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Abstract 

Swelling a cross-linked polymeric network with an ionic liquid to produce an ion gel 

is a facile and promising strategy to supply ionic liquids with mechanical integrity and 

persistent structure without sacrificing their fascinating properties. This thesis examines a 

special system from supramacromolecular assembly via hydrogen bonding, consisting of 

a poly(2-vinylpyridine-b-ethylene oxide-b-2-vinylpyridine) (P2VP–PEO–P2VP) triblock 

copolymer, a poly(4-vinylphenol) (PVPh) linear homopolymer, and an ionic liquid, 1-

ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([EMIM][TFSA]), where 

hydrogen bonding between the P2VP blocks and PVPh cross-linkers generates a transient 

polymer network. This thesis aims to systematically study the structure and dynamics of 

this versatile hydrogen-bonded supramolecular ion gel system. 

The substantially wide liquidus temperature range of the ionic liquid affords access to 

interesting and unprecedented rheological response of the resulting gels. For example, the 

terminal relaxation time varies by 15 decades from the gel temperature down to room 

temperature; extremely wide temperature- and frequency-independent rubbery plateaus 

are pronounced, indicating the formation of a well-defined polymer network structure; 

the applicability of time–temperature superposition is striking, suggesting the invariance 

of the underlying relaxation mechanism. 

In order to elucidate the underlying molecular mechanisms that control the structure 

and dynamics, viscoelastic properties and morphologies were investigated over wide 

composition and temperature ranges. In terms of the relaxation mechanism, the 

macroscopic rheology was qualitatively correlated with the average lifetime of a 
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P2VP↔PVPh association, which is determined by the number of hydrogen bonds 

involved. This establishes the plausibility of the interpretation that stress relaxation 

occurs through simultaneous breaking of all hydrogen bonds involved. In terms of 

mechanical properties, it was demonstrated that the extent of cross-linking, and therefore 

ultimate mechanical strength, can be modulated through variation in the concentration of 

the cross-linker added. In terms of morphology, a long-range ordered hexagonal 

morphology was observed after annealing at elevated temperatures for a sufficient period 

of time. 

Overall, this thesis highlights that the utilization of hydrogen bonding to achieve ion 

gels is an advantageous approach to impart tunability in terms of viscoelastic and 

mechanical properties. Our strategy should be potentially useful in designing tailor-made 

smart materials. 
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Chapter 1 

Background 

1.1 Supramolecular Polymers 

Conventional synthetic polymers are long-chain molecules consisting of many 

repeating structural units connected by covalent bonds. Thanks to a wealth of fascinating 

properties, they have been used extensively in everyday life and sophisticated 

technologies for more than a half century. Over the last twenty-five years, the ubiquity of 

reversible supramolecular interactions has been recognized with the development of 

supramolecular chemistry, defined by Lehn as the chemistry beyond molecules,
1
 which 

has stimulated scientists to construct reversible alternatives for covalent polymers. 

However, it was not straightforward at the beginning as to how to incorporate highly 

directional, sufficiently strong, but still reversible interactions to direct small molecules 

to assemble into polymeric arrays with significant degrees of polymerization. Impressive 

progress was not made until the pioneering work by Sijbesma et al. in 1997,
2
 in which 2-

ureido-4[1H]-pyrimidinone (UPy) units were shown to assemble into long chains through 

quadruple cooperative hydrogen bonds in an array, yielding products with mechanical 

properties that until then were exclusively associated with covalent polymers. 

Furthermore, it was demonstrated that their behavior can be described by well-established 

theories of polymer physics. These novel functional materials are termed 

“supramolecular polymers”, which are defined as polymeric arrays of monomer units 

which are held together by reversible and highly directional non-covalent interactions.
3–5
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This pioneering work represents a landmark in this realm, and have led to a recent surge 

in attention for this promising class of materials. 

The long-chain character of supramolecular polymers gives rise to many of the well-

known properties that have made conventional polymers highly successful. Concurrently, 

owing to the intrinsic reversibility of non-covalent interactions, supramolecular polymers 

are endowed with unprecedented features in comparison to their covalent counterparts. 

Because of the built-in reversible interactions, supramolecular polymers are often under 

thermodynamic equilibrium, and the architectural and dynamic parameters that determine 

their properties, such as degree of polymerization, chain conformation, and bond lifetime, 

can be reversibly adjusted by external stimuli. One undesirable disadvantage of 

conventional polymers is their high melt viscosities originating from chain 

entanglements, which render them difficult to process. In contrast, supramolecular 

polymers generally exhibit a strongly temperature-dependent melt viscosity, which 

enhances their processability in a less viscous state at temperatures only moderately 

higher than their melting or glass transition temperatures. The molecular origin of this 

interesting phenomenon is attributed to a stress relaxation mechanism exclusive to 

supramolecular polymers. Besides moving like a snake (reptation) as conceived by de 

Gennes,
6
 which is the predominant mechanism in covalent polymers, supramolecular 

polymers also break and reform their chains with other strain-free ends. The latter process 

is accelerated at elevated temperatures where bond lifetimes shorten considerably, 

resulting in strongly temperature-dependent behavior. Furthermore, self-healable 

supramolecular systems have been reported.
7–11

 Leibler and coworkers demonstrated that 
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a cross-linked supramolecular rubber showed fully recoverable extensibility and little 

creep under load but, in striking contrast to conventional covalent rubbers, exhibited 

unique self-healing behavior toward their original strength and elasticity after two 

fractured surfaces were simply brought into contact at ambient temperature for a given 

period of time.
10

 In a recent work by Burnworth et al.,
11

 ultraviolet light absorption was 

utilized to induce mechanical healing behavior in a metallosupramolecular polymer based 

on a light–heat conversion step. Upon exposure to ultraviolet light, the metal–ion bonds 

are electronically excited and the absorbed energy is converted into heat. 

The non-covalent interactions in supramolecular polymers typically encompass 

hydrogen bonding,
2,10,12–27

 metal–ligand coordination,
11,28–33

 ionic interactions,
34–36

 and 

hydrophobic interactions.
37,38

 For example, Sijbesma et al. synthesized polymeric 

materials using well-defined dimerization of UPy units with quadruple cooperative 

hydrogen bonds.
2
 Schubert and coworkers described functional supramolecular polymers 

based on 2,2′:6′,2″-terpyridine–metal complexes.
29–31

 Two oppositely charged dyes, a 

perylenediimide and a copper–phthalocyanine derivative, were shown by Guan et al. to 

assemble into supramolecular polymers, in which a stacked structure with fiber-like 

subunits is stabilized by ionic interactions.
35

 Bis-urea monomers with coexistent 

hydrogen-bonding and hydrophobic groups were shown by Obert et al. to assemble into 

long rigid filaments in a variety of solvents with significantly tunable polarity.
37

 

One of the key challenges of supramolecular polymer chemistry is to modulate the 

strength and specificity of the interactions among structural units in a precisely controlled 

fashion, in order to create a robust macromolecular architecture yet with dynamic 
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flexibility. Hydrogen bonding is the most versatile non-covalent interaction to fabricate 

supramolecular polymers, primarily because of the unprecedented tunability window of 

the association strength. The association strength of hydrogen bonds depends on the 

nature of the donor and acceptor moieties, as well as on the polarity of the solvent, and 

therefore, subtle modifications in the chemistry can result in significant changes in the 

association strength.
39

 Furthermore, when stronger interactions are required than 

achievable with single hydrogen bonds, functional units which involve multiple hydrogen 

bonding sites have been designed based on the cooperativity of hydrogen bonds, whereby 

the specificity of the interactions is enhanced as well. The strength and specificity of 

multiple hydrogen bonding systems vary widely, from weakly complementary pyridine–

phenol pairs to extraordinarily strong sextuple hydrogen bonding motifs,
26,27

 with 

association constants ranging from 1 M
−1

 to as high as 10
9
 M

−1
. Alternatively, employing 

additional stabilization factors, for example, liquid crystallinity
40

 and phase 

separation,
41,42

 prove to be effective approaches to enhance hydrogen bonding 

interactions. For example, Rowan and coworkers have demonstrated that weakly 

hydrogen-bonded complexes from telechelic polymers based on adenine and cytosine can 

be stabilized through a combination of weak hydrogen bonding with phase segregation.
41

 

Polymeric networks are superior to their uncross-linked precursors in the sense that 

they typically exhibit mechanical rigidity and enhanced stability when exposed to 

extreme conditions. In contrast to traditional covalent approaches employed for the cross-

linking step, supramolecular strategies give rise to reversible polymeric networks without 

extensive side reactions, thus exerting a greater degree of control over the final network 
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structure. Impressive attempts have been focused on developing general theories to 

describe the equilibrium and dynamic properties of transient polymer networks.
43–48

 Their 

bulk properties are directly related to the association strength and kinetics of the cross-

links as well as the network microstructure. Supramolecular polymer gels,
49–51

 in which a 

supramolecular polymeric network is dispersed within a significant amount of mobile 

solvent molecules, are potentially useful in a variety of high-tech applications including 

tissue engineering,
51

 would healing,
52

 drug delivery,
53

 and nanoscale electronics.
54

 

Supramolecular polymers are already beginning to reach the commercial market, 

taking advantages of the reversibility and responsiveness of the non-covalent interactions. 

Based on the attractive properties such as enhanced processability in the melt or solution, 

excellent mechanical properties in the solid state, and facile removability, supramolecular 

polymers are foreseen to give even superior performances than their covalent analogues 

in everyday applications, ranging from printing, coatings, adhesives, to cosmetics. For 

example, consider ink-jet printing, in which images are created on a piece of paper by the 

ejection of ink droplets via a small orifice. While reasonable mobility is a prerequisite for 

the ink to be ejected in small droplets, it must become highly viscous, close to a solid, 

once the droplets hit the paper; otherwise, the ink will spread on the paper, resulting in a 

blurry image. Here, supramolecular polymers are additives which function as viscosity 

modifiers to induce the dramatic changes over a relatively narrow temperature window. 

Through bringing together supramolecular chemistry and polymer science, an 

unparalleled platform is generated for designing smart materials that integrate 

macromolecular architecture and dynamic flexibility to achieve functions such as 
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responsiveness to stimuli, environmental adaptability, self-healing ability, and enhanced 

processability. The most challenging task is to design appropriate building block 

functionalities with synthetic accessibility and high stability. Supramolecular polymers 

have already been demonstrated to be scientifically interesting and technologically 

relevant, and thus a bright future of this field can be foreseen. 

 

1.2 Polymer/Ionic Liquid Composites 

Ionic liquids are ambient temperature molten salts. The discovery of ionic liquids 

traces back to the early 20th century. The molten salt ethyl ammonium nitrate 

([EtNH3][NO3]), with a melting point of 13–14 °C reported by Walden in 1914,
55

 is 

generally acknowledged as the first ionic liquid described in the literature. However, it 

was not until the discovery of dialkylimidazolium chloroaluminate ionic liquids made 

from mixtures of aluminum chloride and 1,3-dialkylimidazolium chloride in 1982
56

 that 

ionic liquids received much attention from scientists. Since the first synthesis of 

moisture-stable ionic liquids in 1992
57

 with alkylimidazolium-based cations and anions, 

such as tetrafluoroborate and nitrate, scientific interest in ionic liquids has been 

increasing very rapidly.
58,59

 Ionic liquids are composed entirely of cations and anions. For 

example, 1,3-dialkylimidazolium, N-alkylpyridinium, tetraalkylphosphonium, and 

tetraalkylammonium are common cations, while tetrafluoroborate, hexafluorophosphate, 

bis(trifluoromethylsulfonyl)amide, and triflate are common anions. In comparison with 

traditional inorganic salts, such as sodium chloride, the component ions of ionic liquids 
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are typically bulky, irregularly shaped, and with delocalized charge. These features 

suppress their tendency to pack into tight and well-ordered crystal lattices, leading to 

much lower melting points than traditional inorganic salts. 

