves as a direct manifestation of the hypothesized GBL-[BMIM]+ interaction 

in the electrolyte solutions. When the mixture was incorporated with both GBL and PC, 



 88 

the similar effect from the interaction between GBL and [BMIM]+ was also seen on the 

spectrum of formulation [BMIM][I]/PC/GBL/LiI-5/20/70/5, however, much less 

significant on PC. Instead of “splitting” into two peaks, the carbonyl stretching of PC only 

displayed a minor shift from 1780 cm-1 to 1784 cm-1 without showing any “shoulder” peak 

from the original peak, suggesting that its ability to form hydrogen bonding with [BMIM]+ 

cations is weaker when competing against GBL for limited number of donors and therefore 

the interaction was not as predominant. This trend is consistent with the mixture system 

reported by Tian et al, where [EMIM]+ cations showed stronger interactions with GBL than 

PC, and this difference was also reflected on bulk properties of the studied 

formulations.[275] Furthermore, we also noticed that such a minor shift from PC is 

identified as a blue shift. Although blue shifts for hydrogen bonds can exist in various cases, 

red shifts are more often expected.[276] In comparison to GBL, which can be viewed as 

the primary source to form hydrogen bonding with imidazolium cation in our developed 

system, the hydrogen bonding associated with PC could be much weaker and more subtle, 

and such moderate blue shift that was observed on the carbonyl group of PC could be 

caused by a more complex scenario. PC is a special solvent that has a high dielectric 

constant and has been reported to demonstrate strong molecular interactions (i.e. dipole-

dipole interactions) via its carbonyl groups and form local structures among 

themselves.[277,278] When PC is incorporated in the mixture, we hypothesized that the 

overall electronegativity environment of its carbonyl groups was altered by more than a 

single factor of hydrogen bonding and therefore caused a minor blue shift. Via FTIR results, 

we were able to validate the modified molecular interactions in the mixture system and 

further details of the targeted ion-solvent interactions were unveiled by NMR next.  



 89 

 
 

Figure 4.2.2.1. FTIR spectra of electrolyte formulations, [BMIM][I]/GBL/LiI-10/85/5, 

5/90/5, and [BMIM][I]/PC/GBL/LiI-5/20/70/5, as well as individual neat components as 

controls, in the region of (a) between 2700 and 3300 cm-1 and (b) between 1660 and 1885 

cm-1.    

 

 

The 1H NMR spectrum of neat [BMIM][I] is shown in Figure 4.2.2.2 (a), and the 

chemical shifts for all the protons at each position of the molecular structure are in 

agreement with reported literature values.[279–281] In addition, an effect of hydrogen-

deuterium exchange was also detected. The numbering of each carbon on the imidazolium 

cation are schematically depicted in the inset of Figure 4.2.2.2 (a), and it is noticed that the 
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peak of the proton at H-2 position was significantly weaker than its corresponding 

stoichiometric ratio among all the proton at other positions. Such a feature can be explained 

by a dynamic process of equilibrium, where the labile protons on the [BMIM]+ cations are 

replaced by the deuterons in the solvent when they are dilute in D2O.[282] The hydrogen 

at H-2 position is known to be more acidic, so its lower surrounding electron density makes 

the proton tend to exchange with deuterons from the solution, while the rest of protons 

from other positions of the cation are able to remain stable.[283–285] This phenomenon 

has also been observed in other chemical systems that contain imidazole groups such as 

histidine.[286,287] When [BMIM][I] was incorporated with organic solvents to form a 

mixture solution, more interestingly, an evolvement of the hydrogen-deuterium exchange 

was observed with 1H NMR. All the electrolyte formulations shown in Figure 4.2.2.2 (b) 

demonstrated a significantly larger integrated peak area for the hydrogen at H-2 position 

than neat [BMIM][I], which indicates a mitigated extent of hydrogen-deuterium exchange 

with the presence of carbonyl groups in the solution. The integrated peak area for the 

hydrogen at H-1 position was set as a baseline value of 3.00, given there are three 

hydrogens possessed by the alkyl group at this position. Accordingly, the hydrogen at H-8 

position demonstrated a matching integrated peak area of 3.06, approximately, validating 

the quantitative results from 1H NMR based on the stochiometric ratio between H-1 and 

H-8. At the position of H-2, in comparison, the neat [BMIM][I] and mixture solutions 

showed the integrated peak areas of 0.33 and an approximate range between 0.82 and 0.85, 

respectively, which again confirmed the additional molecular interactions between the 

[BMIM]+ cations and the solvent molecules. In the mixture solution, the carbonyl groups 

from the organic solvents become acceptors to form hydrogen bonding with the hydrogens 
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at H-2 position of [BMIM]+ cation as donors and modifies the surrounding electron density 

accordingly. Thus, the hydrogen at this position is more stabilized and its exchange with 

the deuterium from the solution is significantly reduced, reflecting a higher integrated peak 

area of H-2 protons than neat [BMIM][I] in 1H NMR. 

 
 

 
 

Figure 4.2.2.2. 1H-NMR spectra of (a) neat [BMIM][I] with the inset showing the 

numbered chemical structure of [BMIM]+ cation and (b) neat [BMIM][I], 
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[BMIM][I]/GBL/LiI-10/85/5, 5/90/5, and [BMIM][I]/PC/GBL/LiI-5/20/70/5, focusing on 

the peaks of H-2 with the comparison of relative integrated peak areas also provided. 

 

4.2.3 Transport properties of [BMIM][I]/GBL/PC/LiI Mixtures Based Electrolytes  

Besides thermal properties, interactions between ILs and organic solvents also 

affect transport properties of electrolytes, which are critical for their electrochemical 

applications. ILs typically possess high viscosities, due to various intermolecular forces 

such as the prominent coulombic attractions, van der Waals forces, and hydrogen 

bonding.[24,288] Neat [BMIM][I] solution, as shown in Figure 4.2.3.1 (a), displayed high 

viscosities with a strong temperature dependence, increasing by approximately six orders 

of magnitude from 25 °C to -75 °C. While the temperature dependence was observed across 

all the formulations, the ones that were incorporated with molecular solvents demonstrated 

not only much less drastic viscosity increases as temperature decreased but also 

significantly lower viscosities over the entire temperature range of testing. At room 

temperature, two selected electrolyte formulations from this study, [BMIM][I]/GBL/LiI-

10/85/5 and [BMIM][I]/PC/GBL/LiI-5/20/70/5, whose thermal profiles showed low Tg and 

free of crystallization, exhibited similar magnitude of viscosities between 0.002 and 0.005 

Pas with minor differences. As temperature decreased to -75 °C, [BMIM][I]/GBL/LiI-

10/85/5 evolved to a significantly higher viscosity of 1.29 Pas, presumably due to its 

higher concentration of [BMIM][I]. In contrast, [BMIM][I]/GBL/PC/LiI-5/20/70/5 yielded 

a much lower viscosity of 0.31 Pas at -75 °C, indicating that the addition of PC did not 

compromise the fluidity of the solution yet effectively prevent undesired phase transition 
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of the electrolyte system. If comparing to an aqueous-based ILs electrolyte formulation 

previously developed by our group [266], [BMIM][I]/[EA][N]/water/LiI-5/35/55/5 

showed a comparable viscosity to [BMIM][I]/PC/GBL/LiI-5/35/55/5 at room temperature 

but a significantly higher viscosity by more than 30 times at -75 °C, owning to a stronger 

temperature dependence of the employed solvents. The effectiveness of reducing viscosity 

by incorporating organic solvents into the systems can be attributed to the intrinsic superior 

fluidity of GBL and PC at low temperatures, which is consistent with observations on other 

IL-based electrolyte systems [193,275,289].  

While viscosity depicts overall fluidity of liquid-state electrolytes, ionic 

conductivity is another key transport property that directly reflects the mobility of charge 

carriers in a system. As shown in Figure 4.2.3.1 (b), the ionic conductivities of all the 

electrolyte formulations reduced significantly as temperature decreased. The behavior of 

such an exponential correlation between ionic conductivity and temperature can also be 

well described by the Vogel−Fulcher−Tammann (VFT) equation [65]. For each 

formulation, the dashed line was plotted based on the VFT fitting results, showing the ionic 

conductivity evolution over the testing temperature range and prediction extended down to 

its respective experimental Tg as marked by the dotted line. Figure 4.2.3.1 (b) inlet provides 

ionic conductivity data collected via EIS from 25 to -75 ˚C. Starting from 25 °C, 

[BMIM][I]/GBL/LiI-10/85/5 and [BMIM][I]/PC/GBL/LiI-5/20/70/5 showed comparable 

ionic conductivities, which were approximately 5 times lower than 

[BMIM][I]/[EA][N]/water/LiI-5/35/55/5. Although the aqueous-based electrolyte began 

with a higher ionic conductivity, the gap was narrowed gradually with decreasing 

temperature. At around -70 ˚C, [BMIM][I]/PC/GBL/LiI-5/20/70/5 reached a similar ionic 
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conductivity as the aqueous-based electrolyte. Moreover, following the trajectory of the 

VFT fitting curves in Figure 4.2.3.1 (b), the two organic solvent-based electrolytes will 

eventually possess higher ionic conductivities than the aqueous-based electrolyte at around 

-80 ˚C. Formulations [BMIM][I]/GBL/LiI-10/85/5 and [BMIM][I]/PC/GBL/LiI-5/20/70/5 

are expected to retain better ionic conductivities until their ideal glass transition 

temperatures, where the VFT model no longer provides adequate predictions for 

supercooled liquids.  

Ionic conductivities of IL-based mixtures can be determined by several factors 

simultaneously. In general, we often focus on two tunable properties from the electrolyte 

design standpoint, naming the viscosity and the ionicity (the degree of ion disassociation). 

The former affects the mobility of existing species while the later corresponds to number 

of charge carriers available for the conduction mechanism, both contributing to the overall 

bulk ionic conductivity [65]. Experimental results showcase that over the testing 

temperature range, the aqueous-based electrolyte provided the highest ionic conductivity 

despite the highest viscosity, indicating the impact from available charge carriers. The 

aqueous-based electrolyte was incorporated with [EA][N], another ionic liquid, as an 

approach to inhibit predominant crystallization. Consequently, 

[BMIM][I]/[EA][N]/water/LiI-5/35/55/5 possessed the highest theoretical ion 

concentration among the three electrolyte formulations. On top of that, in reality the actual 

number of ions available for conductions also depends on the extent of ion disassociation. 

For pure ILs where the sole media is formed by ions with strong coulombic attractions, 

considerable ions exist in forms of pairs or aggregates that are not accountable for charge 

transport [24]. It is known that selections of molecular solvents and ionic liquids have great 
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impacts on optimizing ionicity of the electrolytes, attributed to the structures and properties 

of existing species that result in different degrees of interactions [290,291]. For instance, 

Li et al. performed a comprehensive discussion on transport properties of binary mixtures 

by incorporating imidazolium ionic liquids with water and several organic solvents [292]. 

Particularly, water appeared to be the most effective in weakening coulombic attractions 

between ions, due to both the high dielectric constant and the ability of forming hydrogen 

bonds with the anions. Therefore, we hypothesize that the higher ionic conductivity of the 

aqueous-based electrolyte at higher temperatures can be explained by the highest number 

of available ions owing to a potentially higher extent of ion disassociation.  

However, when temperature decreases to -70 ˚C or below, the ionic conductivities 

of both organic solvent-based electrolytes are predicted to be comparable and even 

exceeding the aqueous-based electrolyte, according to the trends based on the VFT fitting. 

Such results suggest potential changes in viscosity and ionicity, which are both known to 

be temperature dependent and can also be correlated to intermolecular interactions. Our 

comparison showed that the differences in viscosity between the aqueous-based electrolyte 

and the organic solvent-based electrolytes has become more prominent as temperature 

decreased. While the viscosity difference at higher temperatures might be insignificant 

when comparing to the ionicity, we speculate it to be more influential on the ionic 

conductivity at low temperatures as the differences evolved to over an order of magnitude. 

Papović et al. also discussed the combined impact of viscosity and ionicity on conductivity 

of [BMIM][NTf2]/GBL binary mixtures, concluding that improvements in electrochemical 

properties are more likely due to the significant reduction of viscosity when increasing 

GBL fraction in the system [270]. Therefore, despite the lower effectiveness in solvation, 
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incorporation of GBL and PC successfully reduced viscosity and presents itself as a more 

viable strategy on designing electrolytes for the promoted low-temperature applications 

than the aqueous-based approach from the perspective of optimizing transport properties.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 



 97 

 

 
 

 

Figure 4.2.3.1. Temperature dependence of (a) viscosity and (b) ionic conductivity among 

neat [BMIM][I], selected organic solvent-based electrolyte formulations from this work, 

and aqueous-based formulation from previous studied dual ionic liquid system containing 

both [BMIM][I] and [EA][N] [266]. In (b), the dashed lines and dot-dashed lines represent 

the VFT fitting result for each formulation and their experimentally measured Tg, 

respectively, showing predicted conductivities when approaching glass transition, and the 

inset provides a zoom-in view of the measured conductivities between 25 °C and -75 °C. 

 

(b) 



 98 

4.3 Mixtures of Ionic Liquid and Butyronitrile (BuCN) Based Electrolyte Systems 

4.3.1 Effects of Incorporating BuCN on the Physical Properties of Electrolytes 

The previous success with both [BMIM][I]/[EA][N]/water/LiI and 

[BMIM][I]/GBL/PC/LiI mixtures has encouraged us to continue the design philosophy of 

utilizing intermolecular interactions on new co-solvents for further pushing the physical 

limits of electrolyte materials. Due to a favorable thermal profile and superior transport 

properties, BuCN is also employed to host [BMIM][I] for formulating a new mixture-based 

electrolyte. The effects of BuCN incorporation on the physical properties of electrolytes 

are disclosed by experimental results. In Figure 4.3.1.1, DSC analysis clearly revealed that 

the Tg of the mixture was shifted with respect to the concentration of BuCN. As BuCN 

content increased in the mixture, the Tg was effectively reduced to a lower temperature. 

When BuCN was at 95 mol%, the formulation [BMIM][I]/BuCN/LiI-5/90/5 displayed the 

lowest Tg at –152.3 °C, which is also a new record low Tg among three studied mixture 

electrolyte systems so far. This strong effect of Tg reduction can be due to not only the 

intrinsically low freezing point of BuCN (–111.9 °C) but also the presence of 

intermolecular interactions between BuCN and [BMIM][I]. We hypothesize that the lone 

pair of electrons of nitrile functional group from BuCN could interact with the proton at 

the H2 position of the imidazolium group from [BMIM]+ cation via hydrogen bonding, 

which will be further demonstrated with characterization details in section 4.3.2. Similar 

to the interactions between the carbonyl group and imidazolium group that was discussed 

previously, such hydrogen bonding between BuCN and IL interfere the ion-pair formation 

between the cations and anions of [BMIM][I] in the mixture, reducing the cohesive energy 

of the system and therefore shifting Tg towards a lower temperature. It is also worth 
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noticing that no crystallization or any other phase transition other than the glass transition 

was observed on any formulation of [BMIM][I]/BCN/LiI mixtures, which is 

distinguishable from two previous electrolyte systems. This phenomenon could be due to 

the intrinsic physicochemical properties of BuCN.  

 

    

 

Figure 4.3.1.1. DSC heating curves with an upward exothermic direction from –175 °C to 

40 °C for electrolyte formulations including [BMIM][I]/BuCN/LiI-5/90/5 (purple), 

10/85/5 (green), 20/75/5 (black), 40/55/5 (red), and neat [BMIM][I] (blue).  

 

The effects of BuCN on the transport properties of [BMIM][I]/BCN/LiI mixtures 

are also examined at room temperature. Figure 4.3.1.2 shows a comparison of viscosity 

and ionic conductivity with respect to varying BuCN concentrations. Effects of molecular 
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solvents on transport properties of molecular solvents/ILs mixtures have been well studied, 

where incorporation of molecular solvents in ILs results in rearrangement of the originally 

closely packed ions and lead to significant decrease in viscosities of the mixtures [293,294]. 

As expected, viscosities of the mixtures decreased exponentially with increasing BuCN 

concentration. In particular, differences in viscosities between formulations 

[BMIM][I]/BuCN/LiI-40/55/5 and 5/90/5 was more than one order of magnitude. Again, 

we hypothesize that interactions between BuCN molecules and imidazolium cations, as 

evidenced by FTIR and Raman spectroscopy in the following section, have altered 

arrangement of existing species on a microscopic level that significantly reduces the bulk 

viscosity. Similar observations were also reported in various mixtures between acetonitrile 

and imidazolium based ILs [295–297]. In correspondence to the trend of viscosity, an 

increasing BuCN content leads to a higher ionic conductivity. Since ion mobility for the 

conduction mechanism is dependent on fluidity of the solution, such an inverse relationship 

between these two transport properties agree with each other to some extent. However, 

unlike viscosity which decreases exponentially with increasing BuCN, the increase in ionic 

conductivity is more in a linear fashion, indicating that other factors could also play a role 

besides viscosity. In addition to fluidity, Galiński et al. further disclose the contribution of 

ionicity, the extent of ion disassociation, on the bulk ionic conductivity in IL-based 

mixtures [65]. In pure ILs, strong attractions between cations and anions often result in 

neutral ion-pairs and ion-aggregates that do not serve functionalities of charge carries. By 

introducing co-solvents into ILs, a higher ionicity is achieved via a solvation effect of 

solvent molecules around ions and thus an improved ionic conductivity [248,298,299]. 

Similarly, such an enhancement on ionic conductivity in acetonitrile/IL systems were 
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observed through various experimental and computational researches [300–303]. However, 

studies on effects of other nitrile solvents such as propionitrile and BuCN in ILs are still 

very limited. In addition to the hydrogen bond between the nitrile group and imidazolium 

ring, the longer alkyl chain of BuCN can lead to other intermolecular forces such as the 

van der Waal force that can affect transport properties considerably [162]. For instance, 

Ruiz et al. observed viscosity reduction and ionic conductivity improvement in 

[PYR14][TFSI] based mixtures with acetonitrile and BuCN, respectively, but correlations 

with resulting mixture properties were drawn more on the intrinsic characteristics of 

materials rather than a thorough understanding of the complex interplays between IL and 

co-solvents [199].  

 

 

 

Figure 4.3.1.2. Comparison of viscosity (blue) and ionic conductivity (red) of 

[BMIM][I]/BuCN/LiI mixtures with respect to BuCN concentration. 
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4.3.2 Intermolecular Interactions between [BMIM][I] and BuCN  

FTIR was used to provide experimental evidence for the hypothesized 

intermolecular interactions by characterizing the bonding structures in the electrolyte 

mixtures. The FTIR spectra of all the mixture formulations and neat BuCN solvent were 

shown in Figure 4.3.2.1 (a), where their signature peaks from the wavenumber range 

between 2000 and 3600 cm-1 from were revealed with the inset showing a closer look at 

the range between 2100 and 2400 cm-1. For [BMIM][I]/BuCN/LiI-based formulations, the 

peaks between 3000 and 3200 cm-1 are attributed to the vibrations of C–H stretching on 

the imidazolium ring of [BMIM]+ cations [271,275], which is not observed on the spectrum 

of neat BuCN. On the other hand, the peaks from symmetric and asymmetric stretching of 

alkyl groups between 2800 and 3000 cm-1 were observed on all the spectra [271,304]. More 

importantly, neat BuCN spectrum clearly showed a single peak for its the signature 

vibration of C≡N stretching from the nitrile groups at a wavenumber of 2249 cm-1 [304]. 

On the spectra of other mixture formulations, the vibration of C≡N stretching is observed 

as well but in a modified fashion. In addition to its original peak position, a secondary peak, 

to a varying extent on each mixture formulation, is also detected at a wavenumber of 

approximately 2270 cm-1. This can be attributed to the presence of a unique format of 

intermolecular interactions between [BMIM][I] and BuCN. Similar to the interactions with 

the carbonyl group of GBL in the earlier discussion, the hydrogen bonding can form 

between the proton at C-2 position on imidazolium ring as a donor and the lone pair of 

electrons of the nitrile group on BuCN as an acceptor. This effect was shown to be stronger 

on the formulations [BMIM][I]/BCN/LiI-5/90/5 and 10/85/5, where the nitrile groups 

under the influence of such a hydrogen bonding were shaped into a full peak on the spectra, 
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and the formulations [BMIM][I]/BCN/LiI-20/75/5 and 40/55/5 yielded a weaker reflection 

with the emerging secondary peak appearing as only “shoulders” off the original peak 

position.  

Raman spectroscopy was also employed to validate such findings. As shown in 

Figure 4.3.2.1 (b), vibrational peaks of the nitrile group were observed across all the 

formulations in the range of 2100 – 2400 cm-1. Without any influence of hydrogen bonding 

with the imidazolium group from IL, neat BuCN expectedly showed a strong single peak 

at 2251 cm-1. When forming a mixture, the primary nitrile peak was also exhibited on each 

electrolyte formulation with a minor shift at 2248 cm-1 and the secondary nitrile peaks were 

also subtly displayed as shoulder-like features at a wavenumber position of approximately 

2272 cm-1. Those features were more distinguishable on formulations 

[BMIM][I]/BCN/LiI-5/90/5 and 10/85/5 but much weaker to an extent of almost 

disappearing on [BMIM][I]/BCN/LiI-20/75/5 and 40/55/5. Such a difference in the 

vibrational intensity is consistent with the observations from FTIR earlier, where 

[BMIM][I]/BCN/LiI-5/90/5 and 10/85/5 both demonstrate a stronger influence of 

hydrogen bonding on their nitrile groups.  
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Figure 4.3.2.1. Probing the molecular interactions in electrolyte formulations, 

[BMIM][I]/BuCN/LiI-5/90/5, 10/85/5, 20/75/5, 40/55/5 and neat BuCN, via (a) FTIR and 

(b) Raman spectroscopy.  
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4.4 Visible-Light Responsive and Mechanically Enhanced “Smart” UCST 

Interpenetrating Polymer Network Hydrogels 

4.4.1 Confirmation of PAAm-PAAc Interpenetrating Polymer Network (IPN) Hydrogel 

Synthesis  

The formation of interpenetrating network hydrogel was validated by experimental 

results from ATR-FTIR, DSC, and compressive tests. The functional groups of PAAm and 

PAAc were characterized by ATR-FTIR to confirm the synthesis. As shown in Figure 

4.4.1.1 (a), the FITR spectra demonstrates the amide functional group of PAAm with N-H 

bending and the C=O stretch which are indicated by the peaks at 1605 cm-1 and 1645 cm-

1, respectively. Similarly, the presence of PAAc group is proven by the C-O stretch and the 

C=O stretch with the unsaturated carboxylic acid group are indicated by the peaks at 1240 

cm-1 and 1695 cm-1, respectively. In the spectrum of PAAm-PAAc interpenetrating 

polymer network (PAAm-PAAc IPN), the above signature peaks are all observed at 1238 

cm-1, 1601 cm-1, 1645 cm-1 and 1708 cm-1, respectively, with minimal shifts compared to 

the individual spectrum of PAAm and PAAc polymer networks. The FTIR results 

demonstrate that the synthesis of interpenetrating network hydrogel was able to 

successfully include both PAAm and PAAc polymer networks. The peaks of N-H stretch 

with the amide group of PAAm and the O-H stretch with the carboxylic acid group of 

PAAc are broad and overlapping at the adjacent wavelengths, so they cannot be used to 

distinguish the functional groups of PAAm and PAAc. The PAAm and PAAc form the 

structure of the interpenetrating network hydrogel due to their intermolecular polymer-

polymer interactions. PAAm and PAAc serve the first phase and the second phase of the 

interpenetrating network, respectively. The intermolecular interaction is based on the 
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dynamic mechanism of hydrogen bonding formation and dissociation between the amide 

group of PAAm and the carboxylic acid group of PAAc [241].   
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Figure 4.4.1.1. Conformation of PAAm-PAAc IPN hydrogel synthesis: (a) comparison of 

ATR-FTIR spectra between the PAAm-PAAc IPN hydrogel (black solid) and individual 

network hydrogels, pure PAAm (red dash) and pure PAAc (blue dot), in the wavenumber 

range from 1000 to 2000 cm-1. (b) Representative DSC thermograms showing the glass 

transition of PAAm-PAAc (black), PAAm (red), and PAAc (blue), with the resulting Tg 

values in the inset on the bottom left. (c) SEM image showing the morphology of the 

PAAm-PAAc IPN hydrogel (after freeze-drying) with average pore size of 16.0 ± 4.4 μm. 

 

The formation of PAAm-PAAc interpenetrating network was also confirmed by 

thermal evidence from DSC analysis. Previously,  Ribellies et al [305] suggested that a 

well-mixed, highly cross-linked IPN is expected to have one single glass transition 

temperature (Tg) due to the close interaction between two polymer networks that cannot 

express themselves independently. On the contrary, when the two polymer networks fail 

to interpenetrate or are only loosely cross-linked, two separate glass transitions should be 
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observed in correspondence to a phase-separated system [305,306]. As shown in Figure 

4.4.1.1 (b), the single polymer network of pure PAAm and PAAc show their individual 

glass transitions at 154.4 ± 3.4 °C and 103.3 ± 0.7 °C, respectively. The interpenetrating 

network of PAAm-PAAc demonstrates a clear single glass transition at 125.0 ± 1.4 °C 

between the Tg values of pure PAAm and PAAc networks, which is evident of the 

successful formation of the interpenetrating network between the PAAm and the PAAc. 

The morphological features of the PAAm-PAAc interpenetrating network after freeze-

drying are shown by the SEM image in Figure 4.4.1.1 (c), and the macro-porous structures 

of the interpenetrating network hydrogel was revealed.  The average pore size of the porous 

structures was calculated as 16.0 ± 4.4 μm based on 20 measurements randomly selected 

in the image using ImageJ.  

The intermolecular interaction between PAAm and PAAm within the 

interpenetrating network structure also facilitated a unique UCST swelling behavior of the 

synthesized PAAm-PAAc IPN hydrogel. Figure 4.4.1.2 (a) shows a pictorial depiction of 

the UCST characteristic of synthesized PAAm-PAAc IPN hydrogel. At 5 °C, the PAAm-

PAAc IPN hydrogel exhibited the most shrinkage. At both 25 °C and 45 °C, the PAAm-

PAAc IPN hydrogel exhibited continuous volume expansion with the positive temperature 

dependence. In Figure 4.4.1.2 (b), the swelling ratios of the synthesized PAAm-PAAc IPN 

hydrogel were experimented at three different temperatures, 5 °C, 25 °C and 45 °C, and a 

strong temperature dependence could be seen. As the media temperature rose from 5 °C to 

45 °C, the swelling ratio increased over 13.6 ± 1.8 times. The volume transition of the 

PAAm-PAAc IPN hydrogel was much more dramatic over the tested temperature range 

between 25 °C and 45 °C than between 5 °C and 25 °C, which was visually observable by 
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the increasing volume of the gel dimensions. Katono et al. [307] also reported the similar 

positive swelling behavior on the poly(acrylamide-co-butyl methacrylate)-poly(acrylic 

acid) IPN system for the application of drug delivery and attributed the phenomenon to the 

formation and the dissociation of the intermolecular complex. On a bulk scale, the overall 

interpenetrating network hydrogel exhibits de-swelling due to a more “tightly” held 

intermolecular complex by the stable formation of hydrogen bonding at a lower 

temperature. At a higher temperature, the hydrogel then shows enhanced swelling due to 

the dissociation of the intermolecular complex by the breakage of hydrogen bonding. 

However, Katono et al.’s work was focused on the swelling aspect and did not evaluate the 

formation of the interpenetrating network from other valuable angles, such as thermal and 

mechanical approaches, which will be discussed in the following sections.  
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Figure 4.4.1.2. UCST characteristics of PAAm-PAAc IPN hydrogel: (a) pictorial 

demonstration of the volume and opacity transition of hydrogel. (b) swelling ratio (Ws/Wd) 

at equilibrium at 5 °C, 25 °C, and 45 °C. (c) The change in optical transmittance of the 

hydrogel from 15 °C to 50 °C measured by UV-Vis spectrophotometer showing the opacity 

transition of the material; Left and right insets are representative screenshots of the 

hydrogel’s opacity transition taken at the first 15 second after immersion in water at 15 °C 

and 50 °C from room temperature, respectively.     

 

In addition to the swelling behavior, the interpenetrating network hydrogel also 

demonstrates a temperature dependent opacity transition. As also shown in Figure 4.4.1.2 

(a), the color of PAAm-PAAc IPN hydrogel appears as opaque at 5 °C and becomes clearly 

transparent at 45 °C. In order to further investigate this phenomenon, UV-vis analysis is 

employed to quantify the opacity change of the PAAm-PAAc IPN hydrogel with respect 

to temperature. As shown in Figure 4.4.1.2 (c), the hydrogel has a low transmittance of 
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only 8.9% with a white opaque color at 15 °C. As the temperature ramps up, the hydrogel 

responds to this environmental change by exhibiting a reduced opacity with transmittance 

increasing to 43.0% measured at 50 °C. At this point, the hydrogel displays as almost 

transparent in the media instead of opaque. The most dramatic change of the percentage 

transmittance is observed to take place at approximately 32 °C while a more gradual 

transition occurs below 29 °C and above 35 °C. Unlike the volume transition described 

earlier, the opacity transition of hydrogel is rather fast. When placing the hydrogel that is 

equilibrated in the media from a higher temperature (e.g. 50 °C) to a lower temperature 

(e.g. 15°C), the opaqueness starts to form within the gel body immediately. Also, this 

opacity transition is observed as a reversible process. Zhang et al [308] reported a similar 

reversible opaque-transparent phase transition on a physically cross-linked 

poly(sulfobetaine methacrylate) double network hydrogel, and their work showed that 

intramolecular and intermolecular associations were strong enough to drive a phase 

transition with sufficient water content. In our case, we hypothesize that the PAAm-PAAc 

IPN hydrogel at temperatures lower than UCST can be viewed as a collapsed coil structure 

due to intermolecular attractive forces between the acid and amide group. Under this status, 

the interaction between the polymer chains was strong enough by the predominant presence 

of hydrogen bonding formation so that water was presented from entering the polymer 

chain system. As a result, the separation of phases was pronounced, and the solvent was 

minimized, giving the interpenetrating network hydrogel its opacity. At temperatures 

above UCST, the intermolecular forces subsided while the electrostatic bonding between 

water and polymer chains became more dominant. The hydrophilicity of the network was 

then increased, which drove the transition from opaque to transparent. Overall, both of the 
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volume transition and the opacity transition contributed to the UCST characteristics of the 

PAAm-PAAc IPN hydrogel.  

Another result of the formation of the PAAm-PAAc interpenetrating network was 

that the mechanical property of the PAAm-PAAc IPN hydrogel was enhanced. As shown 

in Figure 4.4.1.3, the compressive tests by Instron E3000 provided the quantitative 

comparison of stress-strain profiles between the PAAm-PAAc IPN hydrogel and the 

hydrogels based on its individual polymer components. At a strain at 65%, for example, 

PAAm-PAAc IPN hydrogel demonstrates a stress of approximate 57,300 Pa while pure 

PAAm and PAAc hydrogel only show a stress of 14,700 Pa and 6,900 Pa, respectively. 