One of the primary factors behind the worldwide interest in ionic liquids is their 

fascinating set of physicochemical properties. One distinct feature is their negligible 

vapor pressure (as low as 10
−10

 Pa at 25 °C), which enables their straightforward 

introduction in analytical instruments requiring high vacuum conditions,
60

 such as X-ray 

photospectroscopy (XPS), matrix-assisted laser desorption/ionization (MALDI) mass 

spectroscopy, scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM). For example, it has been demonstrated the viability of using room 

temperature conventional TEM to visualize polymeric nanostructures in ionic liquid 

solutions,
61

 as opposed to cryogenic TEM, which involves a delicate controlled 

environment vitrification system for sample preparation and can result in artifacts.
62

 

Nevertheless, it has been recently reported that certain families of ionic liquids can be 

distilled at reduced pressure without decomposition, yielding products of high purity 

levels.
63

 Furthermore, ionic liquids are known as “designer solvents” because the 

availability of numerous component ions provides virtually unlimited tunability in their 

properties. For example, Watanabe and coworkers characterized a series of 1,3-

dialkylimidazolium-based ionic liquids to determine how their physical properties, such 

as thermal behavior, density, viscosity, self-diffusion coefficient, and ionic conductivity, 

are affected by variation in cationic
64

/anionic
65

 species and imidazolium alkyl chain 

length.
66

 Additional remarkable properties of ionic liquids include high ionic conductivity 
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(up to 100 mS/cm), a wide liquidus temperature range (ca. 173–523 K), wide 

electrochemical windows (typically 4–6 V), exceptional chemical and thermal stability, 

fire resistance, and preferential permeability of certain gases. Although the number of 

commercially available ionic liquids has been expanding, most of them are currently too 

expensive for extensive applications in large scale industrial processes. Furthermore, their 

toxicity and biodegradability have rarely been addressed thus far,
67

 which needs to be 

carefully considered as the usage of ionic liquids grows. 

The attractive properties of ionic liquids have enabled their applications in many 

technologies. One primary example is to utilize them as the solvation media for synthesis 

and catalysis,
68–72

 where several advantages can be envisioned. First, their negligible 

volatility enables their straightforward containment at elevated temperatures and 

ultrahigh vacuum, and eliminates the concern of their environmental emission and 

contamination. Second, unlimited opportunities of component ion substitutions enable 

fine tailoring of solvation properties to optimize yield, selectivity, substrate solubility, 

and separation performance. Third, unlike traditional molecular solvents, they are ionic 

and highly structured solvents and usually display highly polar and weakly coordinating 

chemistry, which may lead to favorable reaction mechanisms. Fourth, ionic liquids 

dissolve a wide variety of materials due to the possibility of multiple solvent–solute 

interactions. Fifth, biphasic systems of ionic liquids with organic solvents and water are 

ideal systems for biphasic catalysis, in which catalysts are immobilized in one phase 

while products are readily separated from the other phase, whereby both the advantages 

of homogeneous catalysis (high catalytic performance) and heterogeneous catalysis 
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(facile product separation and catalyst recycling) can be married.
70

 Ionic liquids have also 

been widely employed in separation technology, such as stationary phases in gas 

chromatography, liquid–liquid extractions, and supported liquid membranes.
73

 

Furthermore, the remarkable electrochemical properties of ionic liquids, such as high 

ionic conductivity and wide electrochemical windows, render them key components in 

electronic double layer capacitors, fuel cells, lithium ion batteries, and solar cells.
74

 

Over the last twenty years, polymer/ionic liquid composites have become a subject of 

extensive research.
75–77

 One of the earliest activities in these systems was using ionic 

liquids as solvents in polymerization processes.
78

 This was triggered by the observation 

that the propagation rate constant (kp) of methyl methacrylate increases considerably 

when polymerization is carried out in an ionic liquid, 1-butyl-3-methylimidazolium 

hexafluorophosphate ([BMIM][PF6]).
79

 Further investigation of this system revealed a 

decrease in the termination rate constant (kt).
80

 The enhancement in kp was attributed to 

the increased polarity of the medium, which favors the transition state involving charge 

transfer, while the decrease in kt was related to the slower diffusion hindered by the high 

viscosity of ionic liquids.
80

 Controlled radical polymerizations conducted in ionic liquids 

have also been reported. Since ionic liquids dissolve certain inorganic or organometallic 

compounds that are employed as catalysts in atom transfer radical polymerization 

(ATRP), polymerization proceeds under homogeneous conditions and products can be 

conveniently separated from catalysts using solvents which dissolve the polymer but not 

the ionic liquid.
81

 Other polymerization protocols documented in the literature include 

reverse ATRP,
82

 reversible addition–fragmentation chain transfer (RAFT) 
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polymerization,
83

 nitroxide-mediated polymerization (NMP),
84

 ionic polymerization,
85

 

group transfer polymerization,
86

 polycondensation,
87

 and ring-opening polymerization.
88

 

Polymer solubilization in ionic liquids is complicated and not readily predicted.
89

 

Solubilization of a solute in a solvent is generally governed by thermodynamic factors. 

However, the higher viscosities of ionic liquids compared with molecular solvents could 

afford a serious barrier to mass and phase transfer, and therefore result in significantly 

prolonged kinetics to reach thermodynamic equilibrium. Winterton and coworkers 

reported a comprehensive, but still empirical, study on the solubility of 17 polymers in 

three common ionic liquids.
90

 Excitingly, ionic liquids have enabled direct dissolution of 

biopolymers such as cellulose,
91

 which is insoluble in water and most common organic 

solvents, due to the presence of extensive hydrogen-bonded supramolecular network 

structure. Rogers and coworkers
92

 found that ionic liquids incorporating anions which are 

strong hydrogen bonding acceptors were highly effective to dissolve cellulose, 

presumably solubilizing cellulose through hydrogen bonding between cellulose hydroxyl 

groups and anions of the solvent. This phenomenon may establish an approach for “green 

processing” of the most abundant natural polymer. 

Stimuli-responsive polymer/ionic liquid systems are of particular interest. Ueki and 

Watanabe reported the upper critical solution temperature (UCST) phase behavior, i.e., a 

critical temperature above which different components of a mixture are miscible for all 

compositions, of poly(N-isopropylacrylamide) (PNIPAm) in a common ionic liquid, 1-

ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([EMIM][TFSA]).
93

 

Interestingly, PNIPAm exhibits lower critical solution temperature (LCST) phase 
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behavior, i.e., a critical temperature below which different components of a mixture are 

miscible for all compositions, in aqueous solutions.
94

 Ueki and Watanabe also reported 

the LCST phase behavior of poly(benzyl methacrylate) (PBzMA) and its derivatives in 

[EMIM][TFSA].
95–97

 Lee and Lodge described LCST phase behavior of poly(ethylene 

oxide) (PEO) in 1,3-dialkylimidazolium tetrafluoroborate ionic liquids.
98

 One unusual 

feature of this system is that the cloud point curves in the temperature–composition phase 

diagrams are strongly asymmetric, with the critical composition shifted to high 

concentrations of PEO. A PEO derivative, poly(ethyl glycidyl ether) (PEGE), also 

displays LCST phase behavior in [EMIM][TFSA].
99

 Photo-responsive polymers in ionic 

liquids have also been reported. Ueki et al. discovered that the cis-state (excited) of 

poly(4-phenylazophenyl methacrylate) (PAzoMA) is soluble in [EMIM][TFSA] while 

the trans-state (ground) is not. Consequently, a random copolymer of P(AzoMA-r-

BzMA) exhibits an LCST which differs by 22 °C between the trans- and cis-state.
100

 

Similarly, the UCST of a random copolymer P(AzoMA-r-NIPAm) differs by 43 °C 

between the trans- and cis-state.
101

 

Self-assembly of block copolymers in ionic liquids is an emerging field.
102

 The ability 

of block copolymers to self-assemble into predictable nanostructures is well established. 

Lodge and coworkers have shown that two diblocks, poly((1,2-butadiene)-b-ethylene 

oxide) (PB–PEO)
103

 and poly(styrene-b-methyl methacrylate) (PS–PMMA),
104

 aggregate 

strongly and form micelles in [BMIM][PF6]. Consistent with aqueous and organic 

systems, the micellar structure progresses from spheres to cylinders to vesicles upon 

decreasing the fraction of the solvatophilic blocks. Further investigation of these systems 



 

 12 

resulted in the discovery of a micelle shuttle system: a reversible, quantitative, and intact 

transfer of micelles between water and a hydrophobic ionic liquid.
105–109

 The most 

remarkable feature of this micelle shuttle system is the intact transfer of the micelles, as 

opposed to a dissolution–reassembly process. This facile phase transfer offers a route to 

transport non-polar substances into and out of the ionic liquids, without removal of the 

expensive ionic liquids from the reaction vessel. Thermo-responsive polymer/ionic liquid 

systems have been utilized to exert delicate control over the micellization processes. For 

example, doubly thermosensitive micellization–unimer–inverse micellization was 

demonstrated by a PBzMA–PNIPAm diblock in [EMIM][TFSA]
110

 and a PNIPAm–PEO 

diblock in [EMIM][BF4]/[BMIM][BF4] blends.
111

 Meli et al. investigated the relaxation 

kinetics of nonergodic PB–PEO block copolymer micelles in [EMIM][TFSA],
112,113

 

taking advantage of the wide liquidus temperature range of the ionic liquid. 

Poly(ionic liquid)s are a class of emerging materials, in which ionic liquid species are 

constrained to the repeating units in a polymer chain.
114

 They combine the unique 

properties of ionic liquids with the flexibility and enhanced mechanical properties arising 

from the macromolecular architecture. Poly(ionic liquid)s can be synthesized either by 

direct polymerization of ionic liquid monomers or by chemical modification of polymeric 

precursors. Because the non-volatility limits the availability of high purity ionic liquid 

monomers, conventional free radical polymerizations have been the primary technique 

thus far,
115

 where the propagating species are tolerant to impurities and moisture. 

Recently, impressive progress in the development of controlled radical polymerizations 

has provided an unparalleled platform to precisely design and control the macromolecular 
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architecture of ionic liquid species within a polymer matrix.
116,117

 Poly(ionic liquid)s have 

been demonstrated to be useful in a variety of applications, including ionic conductors, 

dispersants, stabilizers, absorbents, porous polymers, and carbon precursors. 

Currently, the research scope of ionic liquids in polymer science is under significant 

expansion from traditional solvents to functional additives with desired properties. 

Functional polymer/ionic liquid composites are only beginning to be investigated and 

relevant design principles remain to be elucidated. The outstanding challenges are to 

design composite materials with mechanical integrity, exquisite nanostructure, and 

tailored ionic liquid properties. 

 

1.3 Ion Gels as Solid Polymer Electrolytes 

Polymer electrolytes are currently a subject of extensive research for applications in 

electrochemical devices,
118–120

 due to the potential to alleviate the shortcomings of 

organic solvent-based electrolytes, including leakage, flammability, and durability, while 

offering additional desirable properties, such as thin-film forming ability, flexibility, and 

transparency. The most common type of conventional polymer electrolytes is alkali metal 

salt complexes of PEO.
121

 However, they typically possess rather low conductivity (on 

the order of 10
−4

 mS/cm at 25 °C) due to the crystalline nature of PEO.
122

 While this can 

be addressed through the addition of organic solvents as plasticizers,
119

 additional issues 

regarding durability and safety concerns are raised. Ionic liquids possess negligible 

volatility, non-flammability, high ionic conductivity, and wide electrochemical windows, 
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which render them promising alternatives to replace organic solvents. Significant 

enhancement in conductivity has been observed upon incorporating room temperature 

ionic liquids into PEO-based electrolytes,
123

 and lithium batteries utilizing polymer/ionic 

liquid composites as electrolytes have been documented.
124

 

Recently, a novel class of polymer electrolytes was prepared by dispersing a cross-

linked polymeric network in ionic liquids, termed “ion gels”. In comparison to traditional 

polymer electrolytes obtained by simply doping polymers with ionic liquids,
125,126

 ion 

gels require significantly less polymer and thus offer enhanced ionic conductivity (e.g., 

on the order of 10 mS/cm at 25 °C). 

Chemically cross-linked ion gels can be prepared through polymerization of vinyl 

monomers in the presence of a cross-linker or direct polymerization of multifunctional 

monomers. For example, in the pioneering work on chemically cross-linked ion gels by 

Watanabe and coworkers, they successfully prepared self-standing, flexible, and 

transparent ion gel films via in-situ free radical polymerization of methyl methacrylate 

(MMA) in [EMIM][TFSA], in the presence of a small amount of cross-linker.
127

 They 

found that the temperature dependence of the ionic conductivity of the resulting ion gels 

followed the Vogel–Fulcher–Tammann (VFT) equation over the whole composition 

range, and promisingly, the ionic conductivity at ambient temperature approached a value 

close to 10 mS/cm. Rogers and coworkers synthesized resilient, rubbery, and transparent 

ion gels through the cross-linking reaction of disuccinimidylpropyl poly(ethylene glycol) 

and four-arm tetraamine poly(ethylene glycol) oligomers in a hydrophobic ionic liquid, 1-

hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([HMIM][TFSA]).
128
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In comparison to covalent approaches, physical cross-linking strategy provides 

greater flexibility in terms of tuning morphologies and properties through variations in 

monomer identity, block length, block sequence, and copolymer content. Over the last 

five years, our group has initiated systematic studies on the synthesis, electrical and 

viscoelastic properties, and applications of block copolymer-based ion gels.
129–140

 

Addition of as little as 4 wt% poly(styrene-b-ethylene oxide-b-styrene) (PS–PEO–PS) 

triblock copolymer into a midblock-selective ionic liquid [BMIM][PF6], was found to 

form a soft but highly elastic solid.
129

 Because thermoreversibility is a desirable feature 

from a processing perspective, a thermoreversible ion gel was then developed by 

replacing the PS block with PNIPAm and the [BMIM][PF6] ionic liquid with 

[EMIM][TFSA],
130

 where PNIPAm exhibits UCST phase behavior in [EMIM][TFSA].
93

 

The gelation temperature was further adjusted over the range of 17–48 °C by 

incorporating short solvophobic PS blocks to produce well-defined PNIPAm–PS–PEO–

PS–PNIPAm pentablock copolymers, depending on the PS block length.
131

 Very 

recently, Kitazawa et al. developed an ion gel that melts on cooling by dissolving a 

poly(benzyl methacrylate-b-methyl methacrylate-b-benzyl methacrylate) (PBzMA–

PMMA–PBzMA) triblock copolymer in [EMIM][TFSA],
132

 where PBzMA exhibits 

LCST phase behavior in [EMIM][TFSA] around 105 °C.
95

 

In addition to their employment as polymer electrolytes, these ion gels have also been 

explored as high-performance membranes for gas separation technology, high-

capacitance dielectric materials for organic thin-film transistors, and electroresponsive 

materials in electromechanical actuators. Gu and Lodge found that by incorporating a 
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poly(ionic liquid) midblock into a triblock copolymer ion gel, both high permeability and 

high real selectivity for CO2/N2 and CO2/CH4 gas pairs were achieved.
136

 Ion gels have 

shown superior performance as gate dielectrics in organic thin-film transistors.
137–140

 

Their extremely high specific capacitance (ca. 10 μF/cm
2
) enables a very high carrier 

density in the organic semiconductor channel (e.g., poly(3-hexylthiophene)). 

Furthermore, the high ionic mobility contributes to switching speeds that are over three 

orders of magnitude faster than achievable with conventional polymer electrolytes (e.g., 

PEO/LiClO4), allowing the device to operate at higher frequencies. In electromechanical 

actuators, an applied electric field results in differential ion migration, which further leads 

to asymmetric swelling and thus to bending.
141,142

 With the demonstrated device 

performances greatly enhanced, research interest in the synthesis and characterization of 

ion gels will continue to grow and more applications will be envisioned in the future. 

 

1.4 Supramolecular Ion Gels via Hydrogen Bonding 

In 2008, Noro et al. developed a thermoreversible supramolecular ion gel system by 

adding a poly(4-vinylphenol) (PVPh) cross-linker to a poly(2-vinylpyridine-b-ethyl 

acrylate-b-2-vinylpyridine) (P2VP–PEA–P2VP) triblock solution in a hydrophobic ionic 

liquid [EMIM][TFSA], a good solvent for the entire triblock chain, where hydrogen 

bonding between the P2VP blocks and PVPh cross-linkers generates a transient polymer 

network.
22,23

 The component polymers were synthesized by RAFT polymerization. The 

substantially wide liquidus temperature range of the ionic liquid affords access to 

interesting and unprecedented rheological response, as demonstrated by the preliminary 
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results from a representative mixture comprised of 10 wt% triblock and 4 wt% cross-

linker. Figure 1.1 shows the temperature dependence of the dynamic shear storage 

modulus (G′) and loss modulus (G″). The material undergoes a sharp transition from 

viscous liquid-like behavior at elevated temperatures to elastic gel-like behavior at low 

temperatures, with a well-defined transition temperature around 140 °C termed gel 

temperature (Tgel) where G′ = G″. A wide temperature-independent rubbery plateau is 

pronounced below Tgel, suggesting the formation of a well-defined polymer network 

structure, which does not evolve appreciably with temperature. One important 

assumption is that the number of hydrogen bonds per P2VP↔PVPh association increases 

upon cooling, while no substantial rearrangement of network connectivity takes place due 

to very high activation energy required to break multiple hydrogen bonds simultaneously. 

Therefore, the strength of a given P2VP↔PVPh association is greatly enhanced as 

temperature decreases, while the network structure is essentially locked in place at Tgel. 

Figure 1.2 shows a time–temperature superposition (tTS) master curve of G′ and G″, 

constructed by shifting the isothermal dynamic frequency sweep data collected every 10 

°C over the temperature range of 160–30 °C along the frequency axis. The appearance of 

an extremely wide frequency-independent rubbery plateau extending almost 10 orders of 

magnitude was particularly remarkable. The applicability of tTS suggests that the 

underlying origin of viscoelastic relaxation does not evolve with temperature, while wide 

frequency-independent rubbery plateau suggests the formation of a well-defined polymer 

network structure. The longest relaxation time (τ1) varied by a factor of 10
12

 from the gel 

point (ca. 140 °C) down to room temperature, as suggested by the shift factors. This 
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striking temperature sensitivity was attributed to the formation of multiple hydrogen 

bonds on a single P2VP↔PVPh association. It was further hypothesized that τ1 is 

determined by the average lifetime of a P2VP↔PVPh association, which is directly 

related to the number of hydrogen bonds involved. On the basis of this hypothesis, the 

many orders of magnitude variation in τ1 was interpreted in terms of the variation in the 

number of hydrogen bonds on a P2VP↔PVPh association, and therefore, the activation 

energy barrier to junction dissociation, as temperature changes. 

 

 

Figure 1.1 Temperature dependence of G′ (○) and G″ (□) collected at an angular 

frequency of 0.3 rad/s, a cooling rate of 1 °C/min, and a strain amplitude of 3%. 

Reprinted with permission from Noro, A.; Matsushita, Y.; Lodge, T. P. Macromolecules 

2008, 41, 5839–5844. Copyright 2008 American Chemical Society. 
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Figure 1.2 Time–temperature superposition master curve of G′ (○) and G″ (□) collected 

every 10 °C over the temperature range of 160–30 °C, with a reference temperature of 

140 °C. The shift factors are plotted against temperature in the inset. Reprinted with 

permission from Noro, A.; Matsushita, Y.; Lodge, T. P. Macromolecules 2008, 41, 5839–

5844. Copyright 2008 American Chemical Society. 

 

It was further demonstrated that the gel quality was strongly influenced by the 

stoichiometry between the hydrogen bonding donor and acceptor units, where the gel 

quality was assessed in terms of the magnitude of the modulus (GN), the sharpness of the 

gel–liquid transition, and the minimum value of tan δ in the gel regime. By these criteria, 

the gel quality is not monotonic with the cross-linker content, but goes through a 

maximum where the molar ratio of phenol to pyridine units is ca. 1/1. At low molar ratios 
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of phenol/pyridine units, a significant amount of P2VP blocks are dangling ends due to 

the exhaustion of PVPh cross-linkers, whereas at the opposite extreme, the mechanism 

responsible for the deterioration in the gel quality was attributed to the formation of 

monofunctional and difunctional cross-links, neither of which contributes to the elasticity 

of the polymer network. 

 

1.5 Thesis Overview 

The overall objective of this thesis research is to elucidate the underlying mechanisms 

that control the structure and dynamics in this hydrogen-bonded supramolecular ion gel 

system. This dissertation is outlined as follows. 

Chapter 2 describes the experimental details of the materials synthesis and 

characterization, and theoretical background for the experimental techniques, including 

size exclusion chromatography, rheology and small-angle scattering. 

Chapter 3 investigates the rheological consequences of varying the lengths of the 

P2VP block and PVPh cross-linker. Key parameters such as the longest relaxation time 

(τ1), gel temperature (Tgel), and plateau modulus (GN) are extracted and discussed. It was 

found that while the terminal relaxation dynamics is dramatically retarded upon 

increasing the P2VP block length, it is relatively insensitive to the PVPh cross-linker 

length. The macroscopic rheology is qualitatively correlated with the number of hydrogen 

bonds on a given P2VP↔PVPh association. 
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Chapter 4 demonstrates that the variation in the amount of the cross-linker added 

allows for fine-tuning of the degree of cross-linking and ultimately the mechanical 

properties through changes in the stoichiometry of the complementary hydrogen bonding 

units. Interestingly, the modulus does not increase monotonically with the amount of 

cross-linker, but goes through a maximum where the hydrogen bonding donors and 

acceptors are under a certain stoichiometric balance. This essentially reflects significant 

changes in the microstructure of the hydrogen-bonded polymer networks. 

Chapter 5 describes a thermally induced morphological evolution into a hexagonal 

morphology with long-range ordering of the hydrogen-bonded network microdomains. 

This process usually reveals very slow kinetics on a time scale that is much longer than a 

typical cooling or heating experiment, which results in significant hysteresis at high 

temperatures in the rheological response during a cooling–heating cycle. It turns out that 

this hexagonally ordered phase can be developed only within a narrow temperature 

window, which is limited at low-temperature by chain exchange and at high-temperature 

by the eventual dissolution of the hydrogen-bonded network microdomains. 

Chapter 6 addresses a fundamental and interesting question as to how many hydrogen 

bonds per P2VP↔PVPh association are required at the gel point. The lifetime of a single 

phenol–pyridine hydrogen bond in [EMIM][TFSA] is estimated based on an empirical 

relationship from the literature, which turns out to be on the order of sub-nanoseconds. 

The ultrafast exchange dynamics implies that multiple hydrogen bonds per P2VP↔PVPh 

association are required to generate a polymer network that is sufficiently stable over a 
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timescale of seconds. In particular, at least 6 hydrogen bonds per P2VP↔PVPh 

association are required at room temperature. 

Chapter 7 summarizes the research presented in this thesis and recommends 

directions for future work. 
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Chapter 2 

Materials Synthesis and Characterization 

2.1 Polymer Synthesis and Characterization 

2.1.1 Triblock Synthesis and Characterization 

The triblock copolymer used in the previous system was poly(2-vinylpyridine-b-ethyl 

acrylate-b-2-vinylpyridine) (P2VP–PEA–P2VP).
1,2

 However, the PEA midblock was 

relatively polydisperse, and therefore we switched to a PEO midblock, which can provide 

a narrower molecular weight distribution. Poly(2-vinylpyridine-b-ethylene oxide-b-2-

vinylpyridine) (P2VP–PEO–P2VP) triblock copolymers were synthesized via reversible 

addition–fragmentation chain transfer (RAFT) polymerization (Figure 2.1).
3,4

 A 

dihydroxy-terminated PEO precursor was purchased from Aldrich, and purified by 

dissolution in dichloromethane and precipitation in hexanes. It has a molecular weight of 

35 kg/mol and a dispersity of 1.04, as determined by size exclusion chromatography 

(SEC) with light scattering detection, where tetrahydrofuran (THF) with 1% 

tetramethylethylenediamine (TMEDA) by volume was used as the mobile phase. 2-

Vinylpyridine monomer was purchased from Aldrich and passed through a basic alumina 

column to remove inhibitors prior to use. 2,2′-Azobisisobutyronitrile (AIBN) was 

purchased from Aldrich and purified by recrystallization from methanol. A chain transfer 

agent (CTA), S-1-dodecyl-S'-(α, α'-dimethyl-α"-acetic acid) trithiocarbonate, was 

previously synthesized following a reported procedure.
5
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Figure 2.1 Synthetic scheme of P2VP–PEO–P2VP triblock copolymer. 