When comparing to PNIPAAm hydrogel, one of the most commonly studied 

environmentally responsive hydrogels, which was reported to show a stress response lower 

than 2,000 Pa at approximately 25% strain [309], PAAm-PAAc IPN gel showed a higher 

stress response of 3,000 Pa under the same strain. Furthermore, PAAm-PAAc IPN 

hydrogel can fully and repetitively recover to its original shape after being compressed up 

to above 65 % strain without any observable fracture or material failure. In contrast, the 

pure PAAm hydrogel began to form fractures before reaching 35% strain and the pure 

PAAc hydrogel also failed to preserve the material integrity from the compressive test. The 

inset images in Figure 4.4.1.3 vividly demonstrate the PAAm-PAAc IPN hydrogel can 

withstand the large extent of compression while pure PAAm and PAAc hydrogels suffer 

from severe deformation and permanent fractures from compression. Both, PAAm and 

PAAc hydrogels, are very fragile in nature by their individual polymer network alone due 

to the high content of water. By forming the interpenetrated polymer network, the PAAm-

PAAc IPN gel displays enhancement with a much greater toughness and a much better 
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ability to stretch than pure PAAm and PAAc hydrogels when the weight ratio of monomer 

and the crosslinker are remained the same. The enhanced mechanical properties of PAAm-

PAAc IPN hydrogel can be ascribed to the presence of hydrogen bonding between amide 

groups of PAAm and carboxylic acid groups of PAAc. Such hydrogen bonding serves to 

reinforce the intermolecular interaction and offer additional crosslinking between polymer 

chains to strengthen the interpenetrated polymer networks. When subjected to an external 

mechanical load, some of the hydrogen bonds dissociate first and hence dissipate the 

energy, preventing further compromise of the material integrity. Upon the removal of the 

load, the hydrogen bonds can re-form, allowing the hydrogel to be applied in frequently 

operated devices. Similar mechanical enhancements through hydrogen bonding have also 

been observed on several other polymeric systems. Myung et al [310] reported the strain-

hardening behavior of a poly(ethylene glycol)-poly(acrylic acid) IPN system with a 

significantly improved fracture strength and more than two times of modulus enhancement. 

Wang et al [311] also reported the role of hydrogen bonding in increasing the material 

strength in a n-acryloyl glycinamide-co-2-vinyl-4,6-diamino-1,3,5-triazine copolymer 

system. Over the change of pH, such strengthening effect can be weakened and resumed 

reversibly based on the dissociation and re-construction of hydrogen bonding.  
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Figure 4.4.1.3. Instron E-3000 compressive analysis of PAAm-PAAc IPN hydrogel 

(black) in comparison to the single phase of pure PAAm (blue) and PAAc (red) hydrogels, 

showing the enhanced mechanical properties. Left insets: PAAm-PAAc IPN hydrogel 

being able to recover to original shape after compressive test; Right insets: fractures and 

material failure of PAAm (top) and PAAc (bottom) after compressive tests.   

 

 

4.4.2 Effects of Incorporating Chlorophyllin into Interpenetrating Network Hydrogel 

Chlorophyllin sodium copper salt (Ch) was selected as a suitable chromophore for 

the purpose of this study because its light responsiveness lies well within the wavelength 

range of visible light. In Figure 4.4.2.1 (a), the UV-Vis spectroscopy of chlorophyllin salt 

aqueous solution indicates the absorption peaks at the wavelengths of approximate 404 nm 
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and 625 nm. Farag also reported the very similar absorption ranges between 350 – 480 nm 

and 620 – 670 nm for chlorophyllin based thin films [312]. As the molecular structure 

shown in the inset image of Figure 4.4.2.1 (a), chlorophyllin has delocalized electrons that 

can be easily excited to orbitals at higher energy level by light irradiation of appropriate 

wavelength. Those electrons quickly fall back to their original state, releasing energy in the 

form of heat, which can induce the positive volume transition of PAAc-PAAm 

interpenetrating network system. In addition, the excellent water solubility of chlorophyllin 

salt also allowed a facile process of its incorporation in the synthesis via simply well-

mixing in the pre-cursor solution prior to polymerization.  

After incorporation, as shown in Figure 4.4.2.1 (b), the DSC measurement detected 

a glass transition of the PAAm-PAAc chlorophyllin-containing interpenetrating polymer 

network (PAAm-PAAc Ch IPN) hydrogel to occur at 126.6 ± 1.6 °C. It was very close to 

the glass transition of PAAm-PAAc IPN gel at 125.0 ± 1.4 °C, which suggested that the 

incorporation of chlorophyllin didn’t significantly affect the thermal property of the 

PAAm-PAAc interpenetrating network system. Figure 4.4.2.1 (c) shows the SEM image 

of the PAAm-PAAc Ch IPN hydrogel sample after freeze-drying. Very similar to PAAm-

PAAc IPN hydrogel, macro-porous structures were also observed with no phase separation 

in the image. As the DSC analysis only reported Tg, the morphology of the PAAm-PAAc 

Ch IPN hydrogel additionally confirmed that the chlorophyllin as the chromophore was 

successfully incorporated in the matrix. Theoretically, the vinyl group on the chlorophyllin 

molecule can react with the free radical in the solution allowing the chlorophyllin to 

chemically bond onto the propagating polymer chain during polymerization [313–315]. It 

is also worth noting that the average pore size of PAAm-PAAc Ch IPN hydrogel is 
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calculated as 9.92 ± 4.31 μm by ImageJ, which is 0.6 times smaller than the pore size of 

PAAm-PAAc IPN hydrogel. Zhang et al [316] reported the use of different carbonyl group 

content in the precursor solution to control the pore sizes of synthesized hydrogel. In their 

work, the hydrogel was crosslinked by the carbonyl group of dialdehyde microfibrillated 

cellulose and the amino group of gelatin with a comparable range of pore sizes from 10 to 

50 μm. The increase in the carbonyl group content of dialdehyde microfibrillated cellulose 

leads to a higher crosslinking degree between dialdehyde microfibrillated cellulose and 

gelatin, and therefore a decrease of the average pore sizes of the hydrogel. In our system, 

the multiple carbonyl groups on the chlorophyllin molecule can have the similar effect to 

increase the degree of crosslinking via hydrogen bonding, where the carbonyl group serves 

as the hydrogen bond acceptor with the amine group of the acrylamide as the donor. This 

enriched intermolecular interaction between PAAm chains after the incorporation of 

chlorophyllin then causes a more compact porous structure of the polymeric matrix in the 

hydrogel with the reduction of the pore dimensions.  

 

 



 117 

 
 

 

 

Figure 4.4.2.1. Incorporation of chlorophyllin into the interpenetrating-network hydrogel 

system: (a) UV-Vis spectrum of chlorophyllin salt aqueous solution between 300 and 800 

nm wavelength. Inset: the molecular structure of chlorophyllin sodium copper salt. (b) 

Comparison of representative DSC thermograms showing the glass transition between non-

chlorophylin (black solid) and chlorophyllin-containing (green dash) interpenetrating 

network PAAm-PAAc hydrogels with the resulting Tg values (as a result of two runs) in 
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the bottom left inset. (c) SEM images showing the morphology of PAAm-PAAc Ch IPN 

hydrogel (after freeze-drying) 9.9 ± 4.3 m. 

 

After introducing chlorophyllin, PAAm-PAAc Ch IPN hydrogel still held a clear 

UCST characteristic by an increasing swelling ratio as temperature increases. A pictorial 

depiction of the UCST swelling behavior of PAAm-PAAc Ch IPN hydrogel is shown in 

Figure 4.4.2.2 (a). Similar to PAAm-PAA IPN hydrogel, a comparable positive volume 

expansion of the PAAm-PAAc Ch IPN hydrogel was observed as the media temperature 

was increased. In addition to the volume transition, the opacity transition of PAAm-PAAc 

Ch IPN hydrogel was also observable as the color of the gel changed from opaque brown 

to transparent dark brown over the change of environmental temperature from 5 °C to 25 °C 

and above. Figure 4.4.2.2 (b) shows the comparison of the temperature dependent swelling 

ratio between PAAm-PAAc IPN and PAAm-PAAc Ch IPN hydrogels. PAAm-PAAc Ch 

IPN hydrogel displays a slightly higher swelling ratio at both 5 °C and 25 °C yet a notably 

lower swelling ratio at 45 °C than PAAm-PAAc IPN hydrogel. The total increase of the 

swelling ratio over the change of temperature for PAAm-PAAc Ch IPN hydrogel, 5.70 ± 

0.42 times, was considerably smaller than that for PAAm-PAAc IPN hydrogel, 13.62 ± 

1.75 times. It suggests that the incorporation of chlorophyllin may have an inhibition effect 

on the swelling of PAAm-PAAc Ch IPN hydrogel, which can be related to its smaller pore 

dimensions. The more compact porous structure can not only hold the polymer network 

more “tightly” together but also hinder the water diffusion through the network, resulting 

in less extent of expansion. A mimicking but much weaker behavior of opacity transition 



 119 

is also observed on the PAAm-PAAc Ch IPN hydrogel via UV-vis analysis. As shown in 

Figure 4.4.2.2 (c), the opacity transition of the PAAm-PAAc Ch IPN hydrogel is captured 

increasing from only 0.6% increasing to 4.3% transmittance over the range of the 

temperature increase. Since the PAAm-PAAc Ch IPN hydrogel has a dark color from the 

incorporation of chlorophyllin, the transmittance of the material is significantly lower than 

the PAAm-PAAc IPN hydrogel. The visual color of PAAm-PAAc Ch IPN hydrogel also 

changes from an opaque brown to a transparent brown over the transition, and the most 

dramatic transition takes place at approximately 36 °C. This similar opacity transition 

behavior of PAAm-PAAc Ch IPN hydrogel confirms that the temperature dependent 

intramolecular and intermolecular interaction in the interpenetrating network is well 

sustained after the incorporation of chlorophyllin.   
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Figure 4.4.2.2. UCST swelling behavior of PAAm-PAAc Ch IPN hydrogel: (a) pictorial 

demonstration of the volume and the opacity transition of the hydrogel after incorporating 

cholorophyllin. (b) comparison of the swelling ratio (Ws/Wd) at equilibrium between non-

chlorophyllin and chlorophyllin-containing hydrogel at 5 °C, 25 °C, and 45 °C. (c) The 

change in optical transmittance of PAAm-PAAc Ch IPN hydrogel from 15 °C to 50 °C 

measured by UV-Vis spectrophotometer showing the opacity transition of the material; 

bottom left and bottom right insets are representative screenshots of PAAm-PAAc Ch IPN 

hydrogel’s opacity transition taken at the first 15 second after immersion in water at 15 °C 

and 50 °C from room temperature, respectively. 
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Apart from the differences in swelling ratio, the incorporation of chlorophyllin also 

has an effect on the mechanical property of the interpenetrating network hydrogel system. 

The mechanical property of PAAm-PAAc Ch IPN hydrogel was also examined by 

compressive test using Instron and compared to PAAm-PAAc IPN hydrogel in Figure 

4.4.2.3 (a). PAAm-PAAc Ch IPN hydrogel demonstrates a significantly higher stress than 

PAAm-PAAc IPN hydrogel at a given strain. For example, PAAm-PAAc Ch IPN hydrogel 

shows a stress of approximately 120,000 Pa at 60% strain in comparison to PAAm-PAAc 

IPN hydrogel with a stress at approximately 38,800 Pa. It suggests that the enhancement 

of mechanical property on the PAAm-PAAc interpenetrating network is further improved 

by incorporating chlorophyllin. This improvement can be related to the morphology of 

PAAm-PAAc Ch IPN hydrogel again. The mechanical property of hydrogels can be 

substantially affected by their porous structures. As discussed earlier, the smaller pore size, 

induced by the incorporation of chlorophyllin, can form a more compact packing of the 

polymer network which displays a stronger stress response toward increasing strain and an 

overall greater mechanical property of the hydrogel at the bulk scale. A previous study by 

Chiu et al [317] reported a similar observation of the increase of compressive modulus with 

decreasing pore size on poly(ethylene glycol)-co-(L-lactic acid) hydrogel. This consistent 

trend can be explained that the smaller pore size decreases of water-to-hydrogel contact 

and hence reduces the plasticizing effect of water in the polymer network [318].  Figure 

4.4.2.3 (b) shows the changing trend of the compressive tangent modulus of PAAm-PAAc 

IPN and PAAm-PAAc Ch IPN hydrogels calculated using the method described by Li and 

et al [319]. As the compression strain increases, the compressive tangent moduli of both 

hydrogels demonstrate an exponential increase. Due to the incorporation of chlorophyllin, 
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the PAAm-PAAc Ch IPN hydrogel has a higher and more rapidly increasing modulus than 

the PAAm-PAAm IPN hydrogel as expected from the previous stress-strain comparison. 

Over the rise of the compression strain from 10% to 60%, the modulus of PAAm-PAAc 

Ch IPN significantly increases from 0.05 MPa to 0.67 MPa. When the applied strain is at 

a low level, the hydrogels display lower moduli because of the large amount of free water 

content contained in highly three-dimensional porous structures in the network. At a high 

strain level, a strain-hardening effect on the hydrogels become more pronounced due to the 

release of free water from the hydrogel and the intensified physical entanglement from the 

re-orientation of the polymer network [310,319]. The effect of strain rate on the responding 

mechanical property of the PAAm-PAAc Ch IPN hydrogel is also studied. As shown in 

Figure 4.4.2.3 (c), the stress-strain curves can be clearly differentiated by three different 

stain rates of 0.5 mm/min, 0.05 mm/min, and 0.005 mm/min. At a given strain, the stress 

under a faster strain rate is found to be larger than a slower strain rate. This phenomenon 

is due to the fact that under a faster strain rate less relaxation is allowed to occur in the 

polymer network and thus a faster increasing stress takes place to respond the strain.  
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Figure 4.4.2.3. Comparison of compressive analysis: (a) stress-strain curves of PAAm-

PAAc IPN and PAAm-PAAc Ch IPN hydrogels obtained by Instron showing further 

mechanical enhancement after incorporating chlorophyllin. (b) calculated compressive 

tangent moduli of PAAm-PAAc IPN and PAAm-PAAc Ch IPN hydrogels with respect to 

strain ratio from 10% to 60% with an interval of 10%. (c) The effect of different strain rates 

on PAAm-PAAc Ch IPN hydrogel. 

 

Figure 4.4.2.4 demonstrates the visible-light responsiveness of PAAm-PAAc Ch 

IPN hydrogel. The visible-light that comes from the LED lamp of a commercial projector 

(Epson) is used to mimic the illumination of the display screen from commonly used 

electronic devices, and white light is selected to maximize the optical output from the 

region of visible-light. All the light responsiveness tests were performed with the light 

intensity at 42.5 mW cm-2, which was measured at the height of the upper water surface. 

Upon the irradiation of the incident visible-light, PAAm-PAAc Ch IPN hydrogel responds 



 124 

with a swelling weight increase of 18.3 ± 3.0 % and 20.8 ± 4.5 %, after 2 minutes and 10 

minutes of exposure, respectively. This trend can be explained through local heat effect 

which is caused by the light-heat conversion by chlorophyllin to equilibrate.  Additionally, 

a more thorough diffusion process for water to transport from solution to polymer network 

will enhance the swelling weight increase of chlorophyllin-containing hydrogel. PAAm-

PAAc IPN hydrogel as control shows negligible responsiveness to visible light in despite 

of the exposure time, which is expected due to the inert nature PAAm-PAAc IPN hydrogel 

towards the stimulus without chlorphyllin converting light to heat. Due to that the intensity 

of light irradiation from the projector was not sufficient to raise up the water temperature, 

the media remained at room temperature throughout each test.   