 

A CTA end-capped PEO macroinitiator was first prepared by coupling a dihydroxy-

terminated PEO precursor with the CTA via an acid chloride intermediate. CTA was 

mixed with excess oxalyl chloride in anhydrous CH2Cl2 under argon atmosphere and 

stirred at room temperature until gas evolution stopped (ca. 2 h). Residual reagents were 

removed under vacuum, and the residue was redissolved in anhydrous CH2Cl2 followed 

by the addition of PEO. The mixture was vigorously stirred at room temperature for 24 

hours, after which the contents were precipitated four times in hexanes and dried in a 

vacuum oven overnight at 50 °C. The PEO end-functionalization by the CTA was 

confirmed by the appearance of characteristic 
1
H NMR signals of the dodecyl fragment in 

the difunctional macroinitiator (Figure 2.2). The quantitative degree of end-

functionalization was 100%, as determined from the relative integration area of the PEO 

and CTA characteristic peaks in 
1
H NMR spectrum, with the molecular weight of the 

PEO precursor (35 kg/mol) as a reference. The CTA end-capped PEO macroinitiator was 
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subsequently used to grow the P2VP blocks. In a typical polymerization, weighed 

amounts of CTA end-capped PEO macroinitiator, AIBN, 2-vinylpyridine monomer, and 

N,N-dimethylformamide (DMF) solvent were mixed in a dry round-bottom flask 

equipped with a magnetic stir bar and sealed with a rubber septum. The mixture was 

degassed by multiple freeze-pump-thaw cycles and the polymerization was then carried 

out at 60 °C. The polymerization was quenched by liquid nitrogen. The contents was 

diluted with CH2Cl2 and precipitated in hexanes. The final product was dried in a vacuum 

oven at 50 °C for 24 hours. The high efficiency of chain extension was confirmed by the 

clear shift in the SEC traces of the difunctional macroinitiator and the resulting triblock, 

without any detectable signal from residual PEO precursor (Figure 2.3). 
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Figure 2.2 
1
H NMR spectra of the PEO precursor, CTA–PEO–CTA difunctional 

macroinitiator, and P2VP–PEO–P2VP triblock copolymer. 
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Figure 2.3 SEC traces of the CTA–PEO–CTA difunctional macroinitiator and P2VP–

PEO–P2VP triblock copolymer. 

 

2.1.2 Synthesis and Characterization of Poly(4-vinylphenol) Cross-linker 

Poly(4-vinylphenol) (PVPh) cross-linker was also synthesized via RAFT 

polymerization, with the same CTA following a two-step process previously reported 

(Figure 2.4).
1,2

 4-Tert-butoxystyrene monomer was purchased from Aldrich and passed 

through a neutral alumina column to remove inhibitors prior to use. The purified 

monomer was degassed by multiple freeze-pump-thaw cycles and then polymerized in 

bulk at 130 °C. The poly(4-tert-butoxystyrene) (PtBOS) precursor was purified by 

multiple precipitations into a methnol/water mixture (85/15, v/v). The protective tert-

butyl groups were removed by hydrolysis with concentrated hydrochloric acid in dioxane 

at 40 °C for 48 hours to afford the targeted PVPh polymer, which was purified by 
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multiple precipitations into water. The hydrolysis efficiency of the tert-butyl groups was 

estimated by 
1
H NMR spectroscopy (Figure 2.5). Complete removal of the protective 

tert-butyl groups and the generation of the phenolic hydroxyl groups after hydrolysis 

were verified, and thus the degree of hydrolysis was determined to be greater than 99%. 

 

 

Figure 2.4 Synthetic scheme of PVPh homopolymer. 

 

 

  

Figure 2.5 
1
H NMR spectra of PtBOS precursor and PVPh homopolymer. 
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2.2 Ionic Liquid Synthesis and Characterization 

A common hydrophobic room-temperature ionic liquid, 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide ([EMIM][TFSA]), was prepared via an ion exchange 

reaction following a reported procedure.
6
 Equal moles of 1-ethyl-3-methylimidazolium 

bromide ([EMIM][Br]) (IoLiTec, 99%) and lithium bis(trifluoromethylsulfonyl)amide 

([Li][TFSA]) (3M, HQ-115) were mixed in HPLC water and vigorously stirred at 70 °C 

for 24 h. The hydrophobic ionic liquid phase was separated and then washed with HPLC 

water four times, followed by passing through a neutral alumina column using 

dichloromethane as a diluent. Dichloromethane was subsequently removed using a rotary 

evaporator and the ionic liquid was dried in a vacuum oven at 60 °C for 2 days. The ionic 

liquid was clear and colorless, and stored in a glove box to avoid water absorption. 

 

 

Figure 2.6 
1
H NMR spectrum of [EMIM][TFSA]. 
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The ionic liquid was characterized by 
1
H NMR spectroscopy (Figure 2.6). The 

temperature dependence of the viscosity of [EMIM][TFSA] over the range of 20–100 °C 

was also characterized (Figure 2.7). The zero shear viscosity (η0) of [EMIM][TFSA] was 

measured by steady shear tests on a strain-controlled Rheometric Fluids Spectrometer 

(RFS II) using couette geometry (bob radius: 16.0 mm; cup radius: 17.0 mm; bob length: 

33.2 mm). The temperature was controlled using a Rheometrics environmental circulator. 

All steady shear viscosity data were taken at several shear rates spanning at least two 

decades. The temperature dependence of η0 was fitted with the Vogel–Fulcher–Tammann 

(VFT) equation 

 2.1                                                  
)(

log
0TT

BT















 

where η∞ = 0.17 cP, B = 350.9 K, and T0 = 143.5 K. These values are in excellent 

agreement with the literature results.
7
 

 



 

 42 

 

Figure 2.7 Temperature dependence of zero shear viscosity of [EMIM][TFSA]. The solid 

line represents a fit to the Vogel–Fulcher–Tammann (VFT) equation. 

 

2.3 Size Exclusion Chromatography 

Size exclusion chromatography (SEC) is the most commonly employed technique in 

the molecular characterization of polymers, as with suitable column calibration or 

multiple detection schemes, both the average molecular weights and molecular weight 

distributions can be determined. In practice, a solution (mobile phase) passes through 

columns packed with porous particles of various pore sizes (stationary phase). The 

separation occurs because molecules of different sizes are excluded from the pores to 

varying degrees. The largest molecules are excluded from the pores to the greatest extent, 

and therefore are the first to elute from the column. Progressively smaller molecules 
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permeate the porous stationary phase to increasing extents and are eluted sequentially. As 

such, the separation mechanism is based on molecular size (hydrodynamic volume, Vh), 

as opposed to molecular weight directly. This leads to a limitation when the SEC column 

is calibrated by standards because accuracy in molecular weight requires the use of 

standards of the same polymer as the analyte. The major limitation of SEC, however, is 

that the separation has rather low resolution. 

All SEC measurements described in this thesis were performed on an Alltech 426 

HPLC pump combined with three Phenogel columns (Phenomenex). THF was used as 

the routine eluent and the flow rate was 1 mL/min. Both a refractive index (RI) detector 

(OPTILAB DSP interferometric reflectometer, Wyatt Technology Corporation) and a 

light scattering (LS) detector (DAWN DSP laser photometer, Wyatt Technology 

Corporation) were used to monitor the eluting solution. The response of the RI detector 

(voltage signal) is proportional to the concentration in g/mL of the eluting polymer (c) 

and the proportionality factor, known as the refractive index increment (∂n/∂c), depends 

on the polymer/solvent system. The LS detector measures scattering intensity at a series 

of scattering angles simultaneously. A Zimm plot can be constructed to determine both 

the radius of gyration (Rg,i) and weight-average molecular weight (Mw,i) of the eluting 

polymer. The crucial advantage of the LS detector is the possibility of obtaining an 

absolute Mw,i of each slice of the chromatogram without any column calibration. As a 

result, both the average molecular weights and dispersities can be extracted. 
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2.4 Rheology 

If the time-dependent stress–strain relationships of polymeric materials are examined, 

we will find that they are generally viscoelastic in nature, i.e., an intermediate behavior 

between the viscous flow of liquids and the elastic deformation of solids.
8–11

 The 

molecular origin is the long-chain nature of polymer molecules. When a polymeric 

material is subjected to a deformation, the individual chains will be stretched in the 

direction of the force and adopt a non-equilibrium distribution of conformations. After a 

characteristic relaxation time, the chains will relax back to an equilibrium distribution of 

conformations, whereby energy is dissipated as heat due to the relative motion of the 

molecules through the surroundings. Viscoelastic properties of polymeric materials are 

described by a variety of material functions, such as steady flow viscosity, stress 

relaxation modulus, creep compliance, and dynamic modulus. 

The most common experimental approach is to apply a small-amplitude oscillatory 

shear, in which the sample is subjected to a sinusoidal shear strain given by 

     2.2                                                    sin0 tt    

where ω is the frequency of the oscillation, t is the time, and γ0 is the maximum strain 

amplitude. In the linear response regime, i.e., sufficiently small strain amplitudes and 

strain rates such that material functions do not depend on the strain amplitude or rate, the 

stress is also sinusoidal with the same frequency, but shifted from the strain by a phase 

angle δ 

     2.3                                                 sin0   tt  



 

 45 

The elastic and viscous components of the response can be resolved concurrently, which 

is the primary advantage of this approach. The elastic component is in phase with the 

strain and the viscous component is in phase with the strain rate 

 
     2.4                                          cossin

0

tGtG
t





  

where G′ is the elastic or storage modulus and G″ is the viscous or loss modulus, G″. The 

phase angle between strain and stress is determined by the ratio of G″ and G′ 

 2.5                                                         tan
G

G




  

All rheological measurements described in this thesis were performed on an 

Advanced Rheometric Expansion System (ARES) equipped with a force transducer 

featuring a 0.02 g cm lower torque limit. Temperature was always controlled to within 

±0.1 °C of the set values via a convection oven using dry nitrogen gas. Either 50 or 25 

mm diameter parallel plates were used, depending on the modulus, and the gap was ca. 1 

mm. At each temperature, the gap was adjusted to compensate for thermal expansion, and 

the sample loading was checked visually to ensure a flat edge. The actual gap was 

calculated based on the thermal expansion coefficient of the stainless steel plates (2.4 

µm/K) assuming linear expansion with temperature. Samples were allowed to equilibrate 

for 15 min at each temperature and then a dynamic strain sweep was performed to 

identify the linear viscoelastic regime. 

Dynamic frequency sweeps were carried out over the frequency range of 0.1–100 

rad/s, limited by the capability of the rheometer at higher frequencies and by the 



 

 46 

experimental convenience at lower frequencies. Original data collected over a range of 

temperatures can be reduced to a single master curve to extend the accessible frequency 

range, by applying the time–temperature superposition (tTS) principle. The frequency 

dependence of a viscoelastic function, for example, stress relaxation modulus, G(ω,T), at 

two different temperatures is given by a simple scaling 

     2.6                                               ,, rTT TaGbTG    

where Tr is the reference temperature, and aT and bT are the horizontal and vertical shift 

factors, respectively. Small vertical shift factors can be applied to correct for density 

variation with temperature, which is given by 

 2.7                                                         rr
T

T

T
b




  

In practice, the tan δ spectrum is shifted horizontally to obtain aT and then the same 

shift factors are applied to the dynamic moduli to obtain master curves. Finally, small 

vertical shifts can be applied based on knowledge of ρ(T). For tTS to apply, the single 

and crucial requirement is that all the relevant relaxation times have the same temperature 

dependence over the measured temperature range. 

 

2.5 Small-Angle Scattering 

Small-angle scattering is a non-invasive structural characterization technique based 

on deflection of a collimated beam of radiation (light, X-rays and neutrons) away from 

the straight trajectory after it interacts with structures that are much larger than the 
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wavelength of the radiation.
12

 Information about the size, shape and orientation of 

structures can be obtained over length scales from 1 nm to 10 μm. In a scattering 

experiment, an unpolarized incident wave with intensity I0 illuminates the sample, and 

the scattered wave with intensity Is is detected at an angle θ. The amplitude of a wave 

travelling in the ik


 direction at the position r


 and time t is given by 

    2.8                                                  iexp i0 rkt

   

Here ω is the frequency in rad/s and ik


 has amplitude 2π/λ, where λ is the wavelength in 

the sample.  The change in the direction of propagation of the scattered wave relative to 

the incident wave is quantified by the scattering vector, q


, also known as the momentum 

transfer vector, which is defined by the difference between incident and scattered wave 

vectors 

 2.9                                                        si kkq


  

For elastic scattering, in which the scattered wave has the same frequency as the incident 

wave, both incident and scattered wave vectors have magnitude 2π/λ, and thus the 

magnitude of q


 can be obtained 

 2.10                                               
2

sin
4
















qq


 

The magnitude of q


 has dimensions of inverse length. Scattering experiments explore 

fluctuations and thus are sensitive to structures on the length scale of q
−1

. 
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Scattering arises from three factors: the amplitude of the mean square concentration 

fluctuations, the spatial correlations among the fluctuations, and the contrast factor. The 

concentration fluctuations, which are random in nature, give rise to incoherent scattering, 

from which one cannot extract any structural correlation present in the sample, because 

there is no preferred distance, or spatial correlation, among the fluctuations. The intensity 

of incoherent scattering is independent of scattering angle. Spatial correlations among 

different scattering centers lead to scattered waves travelling different distances to the 

detector, which give rise to phase differences among them. This phenomenon is known as 

coherent scattering. Analysis of the phase differences yields valuable information about 

the orientation of scattering centers in the sample. The path difference (δ) between the 

waves scattered by two scattering centers separated by a distance of jkr


is given by dj−dk, 

which can be related to q


 through the following equation 

     2.11                                 
22

jksjkikj rkrkdd
π 







  

The structure factor contains the information about the spatial correlations of the sample 

and is defined by the superposition of all waves at a particular q


, normalized by the 

square of the number of scattering centers 

   2.12                                     iexp
1
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2  
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The scattered intensity per unit volume can be obtained from the structure factor and is 

given by 
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 2.13                                                   )(~)( qS
K

qI



 

where K is the contrast factor and ν is the scattering volume. The contrast factor 

quantifies the degree to which a given concentration fluctuation modulates the relevant 

material parameter: dielectric constant (refractive index) for light, electron density for X-

rays, and scattering cross section for neutrons. If there is no scattering contrast present in 

the sample, structural correlations will be invisible and only scattering originating from 

random concentration fluctuation will be present. 

Small-angle X-ray scattering (SAXS) data presented in this thesis were collected at 

the synchrotron facility of Advanced Photon Source (APS), Argonne National Laboratory 

(ANL). Synchrotron sources provide an incident flux of X-rays that is several orders of 

magnitude larger than a laboratory source. Furthermore, it can be much better collimated, 

and wavelength may be tuned to a convenient value. These features together provide 

scattering patterns with much better resolution in much shorter exposure time. 

Small-angle neutron scattering (SANS) measurements were performed on the CG-2 

General Purpose SANS instrument at the High Flux Isotope Reactor (HFIR) facility at 

Oak Ridge National Laboratory (ORNL). The neutron wavelength was 4.75 Å and the 

sample-to-detector distance was 14 m. Temperature was calibrated using a thermocouple 

immersed in oil in a quartz cell. Samples were sandwiched between two quartz disks 

separated by an aluminum spacer and sealed by high-temperature adhesives. Data 

reduction was performed using the Igor package provided by ORNL. Scattering data 

were corrected for sample transmission, empty cell, background scattering, and detector 
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sensitivity. Absolute intensity curves I(q) were obtained using the direct beam method, 

followed by azimuthal averaging. 
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Chapter 3 

Effects of Component Molecular Weight on the 

Viscoelastic Properties

 

3.1 Introduction 

In 2008, Noro et al. reported a special approach to thermoreversible ion gels by 

adding an additional poly(4-vinylphenol) (PVPh) cross-linker to a poly(2-vinylpyridine-

b-ethyl acrylate-b-2-vinylpyridine) (P2VP–PEA–P2VP) triblock solution in a room-

temperature ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide 

([EMIM][TFSA]), a good solvent for the entire triblock chain, where hydrogen bonding 

between the P2VP blocks and PVPh cross-linkers generates a transient polymer 

network.
1,2

 Initial results from a representative sample containing 10 wt% triblock and 4 

wt% cross-linker revealed remarkably thermosensitive viscoelastic properties in the sense 

that its longest relaxation time (τ1) varied by a factor of 10
12

 from gel temperature (Tgel ≈ 

140 °C) down to room temperature. This extreme temperature sensitivity was attributed 

to the formation of multiple hydrogen bonds in a single P2VP↔PVPh association. It was 

further hypothesized that τ1 is determined by the average lifetime of a P2VP↔PVPh 

association, which is directly related to the number of hydrogen bonds involved. On the 

basis of this hypothesis, the many orders of magnitude variation in τ1 was interpreted in 

                                                 
 Reproduced by permission of The Royal Society of Chemistry from Lei, Y.; Lodge, T. P. Soft 

Matter 2012, 8, 2110–2120. http://dx.doi.org/10.1039/c2sm06652a 
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terms of the variation in the number of hydrogen bonds on a P2VP↔PVPh association, 

and therefore, the activation energy barrier to junction dissociation, as temperature 

changes. However, further experimental work is needed to test this hypothesis. 

In this chapter, we investigate the viscoelastic properties of supramolecular ion gels 

via hydrogen bonding, with particular attention paid to how τ1 and Tgel vary with the 

P2VP block and PVPh cross-linker lengths at constant poly(ethylene oxide) (PEO) 

midblock length and polymer concentration. The results enhance understanding of the 

underlying gelation and relaxation mechanisms in this versatile supramolecular ion gel 

system. The PEA midblock used in the previous system was relatively disperse (Ð ≈ 

1.6),
1,2

 and therefore we have switched to a PEO midblock, which can provide a narrower 

molecular weight distribution. 

 

3.2 Experimental Section 

3.2.1 Polymer Synthesis and Characterization 

The molecular characterization information of all polymers used in this chapter is 

summarized in Table 3.1, including the molecular weight of each block and overall 

dispersities (Ðs). Their detailed synthesis was described in Chapter 2. For simplicity, 

each P2VP–PEO–P2VP triblock copolymer is denoted as VOV(x-y-z), where x, y, and z 

refer to the average block molecular weights in kg/mol, and each PVPh homopolymer is 

denoted as PVPh-m, where m represents the molecular weight in kg/mol. 

 



 

 54 

Table 3.1 Molecular Characterization of Polymers 

Polymers Mn,P2VP
a
 (kg/mol) Mn,PEO

b
 (kg/mol) Mn,PVPh

c
 (kg/mol) Ð

d
 

VOV(2-35-2) 2 35  1.06 

VOV(3-35-3) 2.6 35  1.08 

VOV(4-35-4) 4 35  1.08 

VOV(6-35-6) 5.8 35  1.09 

VOV(15-35-15) 15 35  1.12 

PVPh-5
e
   5 1.04 

PVPh-8
f
   8 1.12 

PVPh-10
g
   10 1.10 

PVPh-35
e
   35 1.22 

a 
Block Mn determined by 

1
H NMR spectroscopy. 

b 
Determined by SEC with light 

scattering detection (the ∂n/∂c value for PEO homopolymer in THF solvent at a laser 

wavelength of 633 nm is 0.068 mL/g). 
c 

Determined by 
1
H NMR spectroscopy. 

d 

Determined by SEC. 
e
 These two PVPh homopolymers were previously synthesized by 

Ozair using anionic polymerization.
3
 

f
 This PVPh homopolymer was synthesized by 

RAFT polymerization as described in Chapter 2. 
g
 This PVPh homopolymer was 

purchased from Sigma–Aldrich. 
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3.2.2 Supramolecular Ion Gel Preparation 

All supramolecular ion gels were prepared by mixing weighed amounts of the 

respective polymers (triblock and cross-linker) and ionic liquid in a THF cosolvent. After 

these ternary mixtures were stirred for a few hours, most of the cosolvent was removed 

under a flow of nitrogen gas for 1 day followed by drying in a vacuum oven at 110 °C for 

1 day to completely remove the cosolvent. All samples were stored in a vacuum 

desiccator to minimize water absorption. 

3.2.3 Rheology 

Rheological experiments were performed on an ARES rheometer (TA instruments) 

using parallel plate geometry. Temperatures were controlled to within ±0.1 °C of the set 

values via a convection oven using dry nitrogen gas. Special care was taken during 

sample loading to exclude bubbles. Gels were annealed above their respective Tgels while 

shearing at a shear rate of 10 s
−1

 for 10–15 minutes before further experiments were 

conducted, allowing any small bubbles to flow to the center of the geometry, where they 

minimally affect the torque.
4
 At each temperature, the gap was adjusted to compensate 

for thermal expansion, and the sample loading was checked visually to ensure a flat edge. 

The actual gap was calculated based on the thermal expansion coefficient of the stainless 

steel plates (2.4 µm/K) assuming linear expansion with temperature. Gels were allowed 

to equilibrate for 15 minutes at each measurement temperature and then a dynamic strain 

sweep was performed to identify the linear viscoelastic regime. Dynamic temperature 

ramps were performed both on heating and cooling at a strain amplitude of 3%, an 

angular frequency of 0.3 rad/s, and a heating/cooling rate of 1 °C/min. Dynamic 
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frequency sweeps were performed at a strain amplitude of 3% over an angular frequency 

range of 0.1–100 rad/s at various temperatures. 

3.2.4 Small-Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) experiments were performed at the Dupont–

Northwestern–Dow Collaborative Access Team (DND–CAT) beamline 5-ID-D at the 

Advance Photon Source, Argonne National Laboratory. Gels were sealed into hermetic 

differential scanning calorimetry (DSC) pans, which were then mounted to a washer 

sandwiched between two Kapton layers. Two-dimensional SAXS data were collected and 

then azimuthally integrated to generate one-dimensional data presented as intensity (I) vs 

scattering vector (q = 4πsin(θ/2)/λ), where θ is the scattering angle and λ is the X-ray 

wavelength. 
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3.3 Results and Discussion 

Seven supramolecular ion gels were prepared and investigated, in which either the 

P2VP block or PVPh cross-linker length was varied, as summarized in Table 3.2. The 

triblock concentration was fixed at 10 wt% and the cross-linker concentration at 4 wt%. 

 

Table 3.2 Characteristics of Supramolecular Ion Gels 

P2VP–PEO–P2VP PVPh Xph/Xpy
a
 Tgel

b
 (°C) GN

c 
(Pa) 

VOV(2-35-2) PVPh-8 340/100 119 8700 

VOV(3-35-3) PVPh-8 240/100 137 11500 

VOV(6-35-6) PVPh-8 140/100 162 3000 

VOV(15-35-15) PVPh-8 75/100 163 500 

VOV(4-35-4) PVPh-5 190/100 140 14500 

VOV(4-35-4) PVPh-10 190/100 145 14000 

VOV(4-35-4) PVPh-35 190/100 155 13500 

a 
Molar ratio of phenol/pyridine units. 

b 
Tgel determined from the crossover temperature at 

which G′ = G″ in Figures 3.1 and 3.2. 
c 
Plateau modulus. 
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3.3.1 Dynamic Temperature Ramp 

Dynamic temperature ramps from each of the seven supramolecular ion gels 

examined are shown in Figures 3.1 and 3.2, in which the dynamic storage modulus (G′) 

and loss modulus (G″) are plotted against temperature in a semi-logarithmic format. 