 

 

 

Figure 4.4.2.4. The visible-light responsiveness of PAAm-PAAc Ch IPN hydrogel in 

terms of swelling weight increase with respect to exposure time (0, 2, and 10 minute). 
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CHAPTER 

5. SUMMARY AND PROPOSED WORK 

5.1 Summary  

In summary, we have elucidated the utilization of tailoring molecular interactions 

to design multifunctional soft materials with desired properties in two directions, IL-based 

mixtures and interpenetrating polymeric network systems, for developing low-temperature 

electrolytes and environmentally responsive hydrogels, respectively.  

First, our work covers two different approaches including aqueous and non-

aqueous systems. The first approach is focused on an aqueous dual IL system of 

[BMIM][I]/[EA][N]/water/LiI mixtures. We demonstrate that with careful considerations 

of molecular interactions, the designed IL based electrolyte system can obtain tailored 

thermal and transport properties for applications at extremely low temperatures. In the 

developed electrolyte system, we discover that water and [EA][N] can both potentially 

interact with iodide via hydrogen bonding, as both components are hydrogen bond donors 

and can construct donor-acceptor networks. As the result, in contrast to 

[BMIM][I]/water/LiI 5/90/5 formulation which showed a low Tg, but accompanied with 

undesirable thermal transitions, the incorporation of [EA][N] at a designed concentration 

was able to effectively prevent the crystallization within the mixture and successfully 

sustain Tg of the solution below –107 °C. Furthermore, significant improvements in 

transport properties of the electrolyte systems were observed, and the evolution of 

properties with respect to decreasing temperatures followed the VFT behavior well. In 

particular, the ionic conductivity and the viscosity of ionic liquid-based electrolyte were 

reported for the first time below – 70 °C. The formulation [BMIM][I]/[EA][N]/water/LiI-
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5/35/55/5 showed the highest conductivity at low temperatures as well as the most desirable 

thermal properties and was therefore proposed as the best electrolyte candidate. The 

Walden plot analysis revealed an improved ionicity of the developed electrolyte system, 

which was comparable with other reported good ionic liquids. The electrochemical stability 

of such formulation was also confirmed within the identified electrochemical window 

between –0.6 V and 0.4 V. By controlling the proposed potential range properly, targeted 

iodide/triiodide redox reactions were activated successfully and steadily, without 

electrochemical reactions of other present species in the system.  

The second approach take advantages of organic solvents, including GBL, PC, and 

BuCN, instead of water, to further extend the physical limits of low-temperature electrolyte 

materials. By incorporating PC and GBL with [BMIM][I] at an optimal ratio, the designed 

intermolecular interactions via hydrogen bonding between the carbonyl groups of the 

organic solvents and the imidazolium cations of the IL, which were confirmed via FTIR 

and 1H NMR, successfully modified and optimized the properties of the electrolytes. 

Consequently, formulation [BMIM][I]/PC/GBL/LiI – 5/20/70/5 showcased remarkable 

improvement in thermal property with an extended liquidus range down to -120 °C. 

Furthermore, it also possessed the highest fluidity over a wide temperature range from 25 

to 75 C among the tested formulations, leading to the highest ionic conductivity at 

temperatures lower than -70 °C based on the predictions from the VFT fitting. Besides the 

combination of GBL and PC, the incorporation of BuCN with [BMIM][I] is also explored. 

The physicochemical properties of BuCN and [BMIM][I] mixtures are experimentally 

studied over a wide range of concentrations, and the underlying intermolecular interactions 

between BuCN and [BMIM][I] are also examined by FTIR and Raman spectroscopy in 
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correspondence to their macroscopic behaviors. The results from this first direction of the 

work will not only directly support MET sensing technology in planetary exploration but 

also inspire new insights to develop IL-based electrolyte materials for other low-

temperature applications.  

Second, we focus on the soft polymer materials to develop an environmentally 

responsive hydrogel via interpenetrating polymer network. The synthesized composite 

hydrogel exhibits the following features: enhanced mechanical property, upper critical 

solution temperature (UCST) swelling behavior, and promising visible-light 

responsiveness. The formation of the interpenetrating network between the pair of selected 

polymeric networks, PAAm and PAAc, was experimentally confirmed by the observation 

of an UCST swelling behavior and the occurrence of a new Tg in between the Tg values 

of pure PAAm and PAAc single network. By forming the interpenetrated network, the 

mechanical properties of PAAm-PAAc IPN hydrogels were significantly improved 

compared to those made of the single network of each polymer. The visible-light 

responsiveness of the synthesized hydrogel also demonstrated a positive swelling behavior, 

and the effect of incorporating chlorophyllin as the chromophore unit was observed to 

reduce the average pore sizes and further enhance the mechanical properties of the hydrogel. 

This interpenetrating network system showed a new potential to not only overcome the 

aforementioned challenges in developing “smart” hydrogels but also explore a new route 

of using visible light as a simple, inexpensive, and remotely controllable stimulus. 
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5.2 Proposed Future Work  

5.2.1 Low-temperature Sensing Performance of MET Seismometer 

We have demonstrated the capability of performing earthquake detections on MET 

seismometer at room temperature using our developed electrolyte formulation of 

[BMIM][I]/[EA][N]/water/LiI-10/25/60/5. Two other electrolyte systems, 

[BMIM][I]/GBL/PC/LiI and [BMIM][I]/BuCN/LiI have also shown even stronger low-

temperature sensing potentials with their promising thermal and transport profiles. In order 

to further meet the mission requirements for planetary seismic sensing, low-temperature 

sensor performance measurements, including both sensitivity calibration and pier testing, 

are highly desired. When conducting low-temperature experiments, one of the predictable 

challenges is to provide a precise environmental control for the testing apparatus. While 

liquid nitrogen, dry-ice, and their mixtures with various organic solvents are immediate 

options as a cooling source with some room of temperature tunability for specimens with 

small sizes, not only the large volume required for cooling and sustaining the entire testing 

setup at a very low temperature but also the addition noise sources that could be brought 

by the environmental control processes are both needed to be taken into considerations. In 

addition, when the temperature decreases, it is expected that the ion mobility in the 

electrolytes will decrease. This inevitable trend from materials will lead an overall 

performance compromise at the device level, for example, a reduced sensitivity and a 

weakened noise tolerance. Therefore, one of future works should be emphasized on the 

maturation of the MET technology, including the following aspects: (a) further understand 

and quantify the correlation from the key physical properties from both materials and 

hardware design (e.g., electrolyte viscosity, applied potential, dimensions of electrode 
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channels, position of PDMS diaphragms, etc.) to the final outcome of sensor performances, 

providing fundamental insights for device optimization; (b) improve and standardize the 

fabrication processes of key sensor components, increasing fabrication and testing 

reproducibility; (3) potential field testing under environmental and geographical conditions 

that mimics the target planetary destinations and flight qualifications, upgrading the 

technology readiness level for a MET-based seismometers.  

 

5.2.2 Explorations of Integrating ILs and Polymeric Materials 

We have demonstrated that the versatile functionalities from the “smart” responsive 

transitions of the environmentally responsive hydrogels and the remarkable conductive and 

thermally stable characteristics of the ILs. Although both of those two classes show strong 

potential for various applications, their applicability is still limited in practical situations 

by the intrinsic material properties. For example, one of the fatal drawbacks for using ionic 

liquids as electrolytes is leakage related issues in energy storage devices due to the 

disadvantage of its liquid nature, which is the concern not only for ILs-based electrolytes 

but also other organic electrolytes. On the other hand, hydrogels are soft with large water 

volume contained in the network of polymer chains, so they lack good mechanical strength 

and not thermally resilient to environments with large temperature fluctuations. From a 

material design perspective, it will be very attractive if we could combine the advantageous 

properties from both of ILs and polymeric materials to expand the boundaries for 

developing advanced multifunctional soft materials. Thus, I proposed two following 

directions of integrating ILs and polymeric materials.  
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The first direction is through development of IPN between poly(ionic liquids) (PILs) 

and Poly(N-isopropylacrylamide) to achieve environmentally responsive conductivity, 

mechanical flexibility, and thermal stability in one system. PILs can be viewed as a 

subclass of polyelectrolytes that contain at least one of the ions from ionic liquid as the 

repeating units of the polymer chains [320,321]. PILs naturally inherit almost all the 

superior features of ionic liquids. In addition, PILs also have macromolecular properties, 

including flexible mechanical architecture and tunable functions, by designing the polymer 

backbone and the outer ions. In recent years, PILs based gels have drawn significant 

interest due to their broad applications in flexible electronics, such as wearable electronics, 

roll-up mobile devices and displays, and implantable biosensors [322]. As an alternative to 

traditional polyelectrolytes, PILs have not only a higher ionic conductivity but also a better 

thermal and electrochemical stability. These properties allow PILs to serve as flexible 

scaffold that allows the charged counter-ions to transport along the polymer chains within 

the solid matrix and also provides the physical barrier between electrodes to prevent short 

circuits between two electrodes. 

Despite the encouraging research progresses in both polymerized ionic liquids and 

environmentally responsive hydrogels, the integration between those two classes of 

materials has not been explored. In order fully exploit their unique advantages, we propose 

a hybrid environmentally responsive PIL-polymer hydrogel using poly(1-Butyl-3-

vinylimidazolium bis(trifluoromethylsulfonyl)imide) (poly[BVIM][TFSI]) and poly(N-

isopropylacrylamide) (PNIPAAm) via interpenetrating polymer network (IPN) for “smart” 

soft electrolyte. The designed the IPN poly[BVIM][TFSI]-PNIPAAm gel will consist of 

two phases. The first phase of the proposed IPN gel is a temperature responsive hydrogel 
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that is comprised of crosslinked PNIPAAm network, and the synthesis will follow a similar 

procedure that has been illustrated in a previous work by our group [323]. After synthesis, 

the PNIPAAm hydrogel will be rinsed and dried for the use of next step. Then second phase 

of the IPN gel will be prepared within the first phase of the IPN gel by soaking the dried 

PNIPAAm gel in the precursor solution of [BVIM][TFSI] monomers and other suitable 

reaction reagents, allowing the free radical polymerization to proceed at either an elevated 

temperature or under UV exposure. Figure 5.2.2.1 illustrates the synthesis of 

vinylimidazolium based ionic liquids via free radical polymerization at elevated 

temperature using azobisisobutyronitrile (AIBN) as the initiator in the media of 

dimethylformamide [321].  

 

 

 

Figure 5.2.2.1. Polymerization reaction of (1-vinylimidazolium) based ionic liquids via 

free radical polymerization using AIBN as the initiator in the media of dimethylformamide 

(adapted from Ref [321]). In the case of the proposed synthesis, anion A- is 

bis(trifluoromethylsulfonyl)imide and pendant group R is a butyl functional group. 
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In such a design, the thermal responsiveness of IPN poly[BVIM][TFSI]-PNIPAAm 

gel will facilitate switchable conductivities of the material between on and off (or high and 

low) states via its volume transition. Upon change of the environmental temperature, 

PNIPAAm network will undergo volume transitions following its lower critical solution 

temperature (LCST) behavior. When the PNIPAAm network exhibits shrinking at above 

its LCST, the overall network of the IPN gel will contract with reduced pore sizes, which 

can decrease the mobility of the ions along the second PIL network and thus hinder the 

charge transport. In contrast, the expansion of the PNIPAAm network from reswelling 

below the LCST will drive the volume increase of the IPN gel, enlarging the pore sizes to 

boost the transport of charged ions. Such a dynamic phenomenon at the molecular level 

can be simultaneously translated into a change in the bulk property of the material with a 

conductivity drop. Reversely, when the PNIPAAm network expands, the transport of ions 

will be enhanced due to increased transport of ions within the enlarged pore sizes of the 

overall network and a boost of conductivity is expected. This “smart” gel with switchable 

conductivity has potential to be applied for wearable sensors and flexible electronics. 

Moreover, some recent studies have shown that the mechanical enhancement of PILs can 

also be achieved by the ionic bonding/interactions between the organic cations and the 

anions in ionic liquids as well as the structural properties of counterions and the side-chain 

ions [324,325], but the enhancing mechanism was vaguely descripted in those studies 

lacking a systematic understanding. The development of a PIL-based tough and 

multifunctional soft gel can be another sub-task under this proposed direction to not only 

deliver a practical trait of the material for its potential applications but also a deeper 

understanding of the mechanical behaviors on PILs.  
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Several characterization methods will be utilized to confirm the synthesis and 

quantitatively analyze the core properties of the proposed “smart” IPN poly[BVIM][TFSI]-

PNIPAAm gel. Differential scanning calorimetry (DSC) will help us verify the 

interpenetrating network formation by detecting Tg of the prepared IPN gel sample and 

comparing to Tg of the individual PNIAAm and poly[BVIM][TFSI] phase. If the 

interpenetrating network formation is successful, a single Tg will be expected because of 

the close interaction and the entanglment between both of the polymer networks so that 

each individual network cannot thermally express themselves independently. Otherwise, 

two different Tg values will be observed due to a phase separated system. Swelling test will 

be performed at various temperatures to reveal the degree of the volume transition of the 

IPN gel, where the additionally incorporated poly[BVIM][TFSI] network could alter the 

LCST behavior of PNIPAAm in terms of the transition temperature and the degree of 

swelling. Electrochemical impedance spectroscopy (EIS) will be used to measure the 

conductivities of the poly[BVIM][TFSI]-PNIPAAm IPN gel with respect to temperature, 

capturing the response in conductivity of the system that is driven by the volume transition. 

Since the ionic conductivity of PILs in general can also be temperature dependent, three 

potential sets of control experiments will be conducted to further differentiate the effects 

from temperature change and volume transition, including the conductivity measurements 

of neat PNIPAAm in DI water, PNIPAAm in [BVIM][TFSI] (soaking after drying), and 

neat poly[BVIM][TFSI] gel. On the other hand, compressive tests by Instron E3000 will 

provide insights to disclose the evolvement of the mechanical properties from the 

individual gel networks to the interpenetrated network.  
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Potential challenges that could also be associated with the exploration of the 

integration between PILs and environmentally responsive hydrogel are also summarized 

as follow. A non-aqueous media is more favored for the synthesis of poly[BVIM][TFSI], 

whereas the LCST behavior of PNIPAAm is typically associated with an aqueous 

environment. Although the thermal transition of PNIPAAm has been studied with various 

solvent systems other than pure water, even including ionic liquids and ionic liquid-water 

mixtures [326–329], the swelling behavior of the first phase PNIPAAm can still deviate 

from its most expected characteristics to an unknown extent in the soaking process prior to 

the polymerization of [BVIM][TFSI] monomers as well as in any thermal process to induce 

the responsive transition of the IPN gel after the overall preparation. It would be very 

interesting to investigate how phase transitions and responsive properties can be modified 

by non-aqueous solvent systems and the formation of IPN network with polymerized ionic 

liquids. The proposed work will offer not only a new route to integrate functional materials 

across different classes for practical applications but also a very beneficial approach to 

fundamentally understand the ionic conduction process within a thermally responsive 

polymeric network that can change the dimension of its porous structures.  

The second direction is to utilize imidazolium based ILs as crosslinking agents to 

develop conductive composites. Epoxies are extensively applied as a versatile material in 

part due to their wide applications from composites to adhesives and coatings. However, 

while traditional epoxies may excel in properties such as thermal stability, toughness, and 

scratch resistance, a notable weakness of epoxies lies in its conductivity. Recent work has 

shown that opposed to a traditional amine-based hardener for curing of an epoxy matrix, 

ionic liquids can also serve as a hardener substitute with its own unique crosslinking 
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mechanism [330–332]. Of the many available ionic liquids, the two most notable 

classifications capable of forming such a crosslink are the imidazolium and phosphonium 

based ionic liquids. Due to the catalytic anionic nature of imidazolium and phosphonium 

moieties present in ionic liquids, high crosslink density can be achieved with relatively low 

loading [331,333]. In addition, the ionic conductive properties of ionic liquids allow for 

some of these properties to be inherited by the cured epoxy/IL system. Current solid-state 

electrolytes generally rely on highly conductive crystalline/ceramic materials or 

electrolyte-doped soft gel polymers, and common issues found with these solid electrolytes 

are their mechanical properties as well as electrochemical and thermal stability [334]. The 

development of a thermally and electrochemically stable solid electrolyte with high 

toughness would be revolutionary to current solid electrolyte technology.  

Since the idea to employ ionic liquids as crosslinkers within an epoxy matrix is still 

in its infancy, much work regarding exploring different types of ionic liquids as well as 

fully understanding their capabilities as crosslinkers and conductivity enhancers is limited.  

Most of the existing work has been pioneered by Soares et al [335,336], who have 

experimented with several types of imidazolium and phosphonium ionic liquids in 

diglycidyl ether of bisphenol A (DGEBPA)/Jeffamine epoxy systems. These Epoxy/IL 

systems show a large improvement in both thermal and mechanical properties over 

Epoxy/DETA systems with relatively low loading of IL 2.5-20 parts per hundred resin). 

While the thermal and mechanical performance of these epoxy using IL crosslinkers were 

not as high as epoxies with Jeffamine D230 and MCDEA crosslinkers, it has been found 

that as a general trend ionic conductivity increases at higher frequencies and temperature, 

especially above the Tg of the system.  This is most likely due to increased flexibility of 
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the crosslinks above Tg, allowing ions to more freely move throughout the system. 

However, these studies have only scratched the surface of comprehending how the ionic 

conductivities of these systems behave.  The ionic liquids used in these studies are reported 

to have relatively low conductivity between 2 and 8 mS/cm [330–333,335,336], compared 

to that of other ionic liquids commercially available. For example, 1-ethyl-3-

methylimidazolium dicyanamide, [EMIM][DCA], has a high ionic conductivity of 27 

mS/cm [337], much higher than the ionic liquids used in the above study. Additionally, no 

study has been done on the electrochemical stability changes due to incorporation of these 

ILs in an epoxy matrix. A better understanding of how the electrochemical stability of these 

solid epoxy electrolytes changes with respect to crosslink density and type of ionic liquids 

could also provide new contribution to breakthroughs regarding electrochemical stability 

issues with current solid-state electrolytes. 

The proposed work of this section will be focused on a systematic investigation of 

epoxy with ionic liquid based crosslinkers with the following objective in two folds. First, 

an epoxy-ionic liquid system will be synthesized to improve the ionic conductivity. Second, 

the chain length, functionality, and the weight loading of the ionic liquids on the 

electrochemical stability will be studied and examined to develop a better understanding 

of the chemistry as well as the interplay between the structures and the material properties. 

We will synthesize an Epoxy/IL system by crosslinking imidazolium and/or phosphonium 

cation with diglycidyl ether bisphenol F, a constituent resin monomer that is widely used 

in epoxy based thermosetting products. Ionic Liquids considered for use in this crosslinking 

mechanism include triethyl(2-ethoxymethyl)phosphonium bis(fluorosulfonyl)amide, 

[P222(101)][FSA], and 1-ethyl-3-methylimidazolium dicyanamide [EMIM][DCA].  While 
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phosphonium-based ionic liquids may not offer as high of conductivity as imidazolium, 

they do offer increased mechanical properties of the resulting crosslinked epoxy [332,333]. 

The ionic liquid [P222(101)][FSA] offers excellent conductivity from the phosphonium 

category, which can offer vital insight into controlling the ionic conductivity in epoxy/IL 

systems. As stated previously, [EMIM][DCA] offers one of the highest ionic conductivity 

in ILs commercially available at 27 mS/cm but lacks the electrochemical stability that 

phosphonium ILs offer. The crosslinking of the unconjugated, insulating epoxy resin 

backbone with the imidazolium ring may help localize the charge, allowing for increased 

charge stability and increasing the electrochemical stability window. Figure 5.2.3.1 shows 

a schematic of the chemical crosslinking between the imidazolium ring and epoxide groups 

found on the epoxy resin. It has been found that both the imidazolium and phosphonium 

groups can actively form covalent bonds with epoxide groups at temperatures above 150 °C. 

Soares et al contributes this reaction mechanism at high heat to the decomposition of the 

initial imidazolium-based ionic liquid [336]. Above certain temperatures, the imidazolium 

ionic liquid decomposes into an imidazolium ring (pictured in Stage 1 of Figure 5.2.3.1) 

and small hydrocarbon chains dependent on the initial ionic liquid. The imidazole ring can 

then freely react with the epoxide ring of an epoxy resin molecule on each nitrogen in the 

imidazole ring. This serves to isolate the charge of the imidazole ring within the epoxy 

matrix, which may lead to increased electrochemical stability. Epoxy/IL systems 

containing [P222(101)][FSA] and [EMIM][DCA] will then be cured at various stages from 

150 °C – 200 °C until the system is fully crosslinked. After fully curing, the epoxy/IL 

system will be characterized via mechanical properties, thermal properties, and ionic 

conductivity.  In addition, targeted additional functionalities could be characterized such 
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depending on the type of ionic liquid chosen. Previous epoxy/IL systems using 

imidazolium based ILs reported glass transition temperatures ranging from 84 – 150 °C 

and tensile strengths ranging from 22 – 44 MPa depending on concentration and chain 

length [338].  

 

 

Figure 5.2.3.1. Mechanism for curing of epoxy resin by an imidazolium cation (adapted 

from [336]). 

 

As stated previously, studies done by Soares et al discovered that the ionic 

conductivity could be increased with the addition of more ionic liquid per resin in their 

synthesized epoxy/IL systems, with a notable increase in ionic conductivity above 20 parts 

per hundred resin [335,336]. However, the ionic conductivity of the ionic liquids used in 

their systems was relatively low. We hypothesize that the ionic conductivity of the resulting 

epoxy/IL system may be improved with the use of ionic liquids with higher conductivity. 
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For example, the [EMIM] cation provides excellent conductivity, and the anion can be 

altered to examine effects of anion types on the resulting conductivity. Recently, 

[EMIM][DCA]/Epoxy systems have been reported by Maka et al as having exceptionally 

high Tg, thermal stability, and storage moduli [338]. However, their conductivity 

measurements only consisted of electrical conductivity, as they did not examine ionic 

conductivity at all.  Epoxy/IL systems will be prepared with various combinations of 

cations and anions as well as weight loadings of ionic liquid to maximize the ionic 

conductivity as well as the thermal and mechanical performance. For ionic liquids 

containing the [EMIM] cation, anions such as dicyanamide [DCA], thiocyanate [SCN], 

tetrafluoroborate [BF4], and trifluoromethylsulfonate [OTf] all offer excellent conductivity 

and are worth examining for their electrochemical, thermal, and mechanical effects on the 

resulting epoxy/IL systems.   

Ionic conductivity will be measured via two separate methods for our proposed 

electrolytes: electrochemical impedance spectroscopy (EIS) and dielectric spectroscopy. 

As previously demonstrated, EIS is a very powerful tool when examining electrical 

properties of electrolytes in both solid and liquid phase. In a typical complex impedance 

plot, the intercept of the impedance semicircle with the real impedance axis (Z’) gives the 

value of the bulk resistance (Rb). From this bulk resistance value, the ionic conductivity of 

the electrolyte can then be calculated via the equation, =L/(RbA), where σ is the ionic 

conductivity in S/cm, L is the film thickness, and A is the area of the electrode [339]. 

Dielectric spectroscopy is another alternative to EIS that can provide additional 

information on relevant properties in addition to ionic conductivity, such as permittivity 

and dielectric modulus. Measurements involve placing a sample between two parallel plate 
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capacitors and controlling both temperature and frequency.  By subjecting this capacitor 

and electrolyte to an AC current, permittivity (both real, ε’, and imaginary, ε”) can be 

measured from total relaxation time of ions between the parallel plates with respect to 

scanning AC frequency (ω). Based on this dielectric constant profile, the conductivity can 

be obtained from the imaginary component of the permittivity, ε”, via the known 

relationship ε”(ω)dc = σdc/(ε0ω) [340], where ε0 is the permittivity in free space and ω is the 

angular frequency, ω=2πν. Lastly, mechanical properties will also be examined via in 

house analytical equipment.  Glass transition temperature will be measured using a TA 

Instruments Q20 differential scanning calorimetry (DSC), glass transition 

temperature/moduli/crosslink density using dynamic mechanical analyzer (DMA), and 

Young’s modulus/yield point via an Instron E3000.  

While the ionic conductivity of the Epoxy/IL systems reported in literature have 

been examined with respect to temperature and frequency dependence, none have 

examined the electrochemical stability of these new materials. We propose to examine the 

effects of incorporation of the ionic liquid as an epoxy hardener on the electrochemical 

stability window (ESW) of these systems. Several systems with differing types of ionic 

liquid crosslinkers as describe in previous sections will be measured.  It is anticipated that 

the polymer backbone of the epoxy resin will provide much needed stability due to its 

natural insulating properties and ability to localize charge on the ionic liquid cation group. 

However, too low of a concentration of ionic liquid crosslinker could cause for too weak 

of a signal, leading to a poor electrolyte.  Therefore, it is important to find an optimal 

loading as well as optimal ionic liquid that provides good mechanical and thermal 

properties, while also providing sufficient electrochemical stability to be used in common 
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solid electrolyte applications. While electrochemical stability can be measured several 

ways, the most notable of these methods is through cyclic voltammetry. It is important to 

note that cyclic voltammetry does not measure the long-term effects on the stability of the 

electrolyte, only the potential window for electrolyte operation. One particular mode of 

cyclic voltammetry, Linear Sweep Voltammetry (LSV), can be performed to observe the 

effects of voltage applied on the direction of the current. From this plot, the electrochemical 

stability window (ESW) can be determined by the region of the LSV plot which no 

reduction or oxidation occurs. Typical electrolytes for current lithium ion batteries target 

voltage windows of approximately 4-5 V [340]. However, no group has currently reported 

the ESW of epoxy/IL systems. It is hypothesized that the unconjugated epoxy resin 

backbone will help stabilize the electrochemical properties of the electrolyte and prevent 

voltage window loss over multiple cycles. It is well documented that conjugation within a 

charged ionic liquid cation decreases the electrochemical stability window due to 

resonance and charge delocalization [341]. The unconjugated backbone of an epoxy resin 

bonding with a phosphonium or imidazolium cation allows for the charge to be localized, 

increasing the electrochemical stability window. Another important factor to examine with 

respect to electrochemical stability is the cation-anion pairing of the ionic liquid.  For 

example, while the [EMIM][DCA] ionic liquid may offer high conductivity, it lacks 

electrochemical stability. One approach to improve the electrochemical stability is by 

altering the anion associated with the [EMIM] cation.  While this may sacrifice some of 

the conductivity offered, the stability benefits may outweigh the loss of the [DCA] anion.  

Some studies report the ability of ionic liquid anions such as 

bis(trifluoromethylsulfonyl)imide (TFSI) expand the electrochemical stability window 
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(ESW) of polymer electrolyte systems [342].  IL crosslinkers such as [EMIM][TFSI] and 

its effect on the ESW of the epoxy/IL electrolyte will be compared to the other ILs such as 

[EMIM][DCA] and [P222(101)][FSA] with high conductivity.  
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APPENDIX A 

GRAFTED CINNAMOYL-BASED MECHANOPHORES FOR SELF-SENSING AND 

PHOTOCHEMICAL HEALING CAPABILITIES IN EPOXY 
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Introduction 

As polymeric materials prevail in numerous structural applications, stimuli 

responsive polymeric materials have become a large focus of materials development and 

research in recent decades. The nature of such responsive materials can be suited to the 

needs of their applications with various formats of property transitions, such as volume, 

heat, conductivity, fluorescence, and phosphorescence, and a variety of stimuli have been 

effectively utilized from light, temperature, pH, redox potential, and force.1-9 Among 

different stimuli, an external or applied mechanical force can activate a reaction within 

certain moieties, often called ‘mechanophores,’ to induce bond breakage.10 These 

mechanophores have been incorporated in thermoplastics, crosslinked polymers, and block 

copolymers and used to study the mechanical responsiveness under stress at the molecular 

level by detecting chain breakage within these polymer networks.11-13 There are two main 

routes to tailor polymeric materials and composites for stress-responsiveness utilizing 

mechanophores: incorporating of stimuli responsive additives and creating mechanophore 

stress-responsiveness intrinsic properties of the polymer itself. This polymer with intrinsic 

mechanophore properties can be created through covalently grafting a stimuli responsive 

moiety into the backbone of a polymer chain or matrix.14-22  

While mechanophores have proven their ability to respond to a stress, there are also 

drawbacks to their incorporation as particulate additives. For example, when dianthracene 

9-carboxylic acid (DiAC) mechanophore particles were blended in a polyurethane network, 

the glass transition temperature (Tg) of the composite material was decreased by 16 °C and 

the crosslinking density was halved, resulting in a 30% decrease in Young’s modulus and 

yield strength.23 In order to overcome the thermal and mechanical property loss, a solution 
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that can maintain the structural integrity of the polymer is needed. More recently, a shift 

towards chemical grafting of these mechanophores into the backbone of a thermoset matrix 

has shown a moderate success in achieving similar stress-responsive properties while 

limiting this property loss. Moore et al. examined the process of chemically incorporating 

colorless spiropyran molecules into the linear backbone of a poly(methyl acrylate) (PMA) 

thermoset, where an electrocyclic ring-opening reaction took place to form a red-colored 

merocyanine when straining the sample to large strains under tensile loading.7 However, 

this color-change as a form of signal for damage detection was not generated until after 

significant and permanent mechanical damage had been applied. Nofen et. al. demonstrated 

that cinnamamide moieties can react with epoxide groups on an epoxy resin to form a 

hybrid (or grafted) resin unit with force-responsive properties.24 However, glass transitions 

decreased by approximately 6 oC when compared to neat epoxy, as well as a drop in 

Young’s modulus and yield strain by approximately 0.32 GPa (14.5%) and 18.17 MPa 

(19%), respectively. Although those progresses can be considered a critical step in the right 

direction for use of these materials in structural applications without compromising the 

majority of their performance, it is also highly desirable to actively prevent the subsequent 

failure of the materials after an early strain is detected.  

Studies have shown that mechanophores can be incorporated in the backbone of 

linear polymers to provide signal detection in the presence of mechanical force.25, 26 For 

example, a study undergone by Davis et al. examined the process in which colorless 

spiropyran undergoes a ring-opening reaction when applied with a tensile force to form a 

red-colored merocyanine.19  In this study, spiropyran molecules were chemically bonded 

into the linear backbone of a poly(methyl acrylate) (PMA) thermoset. After straining the 
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sample to large strains under tensile loading, the spiropyran grafted into the backbone of 

the PMA underwent electrocyclic ring opening to form a red-colored merocyanine. 