These plots illustrate the significant changes in viscoelastic properties of these gels over 

the temperature ranges investigated. At low temperatures, the rheological response is 

highly elastic with G′ >> G″, whereas at high temperatures, the rheological response is 

predominantly viscous with G″ > G′. Wide temperature-independent rubbery plateaus in 

G′ are evident at low temperatures, indicating the formation of a well-defined network 

structure which does not evolve appreciably with temperature. Additionally, all gels 

undergo a sharp transition from viscous liquid-like behavior to elastic gel-like behavior 

with a well-defined transition temperature termed Tgel. Above Tgel, gels rapidly soften into 

viscoelastic liquids over a narrow temperature interval with steep drop in the moduli. The 

crossover temperature at which G′ = G″ is used as a convenient indicator of Tgel, which 

represents the temperature at which the gel has a longest relaxation time comparable to 

the time scale of the experiment (τ1 ≈ ω
−1

). Since dynamic temperature ramps were 

performed at ω = 0.3 rad/s, the rheological response of these gels was probed on a time 

scale of ~3.3 s. These gels are thermoreversible, and rheological data collected on 

heating and cooling are highly reproducible with negligible hysteresis in Tgel (1–2 °C 

difference). 
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Figure 3.1 Temperature dependence of dynamic storage modulus G′ (○) and loss modulus 

G″ (□) for four supramolecular ion gels showing the effect of varying the P2VP block 

length: (a) 2 kg/mol; (b) 2.6 kg/mol; (c) 5.8 kg/mol; (d) 15 kg/mol. All other variables are 

held constant (see the lower left-hand corner of each plot for details). All measurements 

were performed at a strain amplitude of 3%, an angular frequency of 0.3 rad/s, and a 

heating rate of 1°C/min. The blue lines represent the “ideal” plateau modulus assuming 

every midblock is elastically effective, as discussed in Section 3.3.5. 
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Figure 3.2 Temperature dependence of dynamic storage modulus G′ (○) and loss modulus 

G″ (□) for three supramolecular ion gels showing the effect of varying the PVPh cross-

linker length: (a) 5 kg/mol; (b) 10 kg/mol; (c) 35 kg/mol. All other variables are held 

constant (see the lower left-hand corner of each plot for details). All measurements were 

performed at a strain amplitude of 3%, an angular frequency of 0.3 rad/s, and a heating rate 

of 1°C/min. The blue lines represent the “ideal” plateau modulus assuming every midblock 

is elastically effective, as discussed in Section 3.3.5. 
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3.3.2 Dynamic Frequency Sweep 

For each gel, the time-temperature superposition (tTS) principle was applied to 

construct a master curve by shifting the isothermal dynamic frequency sweep data 

collected at various temperatures along the frequency axis. Figures 3.3 and 3.4 show the 

tTS master curves in which G′ and G″ are plotted against reduced frequency (ωaT) in a 

double-logarithmic format (see Figure 3.5 for resulting shift factors). The applicability of 

tTS suggests that the underlying origin of viscoelasticity in these gels does not evolve 

over the temperature range investigated. At low reduced frequencies, all samples behave 

as viscoelastic liquids, as revealed by the terminal relaxation behavior where G′ and G″ 

scale with second and first powers of frequency, respectively. The terminal region in the 

VOV(15-35-15)-based gel was not accessed because the relatively low-viscosity yielded 

low-torque values that approached the sensitivity limitation of the rheometer transducer. 

At high reduced frequencies, pronounced frequency-independent rubbery plateaus in G′ 

are evident extending up to ten orders of magnitude in reduced frequency; concurrently, 

G″ is considerably smaller than G′, exemplifying the rheological features that 

characterize a gel.
5
 The appearance of systematic upturns in G″ at the high-frequency end 

of low-temperature data is attributed to the relaxation of the PEO network strands, which 

possesses a distinct temperature dependence compared with the gel relaxation. As noted 

previously,
1,2

 shifting these G″ upturns along the frequency axis by an amount equal to 

the relative solvent viscosity causes the data to superpose (see Figures 3.6 and 3.7 for 

master curves and resulting shift factors, respectively). 
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Figure 3.3 tTS master curves of dynamic storage modulus G′ (○) and loss modulus G″ (□) 

referenced to 30 °C for four supramolecular ion gels showing the effect of varying the 

P2VP block length: (a) 2 kg/mol; (b) 2.6 kg/mol; (c) 5.8 kg/mol; (d) 15 kg/mol. All other 

variables are held constant (see the lower right-hand corner of each plot for details). 
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Figure 3.4 tTS master curves of dynamic storage modulus G′ (○) and loss modulus G″ (□) 

referenced to 30 °C for three supramolecular ion gels showing the effect of varying the 

cross-linker length: (a) 5 kg/mol; (b) 10 kg/mol; (c) 35 kg/mol. All other variables are held 

constant (see the lower right-hand corner of each plot for details). 
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Figure 3.5 Temperature dependence of tTS shift factors used in generating the master 

curves of (a) Figure 3.3 and (b) Figure 3.4. 
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Figure 3.6 tTS master curves from superposing the G″ upturns at the high-frequency end of 

low-temperature data, with a uniform reference temperature of 30 °C. 



 

 66 

 

  

  

  



 

 67 

 

Figure 3.7 Temperature dependence of tTS shift factors (□) used in generating the master 

curves of Figure 3.6. The viscosities of [EMIM][TFSA] relative to its value at the tTS 

reference temperature (30 °C) are also included (red dashed lines) for comparison. 

 

3.3.3 Effects of P2VP Block Length 

As mentioned earlier, the remarkable temperature sensitivity observed in this 

supramolecular ion gel system was hypothesized to originate from the temperature 

dependence of the average lifetime of a P2VP↔PVPh association. For the purpose of 

testing this hypothesis, we examine the rheological consequences of varying the P2VP 

block length while holding all other variables constant, with the expectation that 

increasing the P2VP block length would increase the number of hydrogen bonds in a 

P2VP↔PVPh association, which would change τ1 and Tgel. It is worth emphasizing that a 

P2VP↔PVPh association refers to a block↔cross-link association, which generally 

involves multiple hydrogen bonds, instead of a monomer↔monomer association, which 

is a single hydrogen bond. Additionally, an important structural feature of this system is 
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that the cross-links are comprised of intermolecularly hydrogen-bonded PVPh chains 

instead of a single PVPh chain, due to the self-association of phenol units, and therefore 

an aggregation number is employed to denote the number of PVPh chains associated in 

one cross-link. 

 

 

Figure 3.8 Effect on temperature-dependent τ1 of varying the P2VP block length over the 

range of 2–15 kg/mol while holding all other variables constant. 

 

Dynamic temperature ramps and tTS master curves for four supramolecular ion gels 

showing the effect of varying the P2VP block length over the range of 2–15 kg/mol are 

shown in Figures 3.1 and 3.3, respectively. From the tTS master curves, τ1 at any given 

temperature is calculated from 
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 3.1                                                  )()( Tref11 aTT    

where τ1(Tref) is the longest relaxation time at the tTS reference temperature, which is 

determined by the crossover frequency (ωc) at which G′ = G″ in the tTS master curve, 

τ1(Tref) = ωc
−1

, and aT is the tTS shift factor for the temperature of interest, which denotes 

the ratio of any relaxation time at one temperature to its value at the chosen reference 

temperature. This allows us to generate a plot showing the effect on temperature-

dependent τ1 of varying the P2VP block length over the range of 2–15 kg/mol (Figure 

3.8). It is immediately clear that τ1 is considerably influenced by the P2VP block length 

over the range of 2–5.8 kg/mol. Specifically, the VOV(3-35-3)-based gel relaxes about 

1000 times slower than the VOV(2-35-2)-based gel, but about 500 times faster than the 

VOV(6-35-6)-based gel. Since the number of hydrogen bonds per P2VP↔PVPh 

association should increase with increasing P2VP block length in this series, the 

dramatically slower terminal relaxation dynamics observed with longer P2VP blocks is in 

excellent agreement with the hypothesis that τ1 is determined by the average lifetime of a 

P2VP↔PVPh association, which is directly related to the number of hydrogen bonds 

involved. Furthermore, there is some indication that τ1 approaches fixed values at long 

enough P2VP block lengths, as manifested by the near equivalence of VOV(6-35-6)- and 

VOV(15-35-15)-based gels. This apparent saturation is attributed to the finite number of 

effective phenol units in a cross-link capable of associating with pyridine units on the 

P2VP blocks, which does not fluctuate significantly at fixed cross-linker concentration, 

and therefore would prevent unlimited enhancement in τ1 with increasing P2VP block 

length. It is noteworthy that PVPh does not dissolve in the ionic liquid when hydrogen-
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bonded with P2VP, whereas PVPh by itself initially dissolves in the ionic liquid. The 

PVPh aggregates shrink into a compact phase to minimize contact with the solvent, 

whereby a certain fraction of phenol units is hidden inside the aggregates. Therefore, only 

a small fraction of free phenol units that are exposed to the surface of the cross-links are 

available to form hydrogen bonds with pyridine units on the P2VP blocks. This 

interpretation is supported by the modest number of hydrogen bonds actually formed on a 

P2VP↔PVPh association, as will be shown later. As the P2VP block length increases 

progressively, the eventual exhaustion of the effective phenol units would result in the 

saturation of τ1, because further increase in the P2VP block length would not contribute 

to an increase in the number of hydrogen bonds for a given P2VP↔PVPh association. 

Thus, this apparent saturation of τ1 is also consistent with the idea that τ1 is determined by 

the average lifetime of a P2VP↔PVPh association. Based on these results, we propose 

that the most straightforward relaxation mechanism implicates P2VP block detachment 

from associated cross-links, which requires simultaneous breaking of all hydrogen bonds 

involved. 

A similar trend with respect to the dependence of Tgel on the P2VP block length was 

also observed, as summarized in Table 3.2. From a physical perspective, a reasonable 

assumption for Tgel is that the gel point should occur at about one hydrogen bond per 

P2VP↔PVPh association. At equivalent cross-linker concentration, the fraction of 

hydrogen-bonded pyridine units on a P2VP block needed to reach Tgel decreases with 

increasing P2VP block length. The fraction of hydrogen-bonded units is further 

correlated with the equilibrium constant. The natural consequence of a reduction in the 
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equilibrium constant is the shift of Tgel to higher temperatures. Additionally, at 

sufficiently long P2VP block lengths, Tgel saturates at ~160 °C, which is essentially of 

the same origin as the saturation of τ1, i.e., due to the finite number of effective phenol 

units in a cross-link. Note that Tgel depends on the fraction of hydrogen-bonded units to 

reach approximately eight hydrogen bonds per P2VP↔PVPh association, whereas τ1 

depends on the absolute number of hydrogen bonds per P2VP↔PVPh association. 

We may extend these qualitative analyses to estimate the actual number of hydrogen 

bonds per P2VP↔PVPh association. Since the dissociation of hydrogen bonds is a 

thermally activated process, τ1 is expected to follow an Arrhenius relation 

 3.2                                                    exp1 









RT

nE
  

where n is the number of hydrogen bonds per P2VP↔PVPh association and E is the 

activation energy required to break a single hydrogen bond, which was estimated to be 13 

± 2.5 kJ/mol from Arrhenius plot of the corrected FT-IR absorbance.
 
In addition, as will 

be shown in Chapter 6, n(Tgel) ≈ 8 for Tgel in the range of 120–160 °C. Based on these 

two relationships, n(T) is expressed as 

 3.3                                           ln8)(

gelT

T

gel a

a

E
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T

T
Tn   

From equation 3.3, the temperature dependence of n(T) for gels with various P2VP 

block lengths is generated and shown in Figure 3.9. It can be seen that n(T) for each gel 

saturates at low temperatures, which simply reflects the formation of the maximum 

number of hydrogen bonds on a P2VP↔PVPh association. Furthermore, the absolute 
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number of hydrogen bonds per P2VP block is really quite modest, consistent with both 

the plausibility of the interpretation and the extreme sensitivity of the gel properties to 

this parameter. 

 

 

 

Figure 3.9 Effect on temperature-dependent n(T) of varying the P2VP block length over 

the range of 2–15 kg/mol while holding all other variables constant. 
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3.3.4 Effects of PVPh Cross-linker Length 

 

 

Figure 3.10 Effect on temperature-dependent τ1 of varying the cross-linker length over 

the range of 5–35 kg/mol while holding all other variables constant. 

 

The effect on rheological properties of varying the cross-linker length was also 

evaluated while holding all other variables constant, for a comparison with the effect of 

P2VP block length. Dynamic temperature ramps and tTS master curves for three 

supramolecular ion gels showing the effect of varying the cross-linker length over the 

range of 5–35 kg/mol are shown in Figures 3.2 and 3.4, respectively. The temperature 

dependence of τ1 for gels with various cross-linker lengths is shown in Figure 3.10. It is 

evident from a comparison of Figures 3.8 and 3.10 that the cross-linker length influences 
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the terminal relaxation dynamics of hydrogen-bonded supramolecular networks to a 

much lesser extent than the P2VP block length, the reason for which is revealed by room 

temperature SAXS. As shown in Figure 3.11, varying the cross-linker length has little 

discernible influence on the SAXS patterns in general, and on the locations of the 

scattering peaks in particular. The primary low-q scattering peaks represent the structure 

factor, which arises from interactions between cross-links and reflects the average 

distance between scattering centers. The fact that the location of the structure factor peak 

is almost independent of the cross-linker length suggests that the number density of 

cross-links is not strongly correlated with the cross-linker length at fixed concentration, 

revealing an approximately inversely proportional relationship between the cross-link 

aggregation number and cross-linker length. Furthermore, the broad high-q maxima at the 

tail of the small-angle region, which represent the form factor of the scattering cross-links 

and depend on the geometry of the individual cross-links, show little discernible shift in 

position either, offering further evidence that the average size of the cross-links is not 

appreciably affected by the cross-linker length. In other words, at constant cross-linker 

concentration, an increase in the cross-linker length is largely compensated by a 

corresponding reduction in the aggregation number of the cross-links, while leaving the 

average number and size of the cross-links essentially unperturbed. Consequently, 

varying the cross-linker length at fixed concentration would not appreciably alter the 

number of hydrogen bonds on a P2VP↔PVPh association. Again, this result is also 

consistent with the idea that τ1 is determined by the average lifetime of a P2VP↔PVPh 

association, which is directly related to the number of hydrogen bonds involved. Finally, 
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it should be noted that the cross-link size indeed increases very slightly with increasing 

cross-linker length, as exemplified by the small enhancements in τ1 and Tgel. 

 

 

Figure 3.11 Room temperature SAXS profiles for three supramolecular ion gels showing 

the effect of varying the cross-linker length over the range of 5–35 kg/mol while holding 

all other variables constant. 
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For a quantitative treatment, values of average domain spacing (D) and aggregation 

number (Nagg) can be extracted from the scattering profiles and are listed in Table 3.3. 

Average domain spacing is estimated by presuming the location of the primary scattering 

peak (q1) is related to the Bragg spacing for cross-links with a body-centered cubic 

packing, D ≈ 2π/q1. The aggregation number, defined here as the number of PVPh chains 

associated inside a cross-link, can be estimated by 

 3.4                                          
22

2
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Table 3.3 Estimated Parameters from SAXS Profiles 

Mn, PVPh
a
 (kg/mol) q1

b
 (nm

−1
) D

c
 (nm) Nagg

d
 

5 0.212 29.6 249 

10 0.202 31.1 144 

35 0.205 30.6 39 

a
 PVPh molecular weight. 

b
 Scattering vector of the primary peak in Figure 3.11. 

c
 

Average domain spacing estimated by D ≈ 2π/q1. 
d
 Aggregation number estimated by 

equation 3.4. 
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3.3.5 Plateau Modulus 

According to simple rubber elasticity theory, the plateau modulus (GN) for a 

supramolecular ion gel is given by 

 3.5                                           BA
BeN

M

TkfcN
TkG   

where νe is the number density of elastically effective strands, kB is the Boltzmann 

constant, T is the absolute temperature, c is the triblock concentration (w/v), NA is 

Avogadro constant, M is the triblock molecular weight, and f is the fraction of bridging or 

elastically effective molecules. Consider a perfect gel in which every midblock adopts 

bridging conformation and is thus elastically effective (f = 1), the anticipated GN for each 

gel was estimated using equation 3.5 and represented by the horizontal lines in Figures 

3.1 and 3.2. It is interesting that simple rubber elasticity theory can overestimate (Figures 

3.1(c) and 3.1(d)), underestimate (Figures 3.1(b) and 3.2), and satisfactorily estimate 

(Figure 3.1(a)) GN of these supramolecular ion gels investigated in this chapter. While the 

overestimation is not surprising since a certain fraction of midblocks is expected to form 

loops instead of bridges, the underestimation can be accounted for by the presence of 

trapped PEO midblock entanglements. A prerequisite for equation 3.5 to apply is that 

systems under consideration are in the concentration range where midblock 

entanglements are not present. Trapped midblock entanglements must be taken into 

account in defining elastically effective strands because they behave as temporary cross-

links and provide additional constraints which magnify the change of entropy with 

deformation.
6
 The number of entanglements per midblock (ne,mid) is estimated by 
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 3.6                                            1mid

mide,

mid
mide,  

M

M
n  

where Mmid is the midblock molecular weight, Me,mid is the entanglement molecular 

weight of the midblock in the melt, and φmid is the midblock volume fraction. For the 

current system, Mmid = 35000 g/mol, Me,mid = 1600 g/mol, φmid = 9%, and an estimation 

using equation 3.6 yields ne,mid ~ 1. In this sense, every bridging midblock chain is 

separated into two elastically effective strands, which will increase the anticipated GN by 

at most a factor of 2. Therefore, the overestimation, underestimation, and satisfactory 

estimation of GN by simple rubber elasticity theory can be rationalized by a fraction of 

elastically effective molecules below, above, and approximately equal to 50%, 

respectively. 

The significant variation in the experimental GN itself, as summarized in Table 3.2, 

may reflect combined effects from triblock molecular weight, stoichiometry of phenol 

and pyridine units, and steric constraints. The anticipated GN for each gel differs by a 

small amount due to the difference in triblock molecular weight. The more important 

contributor is the stoichiometry of phenol and pyridine units, which will be demonstrated 

to control the highly tunable GN of this system in Chapter 4. Specifically, GN does not 

increase monotonically with the molar ratio of phenol/pyridine units but goes through a 

maximum at an optimal ratio ~2/1 (Figure 3.2), which represents a certain stoichiometric 

balance between phenol and pyridine units. At low molar ratios of phenol/pyridine units 

(Figures 3.1(c) and 3.1(d)), the existence of a significant amount of dangling ends, due to 

the exhaustion of the cross-links, results in rather low GN, whereas at high molar ratios of 
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phenol/pyridine units (Figures 3.1(a) and 3.1(b)), the mechanism responsible for the 

decrease in GN will be discussed in Chapter 4. Also, it is evident that inadequate amount 

of cross-linker affects GN to a much greater extent than excess amount of cross-linker. 

Furthermore, the fact that the functionality of the cross-links is at least partly controlled 

by steric factors suggests a possible reduction in the functionality of the cross-links with 

increasing P2VP block length as the P2VP block gets bulkier, which would further 

increase the amount of dangling ends. For the VOV(15-35-15)-based gel, the relatively 

bulky P2VP blocks would even give rise to monofunctional and difunctional cross-links 

because there might be not enough space to accommodate three or more P2VP blocks 

around a given cross-link, as illustrated by the cartoon in Figure 3.12. Since a 

functionality of at least three is required for the formation of a network structure, both 

monofunctional and difunctional cross-links are network defects and will not contribute 

to the equilibrium elasticity of the network. As a matter of fact, albeit a rubbery plateau is 

still present in the VOV(15-35-15)-based gel, G′ decays continuously with increasing 

temperature or decreasing frequency, as shown in Figures 3.1(d) and 3.3(d). This 

indicates a very weak gel without a high level of connectivity because of the presence of 

a significant amount of network defects, which probably include dangling ends due to the 

low molar ratio of phenol/pyridine units and monofunctional/difunctional cross-links due 

to the relatively bulky P2VP blocks. 
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Figure 3.12 Schematic illustration of the formation of monofunctional and difunctional 

cross-links from bulky P2VP blocks. 

 

3.3.6 Comparison with Self-Assembled Systems 

The structures and viscoelastic properties of physical gels from the self-assembly of 

ABA triblock copolymers in midblock-selective solvents have been extensively studied 

because of their importance in both theoretical studies and industrial applications.
7–15

 

Microphase separation of the insoluble endblocks results in assemblies of endblock 

domains bridged by the well-solvated midblocks into three-dimensional networks. Under 

conditions where the solvent is not too poor for the endblock and the temperature is 

above the glass transition of the micelle core, the weakly associated endblocks are able to 

reversibly exchange between micelle cores,
16

 thus generating a transient network with a 

finite longest relaxation time, which is determined by the time scale of endblock 

detachment from associated micelle cores either by thermal motion or tension. This 

endblock pull-out process in self-assembled systems is analogous to the breaking of 
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hydrogen bonds in the supramolecular system. However, the free energy functions that 

describe the breaking of transient junctions in these two systems are quite different, 

namely approximately χASNAkBT
17–20

 for the endblock pull-out and nE for the breaking of 

hydrogen bonds, where χAS is the Flory-Huggins interaction parameter between the 

endblock and the solvent, and NA is the degree of polymerization of the endblock. The 

fundamental distinction is that χASNAkBT is essentially temperature-independent while nE 

is strongly temperature-dependent. These self-assembled and supramolecular polymer 

networks might be described using transient network theory developed by Tanaka and 

Edwards
21

 for a hypothetical system comprised of telechelic polymers with sticky 

functional groups at both chain ends in which junctions are continuously generated and 

destroyed. 

3.3.7 Comparison with Existing Supramolecular Systems via Hydrogen Bonding 

Supramolecules employing hydrogen bonding of terminal units or sequences of 

telechelic polymers constitute a scientifically fascinating and technologically important 

class of materials, and numerous illustrations of such systems have been described in the 

literature.
22–34

 For example, Sijbesma et al. synthesized polymeric materials using well-

defined dimerization of 2-ureido-4-pyrimidone units with quadruple cooperative 

hydrogen bonds. While these materials are highly analogous in terms of strongly 

temperature-dependent viscoelastic properties, these supramolecular ion gels have a 

unique feature that distinguishes them from previous systems. At the get point, the 

material is a rather weak gel with about eight hydrogen bonds per P2VP↔PVPh 

association. Upon subsequent cooling, the number of hydrogen bonds per P2VP↔PVPh 
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association increases from about 8 at gel point to about 13 at room temperature, while no 

substantial rearrangement of network connectivity takes place due to very high activation 

energy required to break multiple hydrogen bonds simultaneously. Therefore, the unique 

feature of this system is that the strength of a given P2VP↔PVPh association is greatly 

enhanced as temperature decreases, while the network structure is essentially locked in 

place at the gel point. 