However, this color-change as a form of signal for damage detection was not generated 

until after significant and permanent mechanical damage had been applied. This force-

sensitive bond formed by the reversible dimerization in the cinnamoyl or anthracene 

moieties can be dimerized using ultraviolet light to form a reversible force-sensitive and 

highly strained bond that can be severed by the external application of a mechanical force.14, 

27-28 When severed, these bonds become fluorescent with an emission at 500-550 nm and 

365-415 nm, respectively. This fluorescence enables the ability to generate signals within 

the material. It is also suggested that the fluorescent response intensity within the region of 

6% to 15% strain seems to be linear with respect to the applied strain on the sample.14, 29 

Previous work has incorporated cinnamoyl groups into an epoxy thermoset by mixing 

1,1,1-tris(cinnamoyloxymethyl) ethane (TCE).14 In addition, the anthracene moiety has 

been applied using dimeric anthracene carboxylic acid (DiAC) as a mechanophore particle 

distributed throughout an epoxy matrix.23 These samples each underwent compressive 

forces with varying strains and mechanophore loadings to examine the signal generation 

abilities of the embedded mechanophore. DiAC samples were capable of generating stress-

response signal as early as 4% strain, while TCE samples generated signals at 

approximately 6% strain.1, 23  

Mechanophores include various types of mechanisms for activation among 

different subgroups.21 For instance, hemolytic and heterolytic cleavage take place when 

simple dissociation of weak bonds occurs.21 Dative bond scission typically happens when 

selective and specialized weak bonds with inorganic intermediates are severed.21 
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Electrocyclic ring opening can also arise when ring opening occurs without separation into 

multiple molecules.21 Lastly, cycloreversion is the process in which ring opening creates 

two separate molecular structures.21 In addition to different mechanisms for activation, the 

mechanical loading that is applied to the mechanophores is also very important in its 

activation. Compression, tension, shear, impact, and any potential combination of these 

types of damage directly correlate to the amount of energy directed towards the specific 

mechanically active bond. For example, a mechanophore that responds well to a 

compressive force may not activate well in a tensile loading environment, as it is likely any 

signal observed within the experiment would be due to the perpendicular compressive force 

during necking. Additionally, packing and chain orientation on a molecular level is also 

important for energy to be transferred properly to the correct bonds. Mechanophores 

incorporated into backbone of a linear polymer rely heavily on the tensile strain applied to 

the ends of the polymer chain.19 While load direction may not be entirely important in 

amorphous polymers, crystalline regions containing mechanophore would show little to no 

activation if applied perpendicular to the crystalline orientation. The types of signals 

generated from mechanophores can also be very broad depending on the chemistry and the 

requirement of specific applications, including mechanochromic reaction, fluorescence 

response, reactivity, conductivity, heat generation, and so on.30-34 For example, the 

benzocyclobutene mechanophore is relatively well known mechanophore which undergoes 

a ring opening reaction within its cyclobutene component, creating a conjugated reactive 

site.16,35 Such a reactive site has the unique advantage that it can be bonded by a free 

reactive group and therefore produces a chemical signal. Craig et al. has shown that a 

chemical crosslinker can be introduced to cause gelation upon the mechanophore activation 
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of benzocyclobutene.16,35  Mechanophores such as the cinnamoyl and anthracene group, 

which are fluorescent in their initial monomeric state, can undergo [2+2] and [4+4] 

cycloaddition, respectively, in the presence of UV light to yield a non-fluorescent, force-

responsive dimer. 

Grafting of reversible UV-curable mechanophores also opens up new 

functionalities for functional polymers containing anthracene and cinnamoyl groups which 

are capable, to some extent, of healing.36 Due to the proximity remained by the monomer 

pairs of the mechanophores after activation, they can be re-dimerized with UV light. 

However, their intrinsic photochemical healing capabilities are usually limited to soft 

polymers that generally consist of linear chains or flexible networks. Damage in thermosets 

must be small volume due to needing direct contact between active healing functional 

groups.37 Very little progress had been made with respect to photochemical healing of these 

mechanophores within a thermoset matrix such as epoxy. Coope et al. have shown that a 

reversible heating/cooling mechanism for a Diels-Alder process is capable of 

photochemical healing within an epoxy matrix, utilizing a Diels-Alder based crosslinker 

instead of the traditional amine-based hardener.38 Anthracene based mechanophores have 

shown similar behavior to these Diels-Alder crosslinkers.37 In addition, cinnamoyl groups 

incorporated in thermoplastic materials have shown similar healing behavior but rely on 

the flexibility of these polymer chains to promote functional group proximity and re-

dimerize.39 

In this work, we propose to graft the cinnamoyl mechanophore into the backbone 

of an epoxy matrix through a new approach of modifying a cinnamic acid molecule that 

not only improves mechanical properties but also allows for force-responsive properties 
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with amine hardener functionality. For the epoxy system used in this manuscript, 

diglycidylether of bisphenol F was chosen as the resin component, while 

diethylenetriamine (DETA) was chosen as the hardener (crosslinker), referred to in this 

paper as Hardener 1 or H1. The cinnamoyl mechanophore will be functionalized with 

DETA to produce a mechanophore functionalized hardener, referred to in this paper as 

Hardener 2 or H2. The anticipated results will be two-fold. First, this approach will not 

only limit the property loss from these cinnamoyl mechanophores but also improve upon 

their sensitivity to detect stresses compared to other cinnamoyl mechanophore approaches. 

Second, we demonstrate a feasibility study on the photochemical healing properties of the 

resulting matrix. Our results will provide a fundamental understanding of how 

mechanophores behave after chemical alteration as well as how these mechanophores can 

be applied to heal damaged thermoset materials under pre-failure conditions. 

 

Methodology 

Materials 

Cinnamic acid, dichloromethane, methylchloroformate, triethylamine (TEA), and 

tris(2-aminoethyl)amine (TAA) were used as received from Sigma-Aldrich. Epoxy resin 

FS-A23 (diglycidyl ether bisphenol F, DGEBPF) and epoxy hardener FS-B412 

(diethylenetriamine, DETA) were purchased from Epoxy Systems Inc. and used as 

received. 

Synthesis of N-[2-bis(2-aminoethyl)aminoethyl]cinnamamide  

Hardener (H2) grafting was achieved via bonding of the cinnamoyl group with a 

tris(2-aminoethyl)amine (TAA) molecule. To create the composite, the functionalized 
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hardener (H2) first needed to be synthesized separately. 7.408 grams of cinnamic acid, 14.0 

mL of triethylamine, and 40 mL of dichloromethane were added into a round bottom flask 

and put in an ice bath under reflux. 7.7 mL of methyl chloroformate was added dropwise 

slowly to ensure no excess heat was generated during the addition process and let stir for 

2 hours. After completion, 15.0 mL of tris(2-aminoethyl)amine was added to the mixture 

dropwise slowly, as to not introduce too much precipitate into the reaction vessel at once. 

Once fully added, the mixture was allowed to set overnight (minimum 8 hours). The 

precipitate was filtered from the mixture and washed with dichloromethane twice before 

being set to dry in a vacuum oven. 

Synthesis of 10 wt% Functionalized Mechanophore Epoxy Composite 

Once dry, 0.92 g of solid H2 was added to 0.65 g of diethylenetriamine (DETA) 

and heated to 110 oC under mechanical stirring until a homogenous liquid mixture was 

formed. 3.43 g of DGEBPF was quickly added and stirred at 200 rpms for 2 mins before 

being poured into molds.  Samples were cured initially at 110 oC for 1 hour and 50 oC for 

at least 16 hours. After fully curing, samples were placed under a UV lamp and irradiated 

at 302 nm for 4 hours. 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 

Characterization of the functionalized composite was performed using Fourier 

Transform Infrared Spectroscopy (FTIR) under vacuum with a Bruker IFS 6v/S FTIR 

spectrometer and Pike Diamond Attenuated Total Reflectance (ATR) module. 

2.5 Differential Scanning Calorimetry 

Glass transition temperature (Tg) was measured via a Q20 Differential Scanning 

Calorimeter (DSC) with aluminum pans, nitrogen purge, and an empty pan as a reference. 
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The DSC procedure followed a standard heat/cool/heat method with initial heating to 70 

oC, cooling to -20 oC, and second heating to 120 oC at 10 oC min-1.   

Thermogravimetric Analysis 

Decomposition temperature (Td) was measured via a Q500 Thermogravimetric 

Analyzer (TGA) under nitrogen purge and aluminum pan. The heating profile consisted of 

a 10 oC min-1 ramp from 25 to 500 oC. The peak of the derivative weight profile was used 

to calculate Td. 

Dynamic Mechanical Analysis 

Storage modulus, loss modulus, and tan delta were measured via a Q800 TA 

Instruments Dynamic Mechanical Analyzer (DMA). A multi-frequency/strain method was 

used with a single cantilever clamp at a frequency of 1 Hz and 25 µm amplitude. The 

temperature profile consisted of a 5 oC min-1 ramp from 25 to 120 oC. Crosslink density 

was calculated using the theory of rubber elasticity.31 

Compression Testing and In-situ Fluorescence Measurements 

Compression tests were performed using a TestResources 800L Compression Test 

System at a rate of 1 mm per minute. Fluorescent images and video were taken in-situ with 

a Thorlabs DCU223 UV Camera. External noise was reduced with a bandpass filter (450 

± 20 nm) so that only the fluorescent emission was captured. The sample was excited using 

a Thorlabs M365LP1 UV Lamp with emission at 365 nm. Images taken during sample 

testing were plotted using an in-house MATLAB program to calculate the integrated 

density, or the sum of the intensity values for all pixels across an image. One image was 

captured per second, and this integrated density value was plotted as a function of strain 
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and used to compare fluorescent intensity differences between samples. Figure 1 shows a 

schematic of the load frame in conjunction with the UV camera and UV light source. 

 

Figure A1. Schematic for in-situ measurements of cinnamoyl grafted epoxy composites 

with a TestResources 800L Compression System, UV camera, and UV light source. 

 

Results and Discussion 

Confirmation of N-[2-bis(2-aminoethyl)aminoethyl]cinnamamide Synthesis 

Hardeners possess a strong effect on the mechanical and thermal properties of the 

resulting thermoset. The Tg for DGEBPF-based epoxies can be dramatically varied based 

on the hardener chosen. Therefore, the H2 grafted composites are expected to demonstrate 

very different behaviors when compared to neat epoxy. To begin this approach, the 

cinnamoyl mechanophore was first dimerized by UV irradiating cinnamic acid with 302 

nm light in a suspension of hexanes for 48 hours. As shown in Figure 2, the comparison of 

FTIR spectra between cinnamic acid and the resulting dimer, truxillic acid, confirmed the 

successful dimerization reaction, where the dominating adsorption peak consist of the C=O 

shifting from 1668 cm-1 to 1685 cm-1 due to the changes in conjugation of the molecule, as 

well as the disappearance of the trans C=C band at 1623 cm-1 due to the formation of the 

cyclobutane. 
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Figure A2. (Left) Chemical structure of cinnamic acid and resulting dimer, truxillic acid, 

after UV exposure for 48 hours. (Right) ATR-FTIR spectra results of initial cinnamic acid 

monomer and purified product truxillic acid after dimerization. 

 

 

Figure A3. i) Illustration of the hypothetical reaction mechanism to produce 

mechanophore functionalized hardener (H2) and cartoon of subsequent matrix. ii) FTIR 

spectra for synthesized mechanophore N-[2-bis(2aminoethyl)aminoethyl]cinnamide, 
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where notable peaks include (a) primary N-H vibrations at approximately 3300 cm-1, (b) 

amide C=O vibrations at 1652 cm-1, (c) cis C=C vibrations at 1620 cm-1, and (d) trans C=C 

vibrations at 1575 cm-1. 

 

In order to graft the mechanophore into the backbone of an epoxy matrix, a reactive 

site needs to be created on the mechanophore to allow bonding into the matrix. Due to ease 

of reactivity and relative strength of resulting matrices, amine-based hardeners were chosen 

as a suitable approach. Tris(2-aminoethyl)amine (TAA) was selected as the most optimal 

hardener due to its three sets of primary amines, allowing for increased incorporation of 

the grafted mechanophore into the epoxy matrix. DETA and m-phenylenediamine (mPD) 

are robust hardeners that are commercially available, but were ultimately not adequate due 

to limited amine reactivity and difficult curing conditions.40,41 After truxillic acid was 

successfully synthesized, a two-step substitution reaction was utilized to graft the hardener 

molecule tris(2-aminoethyl)amine to the mechanophore molecule with the proposed 

reaction mechanism illustrated in Figure A3 (i). First the creation of an anhydride leaving 

group on the cinnamoyl functionality was accomplished through addition of methyl 

chloroformate. Subsequently, the second step substituted this anhydride into an amide 

through the addition of an aliphatic amine functionality – in this particular case, TAA – to 

produce the desired product. Figure A3 (ii) shows the ATR-FTIR spectra of the synthesized 

H2, N-[2-bis(2-aminoethyl)aminoethyl]cinnamamide, at its force-activated, monomeric 

form. Notable functional group changes in this reaction are reflected by the disappearance 

of the carboxylic acid C=O peak at 1700 cm-1 from truxillic acid and amide C=O peaks at 

1652 cm-1, indicating the successful bonding of primary amines. To the best of the author’s 
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knowledge, this is the first time a mechanophore with amine-based hardener functional 

moieties has been synthesized for incorporation into an epoxy matrix. 

 

Effect of Functionalized Hardener (H2) on Thermal and Mechanical Properties 

After the new H2 was synthesized, a two-stage curing process was carried out to 

incorporate the hardener into an epoxy-based composite at 100 oC and 50 oC, respectively. 

Due to the relatively high melting point, approximately 95 oC, of the H2, the first step of 

curing consists of 100 oC for 1 hour in order to fully cure the functionalized mechanophore 

within the matrix. The second step, 50 oC for 16 hours, is to cure the H1 crosslinks and 

further increase the degree of crosslinking throughout the entire matrix. The effect of 

incorporating the H2 on the properties of the composite were studied by mechanical and 

thermal characterization methods. Figure A4 shows the comparison of the stress-strain 

curve between neat and 10 wt% functionalized epoxies, where Young’s modulus and yield 

stress were manually calculated from the linear slope of the elastic deformation region and 

peak of the curve. It is noticeable that there was an increase of approximately 15 oC in Tg 

after incorporation of mechanophores as well as an improvement in both Young’s modulus 

and yield stress under compression loading. Figure A5 shows the comparison between neat 

and 10 wt% functionalized epoxies Tg when measured by DSC. Tg values were calculated 

using a 5-point step transition analysis with TA instrument software. A rather significant 

increase in Tg is seen with the functionalized epoxies, increasing from 69 oC to 84 oC. 

These improvements in both mechanical and thermal properties can be attributed to a high 

loading of a H2 component. Additionally, DMA results confirm that this H2 increases 

crosslink density over neat epoxy, seen in Figure A7.   
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Figure A4. Mechanical properties of grafted hardener (H2) epoxy composites compared 

to neat epoxy.  Inset shows calculated Young’s modulus and yield stress. 

 

 

Figure A5. DSC results for neat epoxy (H1) and grafted mechanophore hardener (H2) 

epoxy composites.  Inset shows glass transitions for both samples. 
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To further study the thermal stability of the 10 wt% functionalized epoxy system, 

thermogravimetric analysis (TGA) was performed in comparison with a neat epoxy control.  

Results from this experiment can be seen in Figure 6. In contrast to the thermal and 

mechanical property improvements measured with DSC and compression loading, 10 wt% 

functionalized epoxies showed a slight decrease in decomposition temperature (Td) from 

353 oC to 335 oC. This suggests that while the new crosslinks introduced by the 

mechanophore do enhance the mechanical properties and glass transition, they negatively 

affect the bulk decomposition of the polymer when compared to the neat counterpart. 

Nofen et. al. found that grafting mechanophore onto the resin component of the epoxy also 

lowered the Td, but in a different manner. It was reported that two modes of decomposition 

for resin-based grafting occurred – one as early as 120 oC, attributed to the decomposition 

of the mechanophore bonds, while the main bulk of the epoxy network decomposed at the 

same temperature as the neat epoxy control. Rather than an early decomposition before the 

bulk decomposition step as seen in resin-based mechanophore grafted composites, the 10 

wt% H2 epoxy contained a singular decomposition step. It is hypothesized that a higher 

degree of incorporation and crosslinking with hardener-based grafting created a more 

homogenized system than resin-based grafting, preventing the less thermally stable 

mechanophore bonds from decomposing early. As a consequence, the bulk Td was lowered 

rather than remaining on par with neat epoxy. 
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Figure A6. TGA results for neat epoxy and 10 wt% functionalized epoxy showing each 

respective decomposition curve. Inset table shows calculated decomposition (Td) 

temperatures calculated from the derivative weight plots. 

 

DMA was also performed to not only provide a validation for Tg of the materials 

but also detailed information on their crosslink density. Values measured in Figure 7 were 

used as a baseline to compare with other experiments performed regarding neat epoxy 

(Figure A9) and photochemical healing (Figure A11). Crosslink densities were calculated 

using the theory of rubber elasticity42, 𝜌𝑥𝑙 =
𝐺′

3𝑅𝑇
, where ρxl is the crosslink density in mol 

cm-3, G’ is the rubbery plateau storage modulus at a specific temperature T, and R is the 

gas constant. In this equation, the storage modulus of the tested matrix above the glass 

transition temperature is the dominant factor in calculating crosslink density. With regards 

to these calculations, a temperature of 145 oC was chosen as it was significantly past the 

glass transition temperature of the epoxies as to not include any unwanted glassiness effects. 
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Systems with high crosslink densities will still maintain a relatively high storage modulus 

when compared to low crosslink systems with amorphous chains due to high entanglement 

of their polymer chains. Thus, by calculating crosslink density for these epoxy systems, 

observations can be made regarding the incorporation of the H2 into matrix. As shown in 

Figure A7, the results from DMA revealed the improvement from incorporation of H2 on 

all the measurable properties, with the exception of storage modulus. An increase in both 

crosslink density and Tg was observed over neat epoxy cured under the same conditions. It 

is hypothesized that this increase in crosslink is due to the functionalized mechanophore 

hardener’s two highly reactive primary amines, as well as its cyclobutane which can bond 

to another H2 with two additional primary amines. This is an increase in the number of 

active sites when compared to neat epoxy’s DETA crosslinker, which only contains two 

primary amines. Glass transition and mechanical property improvements can be explained 

as a consequence of this increased crosslink density.  
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Figure A7. DMA curves for neat epoxy and 10 wt% grafted hardener (H2) epoxy showing 

storage modulus (G’, top), loss modulus (G”, middle), and tan delta (bottom). Inset table 

shows comparison between Tg and crosslink density between samples. 
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Effect of Self-Sensing via Cinnamoyl-based Functionalized Epoxy 

Fluorescent response for H2 based mechanophore grafting improved over particle 

incorporation and resin grafting approaches. Figure A8 shows a plot of in-situ compression 

tests with corresponding fluorescent response. Fluorescent signal onset, which is classified 

as ‘early damage detection’ provided the signal occurs before the yield strain of the material, 

occurred as early as 6% strain with yield strain at approximately 8% strain. Previous 

fluorescence detection with cinnamoyl particles and resin-based cinnamoyl grafting 

methods show mechanophore activation as well as yield at 6% strain. This improvement 

can be attributed to the drastic change in the hardener structure. It is hypothesized that the 

disassociation energy for the cyclobutane bond within the mechanophore structure was 

lowered, creating a more sensitive mechanophore. Some modeling studies have been 

conducted which investigate the dissociation energy of cyclobutane and cyclooctane 

mechanophores with various architectures.43 While the mechanism for this decrease in 

disassociation energy was not conclusive, it can be suggested that the surrounding 

architecture can affect the load transfer efficiency to the cyclobutane through interactions 

with the bulk matrix. Further investigation is warranted to determine how these chemical 

modifications can affect the disassociation energy of the cyclobutane bond, and how this 

can be tailored to achieve tunable mechanophore sensitivity. 
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Figure A8. Fluorescence intensity plot and stress-strain curve for branched grafted 

hardener (H2) epoxy composites. Intensity was captured via a UV lamp/camera, and force 

was captured via a Test Resources 800L compression system. 

 

Effect of Photochemical Healing via Cinnamoyl-based Functionalized Epoxy 

Due to the reversible nature of the cyclobutane bond present in cinnamoyl 

mechanophores, photochemical healing is a major interest in the mechanophore field. Their 

feasibility in thermoplastic and gel materials has already been proven but has not been 

attempted with thermoset materials. Thermosets pose several problems for photochemical 

healing:  inflexibility of thermoset matrix chains inhibits two cinnamoyl monomers from 

maintaining proximity after breaking and the flexibility of the network can only be varied 

with crosslink density. Unfortunately, since lower crosslink density generally coincides 

with weaker mechanical and thermal properties, reducing the crosslink density is not an 
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option for thermosets with structural applications. It was proposed to examine the potential 

for healing with 10 wt% H2 epoxy systems, which has not been previously studied. To 

examine the ‘healing’ mechanism present in the epoxy material, DMA was used to examine 

crosslink density changes after healing. Samples were prepared in the same manner as 

outlined previously, with the exception of being molded into 3 x 12 x 30 mm samples 

designed for tensile loading in DMA. After being synthesized, two experiments were 

performed. First, a 20 wt% sample with no UV crosslinking was irradiated for 48 hours to 

observe any changes in the solid state. This increase in weight loading was justified to 

make the maximum crosslinking potential of the cinnamoyl mechanophore, or ‘healing 

factor’ as significant as possible. It is important to note that while the ‘healing factor’ is 

being measured. Mechanical properties were not a concern for the 20 wt% samples because 

only the ‘healing factor’ was desired. Additionally, a control batch of neat epoxy before 

and after UV irradiation was examined to be sure that the procedure did not induce any 

crosslink density or Tg changes. Figure A9 shows a plot of the neat epoxy comparison, 

while Figure A10 shows the results of the 20 wt% photochemical healing experiments. 

While there was a slight increase in crosslink density in the control experiments after UV 

irradiation, there was some overlap with the standard deviation of the samples, leading to 

believe that no significant change had occurred in the samples. 
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Figure A9. DMA curves for neat epoxy before and after UV irradiation showing storage 

modulus (G’, top), loss modulus (G”, middle), and tan delta (bottom). Inset table shows 

comparison between Tg and crosslink density between samples. 
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Figure A10. DMA curves for 20 wt% grafted hardener (H2) epoxy before and after UV 

irradiation showing storage modulus (G’, top), loss modulus (G”, middle), and tan delta 

(bottom). Inset table shows comparison between Tg and crosslink density between samples. 
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The most significant changes occur when UV irradiating a solid mechanophore 

grafted epoxy system for the first time. Crosslink density increases from 3.27 x 10-4 mol 

cm-3 to 4.09 x 10-4 mol cm-3, suggesting that ‘new’ cinnamoyl crosslinks make up 25.1% 

of the total crosslinks in the thermoset after UV irradiation for this particular sample. It is 

important to note that the values present in these samples are significantly lower than 

shown earlier in Figure A7 due to the fact that it is a higher weight loading of H2. It can be 

inferred too high loading can inhibit crosslinking of the matrix, resulting in poorer 

mechanical and thermal properties. However, these increases in crosslink density after UV 

irradiation show that the cinnamoyl mechanophores are capable of dimerizing in the 

thermoset matrix, indication that photochemical healing for this particular thermoset 

matrix is indeed feasible. To apply this approach to a more realistic system, the weight 

loading of H2 will need to be lowered as to provide the mechanical properties expected of 

an epoxy network. An already irradiated 10 wt% sample was damaged to 3% tensile 

loading, before the yield point of the material, using a TestResources 800L Tensile system. 

The goal of this experiment was to observe any healing after one cycle of significant 

loading, but not to damage the material past failure and make healing difficult to 

characterize. Figure A11 below shows the results of these experiments.  
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Figure A11. DMA curves for neat epoxy and 10 wt% grafted hardener (H2) epoxy after 

the first damage cycle showing storage modulus (G’, top), loss modulus (G”, middle), and 

tan delta (bottom). Inset table shows comparison between Tg and crosslink density between 

samples. 
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Observable changes within 10 wt% samples are not as significant as the previous 

experiment, in part due to the lower weight loading and the fact that the samples were 

dimerized before damage. Therefore, only the healing which occurred after damage would 

be observed.  Crosslink density increases from 1.493 x 10-3 mol cm-3 after damage to 1.563 

x 10-3 mol cm-3 after healing, an increase of approximately 4%. While it can be noted that 

the changes from control samples were deemed insignificant due to overlap in standard 

deviation, samples with 10 wt% H2 did show significant changes in crosslink density. 

Additionally, storage modulus seems to vary significantly in healed samples. This is 

hypothesized to be thermal relaxation after thermal cycling during the first experiment. 

Nonetheless, while not drastically significant after the first cycle of loading, self-healing is 

indeed occurring in this thermoset system. Higher weight loadings of H2 can be used to 

increase the healing capability, but at the cost of mechanical properties. Additionally, 

limitations of this approach are quite apparent due to the brittle failure of epoxy. Only non-

critical damage due to low strains such as micro-cracking and micro-fractures are healable 

with this technique. If strains greater than the yield strain of the material are applied and 

large fractures occur within the matrix, inflexibility of the matrix becomes a major 

weakness in this photochemical healing approach. Coope et. al. has shown thermosets that 

are capable of overcoming this limitation through thermally reversible Diels-Alder based 

crosslinks, allowing for photochemical healing to take place when heating until the material 

can become flexible enough to further crosslink.36 A similar approach may be applicable 

to matrices containing solely cinnamoyl-based hardener components, as the cinnamoyl 

cyclobutane mechanophore is photoreversible. While further investigation into 

improvement of this photochemical healing approach to apply to more critical damage is 
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warranted, we have already shown a promising route to photochemical healing in an epoxy 

thermoset matrix not previously seen in literature.  

 

Conclusion 

In this study, we have demonstrated several key results. First, grafting of amine-

based hardener functionality to the cinnamoyl mechanophore was achieved and 

successfully implemented into an epoxy with robust mechanical and thermal properties. 

Second, this mechanophore grafted epoxy has shown improved fluorescent response 

sensitivity over resin-based grafting. Third, preliminary results with healing experiments 

demonstrate that irradiation of 20 wt% samples allow for as much as 26.5% new crosslinks 

to form via the cinnamoyl mechanophore. 10 wt% samples show 25.1% recovery when 

measured with FTIR and a 4% change from their damaged to healed state as measured with 

DMA and FTIR. Hardener-based grafting allows for improvement in thermal properties 

(glass transition temperature), mechanical properties (Young’s modulus, yield strength), 

and crosslink density. Additionally, the H2 grafting approach greatly improved on the 

cinnamoyl moiety’s sensitivity to mechanical force by lowering disassociation energy of 

the cyclobutane bond. While alternative curing conditions and incomplete conversion 

could limit hardener-based grafting’s usefulness, further tests are ongoing to optimize the 

loading and curing conditions, as well as understand how changing the chemical 

architecture of the mechanophore can affect the dissociation energy of the cyclobutane 

group present in the cinnamoyl moiety.  This research proves that photochemical healing 

is indeed feasible for this thermostat system; however, further investigation into various 
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other methods of incorporation and grafting could continue to improve the stress-sensing 

sensitivity and the photochemical healing efficiency of the material system. 
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APPENDIX B 

STRESS-RESPONSIVE REINFORCED POLYMER COMPOSITES VIA 

FUNCTIONALIZATION OF GLASS FIBERS 
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Introduction 

Fiber reinforced composites are a widespread material in modern structural 

composites. Much progress has already been made with regards to their applications in 

aerospace, defense, and wind power [1]. The fiber component is generally much stronger 

than the matrix component, allowing the force to be transferred away from the weaker 

matrix and focused on the fibers [2].  Types of reinforcing fibers include glass [3-4], carbon 

[5-8], aramid [9], and natural fibers [2, 10], and are typically incorporated into a polymer 

matrix.  The mechanical properties of the resulting fiber composites can be effectively 

controlled by fiber type, volume fraction, length, and fiber orientation relative to loading, 

among which the load transfer of the ‘interphase’ region between the matrix and the fiber 

has been considered the most important factor to examine fiber composite properties [11]. 

If the interphase region has high bond strength, the resulting fibers will exhibit high 

stiffness and strength [11].  In contrast, a lower bond strength of the interphase region 

enhances the ability of the fiber to absorb energy under impact conditions while 

compromising the material strength [1].  Therefore, examining and understanding the 

relationship between the interphase behavior and the resulting properties can significantly 

contribute to the design of the fiber reinforced composites. In addition, the separation of 

the interphase region, which is commonly referred to as ‘delamination’, has been 

considered as the dominating failure mode in fiber composites. Delamination occurs when 

stress is accumulated at the interphase between the fiber surface and the matrix, causing 

the separation of those two components [12-13]. On a macroscopic scale, such a failure is 

often seen as by detachment of two fiber sheets on a multi-ply composite. In order to 

mitigate problems associated with internal damage, the early detection of delamination has 
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become a highly desired goal in the development of advanced fiber reinforced composites. 

Current techniques for detection of delamination include embedded fiber optic sensors [14-

18], infrared thermography [19-20], ultrasonic [21-22], and electrical impedance [23].  

While many of these techniques are non-destructive, they have limitations such as requiring 

coupling liquids, slow inspection speed, and susceptibility to weather.  In order to 

overcome these limitations, a new technique must be developed which offers simplicity 

and non-invasiveness to increase inspection speed, while also providing enough 

information to completely characterize the damage.  One such approach is achieved 

through the use of a grafted force-responsive chemical structures within the composite, 

which utilize an ultraviolet response signal as a means to non-invasively characterize 

samples quickly and in-situ. 

Mechanochemistry is utilized in composites as a means of stress-sensing, utilizing 

weak force-responsive chemical bonds to activate signals when embedded in a polymer 

composite material [24-30].  These signals can then be correlated with the amount of stress 

applied to a polymer composite and subsequent potential damage that has occurred due to 

the stress. While there are many different types of force responsive moieties, the particular 

chemistry focused on in this paper is the cinnamoyl molecules. This cinnamoyl group is 

fluorescent in its initial state and capable of undergoing photocycloaddition in the presence 

of ultraviolet (UV) light.  The [2+2] cycloaddition for the cinnamoyl group cause the initial 

molecules to lose their fluorescent properties.  In the presence of an applied stress, the 

cyclobutane rings are reverted back to their monomeric state and regain their fluorescent 

properties.  The fluorescent generation in a mechanophore embedded polymer composite 

is then monitored as a function of strain applied.  Signal generation within the elastic region 
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of the stress-strain curve provides a form of damage precursor detection before real damage 

occurs in the matrix due to plastic deformation after the yield point of the composite.  

Damage precursor detection is the main objective of these composites, providing a novel 

and unique approach to other damage detection methods currently in literature. 

As mentioned previously, the fiber-matrix within the interphase region plays a 

crucial role in delamination effects. One approach for controlling this interphase region is 

the use of sizing or coating.  A typical coating for a glass fiber surface consists of a 

combination of organosilanes which are splayed on the surface as a monomer and 

subsequently cured via polycondensation induced by heat [12].  Such porous, crosslinked 

polysiloxane network at the surface of the fiber can then form an interpenetrating network 

with the matrix component, increasing adhesion.  Carbon fibers are often sized in a similar 

manner.  However, due to the fact that carbon fibers lack natural hydroxyl groups at their 

surface, they must first be treated using an acid bath to deposit hydroxyl groups on their 

surface [13].  While this method of increasing adhesion at the interphase region is in fact 

successful, it does not achieve direct bonding between the matrix and fiber.  One such way 

of achieving direct bonding involves functionalization of the fiber surface with reactive 

functional groups capable of bonding directly to the matrix.  In the instance of an epoxy 

matrix with a glass fiber reinforcement, fiber surfaces are functionalized via a silanization 

reaction with (3-aminopropyl)triethyoxysilane (APTES) [31].  This reaction produces 

exposed amine groups of the surface which can readily react with the epoxide groups in 

the epoxy matrix.  If desired, alterative functionalities can be used to bond nanofillers such 

as CNTs to the surface of the fiber to increase surface roughness, local modulus, and add 

sensing capabilities [32]. 
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Mechanophores may offer a unique ability to detect onset of delamination and 

characterize the stress concentration at the fiber surface.  To achieve this, mechanophores 

can be grafted onto the fiber surface via traditional surface-modification methods.  In our 

approach, grafting to glass fibers (rather than carbon fibers) is preferred to avoid excess 

absorption of ultraviolet light, limiting fluorescent signal emitted.  Silanization is a very 

effective approach to coat fiber surfaces with reactive functional groups and has been used 

with glass fiber reinforced polymer (GFRP) composites to increase adhesion between the 

epoxy-fiber interface via reactive amine groups [31].  To expand on this, these amine 

groups on the surface of the fiber can be reacted to a mechanophore containing an acid 

chloride group, such as cinnamoyl chloride.  Unreacted amine groups at the surface of the 

composite have the potential of increasing adhesion, a potential positive side effect of the 

silanization process.  Once deposited on the surface, the cinnamoyl groups can easily be 

dimerized with ultraviolet light and manufactured into composites for testing. It is 

anticipated that these results will create a glass fiber composite capable of early detection 

of delamination through a non-destructive approach.  In addition, the functionalization of 

glass fibers with mechanophores may also increase fiber-matrix adhesion and inhibit 

delamination at lower strains.  

 
 
Methodology 

Materials 

Toluene (histological grade) was purchased from Fisher Scientific, tetrahydrofuran 

(THF, HPLC grade) was purchased from Alfa Aesar, and acetonitrile (HPLC grade) was 

purchased from Honeywell.  APTES (99%), Cinnamoyl chloride (98%) and 
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trimethylamine (>99%) were used as purchased from Sigma Aldrich.  8HS E-glass fiber 

was purchased from Fibre Glast. Epoxy resin FS-A23 and epoxy hardener FS-B412 were 

purchased from Epoxy Systems Inc. and used as received. 

Coupling Reaction Between APTES and Cinnamoyl Chloride 

Coupling of APTES and cinnamoyl chloride was attempted by dissolving 1 g of 

cinnamoyl chloride in 12 mL of THF and cooling in an ice bath to 0oC.  1.04 g of potassium 

carbonate and 1.33 g of APTES were added slowly into the beaker and allowed to react for 

1 hour at room temperature.  After the reaction was complete, it was quenched with 18 mL 

of HPLC water and 6 mL of ethyl acetate.  The system was washed a second time with 15 

mL of HPLC water and the organic phase was decanted.  The organic phase was then 

placed in a vacuum oven overnight at 50oC to remove all solvents.   

Preparation of Functionalized Glass Fiber Reinforced Polymer (GFRP) Composites 

To prepare an APTES monolayer on the surface of the glass fiber, a 10 mM solution 

of APTES in toluene was prepared.  The cleaned glass fibers were submerged for 4 hours 

at room temperature.  After 4 hours, the fibers were removed and washed twice with 

toluene, twice with ethanol, and allowed to dry under a nitrogen stream.  After drying, the 

now APTES-coated fibers were then submerged in a 200 mL acetonitrile, 200 mg 

cinnamoyl chloride, and 1 mL of triethylamine mixture for at least 24 hours.  After reacting, 

the fibers were removed, washed twice with acetonitrile, twice with ethanol, and allowed 

to dry under a nitrogen purge.  Next, composites were prepared using glass fibers 

functionalized with cinnamoyl mechanophores and a standard epoxy resin (Diglycidyl 

ether of bisphenol FS-A23) and hardener (diethylenetriamine, FS-B412) as the matrix.  For 

3-ply grafted fiber composites, 3 separate layers of fibers were combined with epoxy 



 210 

thermoset. Due to uncertainties of the effect of high temperature on the stability of the 

mechanophore functionalized glass fibers, the composites were cured while under loading 

with a simple hydraulic press at room temperature for two days.  After the matrix was fully 

cured, samples were irradiated with 302nm light for several days to ensure that cinnamoyl 

groups at the surface of the fibers could dimerize.  Once UV irradiated on both sides of the 

composite, the samples were cut into strips and notch was made to accelerate the failure 

testing. 

Instrumentation 

Nikon Eclipse TE300 fluorescent microscope was used to examine the cinnamoyl 

functionalized glass fibers and observe any fluorescence changes between the neat fiber 

and the functionalized fibers.  Ten images were taken across the fiber surface to get an 

average fluorescent intensity.  Images were analyzed in ImageJ and fluorescent intensity 

was quantified by calculating integrated density. Characterization of branched hardener 

and glass fiber composites were carried out with a newly designed experimental setup.  

This setup consisted of a 365 nm UV lamp and UV camera mounted to a load frame.  The 

sample was illuminated by the UV lamp and subsequent emission was captured by the UV 

camera and plotted against stress-strain information output from a Test Resources 800L 

Compression/Tensile System.  The images/video gathered by the UV camera where 

analyzed in the same fashion as the florescent microscope and ImageJ through integrated 

density.  This setup provides a huge advantage over previously used fluorescent 

microscope measurements due to its ability to monitor response in-situ and eliminates 

activation variability from sample to sample due to a clearly defined fluorescent onset 

strain. Glass transition temperature (Tg) was measured via a Q20 Differential Scanning 
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Calorimeter (DSC) with aluminum pans, nitrogen purge, and an empty pan as a reference.  

The DSC procedure followed a standard heat/cool/heat method with initial heating to 70oC, 

cooling to -20oC, and second heating too 120oC at 10oC min-1.  Mechanophore activation 

in 3-ply GFRP composites was characterized with an MTS servo-hydraulic load frame 

integrated with a UV lamp/camera. Quasi-static loading test was performed on the 

specimen and the desired observed wavelength range (500 nm) was achieved via a band 

pass filter.  Characterization of cinnamoyl grafting onto APTES was performed using 

Fourier Transform Infrared Spectroscopy (FTIR) under vacuum with a Bruker IFS 6v/S 

FTIR spectrometer and Pike Diamond Attenuated Total Reflectance (ATR) module. 

 

Results and Discussion 

Characterization of Fiber Surface Functionalization 

A silane-based functionalization was proposed via grafting of the force responsive 

fluorescent cinnamoyl moiety onto the surface of a glass fiber through APTES silanization 

and subsequent surface reaction with cinnamoyl chloride. First, a cinnamoyl functionalized 

triethoxysilane was synthesized to determine the feasibility of the coupling reaction 

between APTES and cinnamoyl chloride.  After the coupling of the cinnamoyl group with 

the triethoxysilane was confirmed, the next step consisted of silanization of the glass fiber 

with APTES.  Next, a surface reaction between the pendant amine groups on APTES with 

cinnamoyl chloride was conducted to produce a final product. This product was 

characterized via attenuated total reflectance Fourier transform infrared spectroscopy 

(ATR-FTIR) to confirm the chemical structure of the product (Figure B1).  It can be seen 

that the product displayed the characteristic Si-O absorption at 1074 cm-1, as well as an 
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amide C=O at 1550 cm-1, indicating that the coupling reaction was indeed successful.  This 

is further supported by cinamoyl C=C absorptions at 1654 and 1618 cm-1 indicating both 

cis and trans isomers.  While the coupling of the cinnamoyl chloride and APTES was 

successful, the insolubility of the product proved to be problematic when moving forward 

with silanization onto a glass fiber surface.  The product was insoluble in nearly all solvents 

in which successful silanization was reported (ethanol, methanol, water, toluene, hexanes, 

dimethylformamide).  Therefore, it was concluded that the directly silanization of the 

functionalized APTES onto a glass fiber surface would not be successful. However, it did 

provide confidence that the reaction between cinnamoyl chloride and APTES can readily 

take place after APTES has already been grafted to the fiber surface. 
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Figure B1. (Top) Schematic of glass fiber surface reaction with APTES and cinnamoyl 

chloride to produce functionalized fiber surface.  (Bottom) FTIR scan of cinnamoyl 

functionalized triethoxysilane product, N-[3-(triethoxysilyl)propyl]cinnamamide.  

Absorptions at 1654 and 1618 cm-1 are attributed to cis and trans C=C, 1550 cm-1 are 

attributed to the amide C=O, and 1074 cm-1 are attributed to the silane Si-O.  Wavenumber 

values are shown from 1800 to 400 cm-1.  Tests were performed under vacuum with a 

mercury cadmium telluride (MCT) detector. 

 

As described in the experimental section, glass fibers coated with cinnamoyl 

mechanophore were fabricated.  Figure B2 shows sample images of both the neat and 

grafted fibers, as well as a plot of average integrated density along with standard deviation 

among the ten images. Grafted fibers do show a significant increase in intensity from neat 

fibers.  However, because of the targeted thin-layer dispersion of cinnamoyl groups, the 

fluorescence is much lower than other composites previously reported using cinnamoyl 

functionalities due to lower concentration of fluorescent groups [33-34]. This lower 

baseline intensity is not necessarily detrimental to the detection capabilities of the 

cinnamoyl group, provided the concentration of cinnamoyl groups is high enough to yield 

a detectable signal.  Based on the significant increase in fluorescent signal over neat glass 

fibers, sufficient concentration of cinnamoyl groups were achieved.  



 214 

 

Figure B2.  Fluorescent images taken by a Nikon Eclipse TE300 inverted fluorescent 

microscope for (a) Neat fibers with no coating and (b) fibers grafted with a cinnamoyl 

silane monolayer.  Due to the low intensity values of the images, brightness has been 

increased by 75% for each image for better visual contrast between the two samples.  (c) 

Unaltered images were processed in ImageJ to produce integrated density information.  

Both batches of grafted cinnamoyl fibers showed significant improvement in fluorescent 

properties after the coating process. 

 

Thermal and Mechanical Properties with Surface Characterization 

Samples tested in the previous experiments were examined via scanning electron 

microscope (SEM) imaging to observe potential effects of functionalization on 

delamination within the GFRP composites. After performing tensile tests on single ply neat 
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epoxy composites and grafted fiber GFRP composites, the damaged sections of the 

composite were cut off and imaged using SEM, as seen in Figure B3.  Due to the method 

of functionalizing the surface of the glass fibers, it is hypothesized that unreacted amine 

groups on the surface of the fibers can bond to the epoxy matrix covalently, helping to 

prevent potential delamination.  While examining SEM images is not necessarily 

quantitative, it may give a visual representation of the damage occurring within each 

sample.  

 

Figure B3.  SEM images for (a) overview of neat epoxy GFRP composite with areas of 

damage highlighted, (b) enlarged image of damage in neat epoxy GFRP composite, (c) 

overview of grafted GFRP composite with areas of damage highlighted, and (d) enlarged 

image of damage in grafted GFRP composite. 

 

(a) (b) 

(c) (d) 
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Although we have reported stress-strain curves previously for our single-ply grafted 

glass fiber composites, it is important to note that these samples were notched before strain 

was applied so that the exact location of failure could be characterized via a UV-camera to 

observe intensity response.  In addition to mechanical properties, thermal properties were 

also examined for a comparison between neat epoxy GFRP composites and grafted GFRP 

composites via differential scanning calorimetry (DSC).  The heat flow profiles for each 

sample are shown in Figure B4, where glass transition temperatures for grafted fiber 

samples are slightly lower than neat epoxy glass fiber composites. This decrease in Tg of 

the composite can be due to interaction of the epoxy matrix with unreacted amine sites 

from the APTES monolayer. Reactions between APTES and epoxy have been shown in 

literature to increase tensile properties and interphase strength of the resulting matrix at the 

cost of Tg [35].  Tg of neat epoxy GFRP composites was found to be 78.5 ± 0.6 oC, while 

Tg of grafted GFRP composites to was found to be 76.8 ± 0.2 oC.   
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Figure B4. Plot of heat flow for neat epoxy GFRP composites and mechanophore grafted 

GFRP composites acquired from DSC. 

 

Fluorescent Characterization of Single-Ply and Multi-Ply Mechanophore 

Functionalized GFRP Composites 

Single-ply GFRP composites containing fibers coated with cinnamoyl layer were 

first tested in order to examine the potential response that could be observed via our 

experimental system.  It can be seen in Figure B3 that for the single-ply system, signal 

response is observed as early as 1.5% strain, just as failure initiates.  It is important to note 

that there is no mechanophore in the matrix of this material, and so the stress response 

observed is anticipated at the fiber-matrix interface.  Additionally, this response behaves 

differently from neat epoxy GFRP composites.  Both neat and functionalized samples show 

a sharp decrease in intensity after complete failure due to splitting in the sample and 

increased void space – areas of image not containing fiber surface due to failure and 

stretching – in the detection frame.  However, functionalized GFRP composites show a 

sharp increase in signal intensity before this occurs, most likely due to signal response from 

the activated cinnamoyl groups.  It can be noted from these results that the response of 

single-ply GFRP composites lack the linear increase in fluorescent intensity that is 

prevalent in mechanophore particle embedded GFRP composites [36]. This difference is 

hypothesized to be due to damage and stresses at lower strains are mostly applied to the 

matrix component of the composite causing mechanophore particle activation, while fibers 

are damaged/undergo delamination at strains closer to the yield point. This effect is 

captured by mechanophores grafted to the surface of the glass fibers. While these results 
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are promising, it is still important to characterize any mechanical and thermal property 

changes that occur due to either process changes or directly grafting to the glass fiber 

surface.   

 

Figure B5. Stress-strain curve and intensity data for composites made with functionalized 

glass fibers, and neat epoxy GFRP composites. 

 

While force responsive properties of single-ply mechanophore functionalized 

GFRP composites has been shown, work was also been done regarding multi-ply systems.  

The main purpose of investigating multi-ply systems is to understand how additional plies 

affect the sensitivity and detection behavior with mechanophore functionalized GFRP 

composites. Multi-ply systems provide advantages such as increased mechanical properties, 

but there are some concerns with the detection abilities of mechanophore grafted fiber 

systems in thicker samples.  First, samples detection is limited by the amount of dimerized 

mechanophore at the surface of the fibers.  If too few mechanophore units are dimerized at 
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a given area, detection in that area is not achievable.  This limitation can be overcome by 

either limiting the thickness of the sample so that UV-curing can penetrate the entire 

thickness of the sample or UV-curing each functionalized layer separate before being 

incorporated into a multi-ply composite.  Because the desired thickness of the composite 

was only 3-ply (approximately 0.65 mm), thickness was not a concern for this experiment, 

as UV has been shown to penetrate epoxy polymer networks of up to 2 mm in thickness 

[37].  However, in future composites with a greater number of plies, it may be worth 

investigation.   

After being made into 3-ply GFRP composites, samples were characterized for 

fluorescence response and the results can be seen in Figure B6.  From the figure, it is clear 

that there is a difference between 3-ply and 1-ply mechanophore functionalized GFRPs.  

Firstly, there is a noticeable increase in fluorescence intensity before failure. Additionally, 

the intensity trend observed in these samples follows an exponential behavior, rather than 

a linear as seen in alternative embedded systems utilizing mechanophores such as dimeric 

anthracene 9-carboxylic acid (Di-AC) [33].  Large increases or decreases in fluorescence 

intensity right after failure was a function of the direction the crack propagates. 
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Figure B6.  Stress-strain curve versus fluorescent intensity for 3-ply mechanophore 

functionalized glass fiber reinforced polymer composites. 

Conclusion 

In conclusion, mechanochemistry has been successfully applied in a GFRP 

composite system through surface modification, where cinnamoyl based mechanophores 

were used to examine force concentration at the fiber surface.  By detecting the force 

distributed at the surface of the fiber, targeted precursors to delamination can be 

characterized in-situ with composite deformation.  In single-ply grafted glass fiber 

experiments, signal was detected near the yield point of the material.  However, in 3-ply 

grafted glass fiber composites, onset of signal response began at a much earlier strain and 

continuously increased until failure.  Due to the incorporation of mechanophores at the 

surface of the fibers, this produced signal was a function of only the deformation occurring 

at the surface of the fiber instead of a response of overall matrix strain.  Results from this 

study offer a unique outlook for the fundamental understanding of structural health and 
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monitoring processes and can serve as a promising approach to use mechanophore via 

chemical modification for alternative applications including equipment and vehicles. 
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