 

3.4 Conclusions 

In this chapter, we have demonstrated that the utilization of complementary hydrogen 

bonding interactions between the endblocks of a P2VP–PEO–P2VP triblock copolymer 

and an additional cross-linker PVPh homopolymer in an ionic liquid [EMIM][TFSA] 

allows for the facile preparation of a thermoreversible supramolecular ion gel with well-

defined longest relaxation time, gelation temperature, and plateau modulus. The terminal 

relaxation dynamics of hydrogen-bonded supramolecular networks is dramatically 

influenced by the P2VP block length, as reflected by the large enhancements in τ1 and Tgel 

before the eventual saturation appears. This is because progressively increasing the P2VP 

block length results in a continuous increase in the number of hydrogen bonds on a 

P2VP↔PVPh association until the exhaustion of the effective phenol units in a cross-

link. In contrast, varying the cross-linker length while holding all other variables constant 

has only minor effects on τ1 and Tgel, because the average size of the cross-links is not 

significantly affected by the cross-linker length. These results at least establish the 

plausibility of the hypothesis that τ1 is determined by the average lifetime of a 
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P2VP↔PVPh association, which is directly related to the number of hydrogen bonds 

involved. Estimating the anticipated GN by assuming every midblock is elastically 

effective reveals the inadequacy of simple rubber elasticity theory in describing entangled 

gel systems. Combined effects from triblock molecular weight, steric constraints, and 

especially stoichiometry of phenol and pyridine units contribute to a significant variation 

in experimental GN. In conclusion, we envision the most straightforward molecular 

description of this system that is consistent with our results is an entangled 

supramolecular polymer network formed by hydrogen bonding between the endblocks of 

a P2VP–PEO–P2VP triblock copolymer and aggregates of intermolecularly hydrogen-

bonded PVPh cross-linkers, in which stress relaxation is due to P2VP block detachment 

from associated cross-links through simultaneous breaking of all hydrogen bonds 

involved. 
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Chapter 4 

Mechanical Properties Modulated by Stoichiometry of 

Complementary Hydrogen Bonding Units 

4.1 Introduction 

Hydrogen-bonded polymeric networks can be classified broadly into two categories 

depending on whether the hydrogen bonding recognition motifs are self-complementary 

or hetero-complementary. In self-complementary polymeric networks, intermolecular 

cross-linking results from the intrinsic tendency for self-association (i.e., dimerization) of 

the hydrogen bonding recognition units covalently attached to the polymer backbone. As 

a result, these systems are inherently cross-linked and do not require the addition of 

external cross-linking agents. For example, Stadler and coworkers studied the structure 

and junction dynamics of reversible polymer network through intermolecular hydrogen 

bonding in telechelic polyisobutylene end-functionalized by 4-urazoylbenzoic acid 

groups.
1
 Sijbesma et al. developed synthetically easily accessible 2-ureido-4[1H]-

pyrimidinone (UPy) derivatives, which strongly dimerize through a quadruple hydrogen 

bond array.
2
 It has further been demonstrated that the enhanced specificity and strength of 

UPy derivatives through cooperative multiple hydrogen bonds enable more precise 

design of hydrogen-bonded polymer networks.
3,4

 However, while the self-complementary 

strategy simplifies the synthesis to just one molecule and is highly successful in 

controlling the network structure, a crucial limitation of these systems is that they are 
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always cross-linked at ambient temperature and lack the flexibility to modulate the 

strength and degree of cross-linking. 

The second category of hydrogen-bonded polymeric networks requires the addition of 

external cross-linking agents to achieve cross-linking. Because the hydrogen bonding 

functional groups attached to the polymer backbone do not undergo self-association and 

therefore cannot achieve effective cross-linking, an external cross-linking agent has to be 

added. One of the advantages of these two-component systems is the flexibility to tailor 

the macroscopic network properties through subtle modifications in the chemistry of the 

cross-linking agent. For example, Nair et al. have designed systems in which the network 

microstructure can be modulated by varying the molecular architecture of the cross-

linking agents, leading to materials with highly tunable rheological properties from the 

same polymer backbone functionalized by cyanuric acid functional groups.
5,6

 They found 

that the intrinsically weak triple cyanuric acid–2,4-diaminotriazine hydrogen bonding 

recognition motif produced viscoelastic gels, while the intrinsically strong sextuple 

cyanuric acid–Hamilton wedge motif led to high-viscosity fluids. This illustrates the 

importance of the molecular architecture of the cross-linking agent in determining the 

network structure. They have further demonstrated that the extent of cross-linking can be 

modulated by varying the concentration of the cross-linking agent added, leading to 

materials with highly tunable mechanical properties. They found that the modulus 

initially increased with the concentration of the cross-linking agent, and eventually 

reached a plateau at high concentrations. 
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In this chapter, we further test the hypothesis that the amount of cross-linker added 

controls the network microstructure, which ultimately determines the macroscopic 

mechanical properties of these hydrogen-bonded supramolecular ion gels. We 

demonstrate that low-viscosity solutions of the parent triblock copolymer could be 

changed into thermoreversible viscoelastic gels with tunable modulus by simply varying 

the concentration of the PVPh cross-linker. Interestingly, the modulus goes through a 

maximum instead of increasing monotonically with the cross-linker concentration. As a 

result, these materials offer a high degree of control over the final mechanical properties, 

and the underlying strategy shall be useful in designing tailor-made materials. 

 

4.2 Experimental Section 

4.2.1 Polymer Synthesis and Characterization 

A P2VP–PEO–P2VP triblock copolymer was synthesized via reversible addition–

fragmentation chain transfer (RAFT) polymerization, as described in Chapter 2. The 

number-average molecular weights (Mn) for the P2VP and PEO blocks are 2 and 35 

kg/mol, respectively. The triblock has an overall dispersity (Ð) of 1.06 and is denoted as 

VOV(2-35-2). A PVPh homopolymer was also synthesized by RAFT polymerization, as 

described in Chapter 2. It has a molecular weight of 7 kg/mol and a dispersity of 1.09, 

and is denoted as PVPh-7. 
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4.2.2 Supramolecular Ion Gel Preparation 

All supramolecular ion gels were prepared by mixing weighed amounts of the 

respective polymers (triblock and cross-linker) and ionic liquid in a THF cosolvent. After 

these ternary mixtures were stirred for a few hours, most of the cosolvent was removed 

under a flow of nitrogen gas for 1 day followed by drying in a vacuum oven at 110 °C for 

1 day to completely remove the cosolvent. All samples were stored in a vacuum 

desiccator to minimize water absorption. 

4.2.3 Rheology 

Rheological experiments were performed on an Advanced Rheometric Expansion 

System (ARES) rheometer (TA instruments) with parallel plate geometry. Temperature 

was always controlled within ±0.1 °C of the set value via a convection oven using dry 

nitrogen gas. In order to minimize the effect of air bubbles, each sample was annealed 

above its gel temperature while shearing at a moderate shear rate for 10–15 minutes 

before any further experiments were carried out, allowing whatever small air bubbles to 

flow to the center of the geometry. At each temperature, the gap was adjusted to 

compensate for the thermal expansion of the stainless steel plates and the sample loading 

was checked visually to ensure a flat edge. The actual gap was calculated based on the 

thermal expansion coefficient of the stainless steel plates (2.4 µm/K) assuming linear 

expansion with temperature. Samples were allowed to equilibrate for 15 minutes at each 

temperature and then a dynamic strain sweep was performed to identify the linear 

viscoelastic regime. Dynamic temperature ramps and dynamic frequency sweeps were 

performed in small-amplitude oscillatory shear mode. 
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4.2.4 Small-Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) experiments were performed at the Dupont–

Northwestern–Dow Collaborative Access Team (DND–CAT) beamline 5-ID-D at the 

Advance Photon Source (APS), Argonne National Laboratory (ANL). Samples were 

sealed into hermetic differential scanning calorimetry (DSC) pans, which were then 

mounted to a washer with Kapton tapes. Two-dimensional SAXS data were collected and 

then azimuthally integrated to generate one-dimensional data presented as intensity (I) vs 

scattering vector (q = 4πsin(θ/2)/λ) where θ is the scattering angle and λ is the X-ray 

wavelength. 

 

4.3 Results and Discussion 

In order to study the effect of stoichiometry of complementary hydrogen bonding 

donors and acceptors, we investigated the cross-linking profile of our system by varying 

the concentration of the cross-linker over the range of 0–6% while holding that of the 

triblock constant at 10%. The resulting materials were characterized quantitatively using 

rheology, but a telling qualitative picture can be obtained from initial visual observations. 

While solutions with 0 and 0.5% cross-linker yielded freely flowing low-viscosity fluids, 

all the rest resulted in viscoelastic gels. The fact that the pure triblock does not gel in the 

ionic liquid excludes any appreciable effect due to the self-assembly of the triblock in the 

ionic liquid. The addition of 0.5% cross-linker was not sufficient to induce gelation, 

which simply reflects the existence of a minimum degree of cross-linking required for the 
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formation of a continuous percolating network. The rightmost column of Table 4.1 

quantifies the mechanical properties of these polymer networks in terms of the magnitude 

of the elastic modulus. Although this representation does not provide the complete 

rheological features of the samples, it effectively highlights the marked differences 

between samples, which are the primary focus of this chapter. 

 

Table 4.1 Characteristics of Supramolecular Ion Gels 

Triblock Cross-linker Xph/Xpy
a
 Tgel

b
 (°C) GN

c
 (Pa) 

10% VOV(2-35-2) 0% PVPh-7 100/0 – – 

10% VOV(2-35-2) 0.5% PVPh-7 100/42 – – 

10% VOV(2-35-2) 1% PVPh-7 100/85 118.5 2500 

10% VOV(2-35-2) 1.5% PVPh-7 100/128 123 9500 

10% VOV(2-35-2) 2% PVPh-7 100/170 127.5 14000 

10% VOV(2-35-2) 3% PVPh-7 100/225 124 14200 

10% VOV(2-35-2) 4% PVPh-7 100/340 121 10500 

10% VOV(2-35-2) 6% PVPh-7 100/510 110 4500 

a
 Molar ratio of phenol/pyridine units. 

b
 Tgel determined from the crossover temperature at 

which G′ = G″ in Figure 4.1. 
c
 Plateau modulus. 
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4.3.1 Rheological Characterization 

In order to investigate the effect of the amount of cross-linker on network formation, 

the resulting materials were characterized quantitatively using rheology. Figure 4.1 

illustrates that the rheological response is a strong function of temperature. At low 

temperatures such as 30 °C, the network structure apparently becomes frozen, forming an 

elastic, macromolecular network with extraordinarily large relaxation times. As the 

temperature is increased, the response of the network changes from predominantly elastic 

to viscoelastic, with G″ increasing relative to G′. At these intermediate temperatures, 

stress relaxation is accelerated and relaxation times become shorter. As the temperature is 

further increased above the gelation temperature, hydrogen-bonded cross-links are 

created and annihilated rapidly, giving rise to a freely flowing, viscous liquid. 
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Figure 4.1 Temperature dependence of dynamic storage modulus G′ (○) and loss modulus 

G″ (□) showing the effect of varying the cross-linker concentration. All other variables are 

held constant (see the lower left-hand corner of each plot for details). All measurements 

were performed at a strain amplitude of 3%, an angular frequency of 0.3 rad/s, and a 

temperature ramp rate of 1 °C/min. 
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Figure 4.2 tTS master curves of G′ (○) and G″ (□) referenced to 30 °C. All other variables 

are held constant (see the lower right-hand corner of each plot for details). 
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The time-temperature superposition (tTS) principle was applied to construct master 

curves by shifting the isothermal dynamic frequency sweep data collected at various 

temperatures along the frequency axis. The loss tangent (tan δ) spectra were shifted 

horizontally, and then the same shift factors were applied to G′ and G″ to obtain master 

curves, as shown in Figure 4.2. The fact that tTS is applicable suggests that the 

underlying origin of viscoelasticity in these gels is not evolving over the temperature 

range investigated. At low reduced frequencies, all samples behave as viscoelastic 

liquids, as revealed by the terminal relaxation behavior where G′ and G″ scale with 

second and first powers of frequency, respectively. At high reduced frequencies, G′ 

exhibits a pronounced plateau extending over 10 decades in reduced frequency and G″ is 

considerably smaller than G′ in the plateau region, which are the rheological signatures 

that characterize a gel. The appearance of systematic upturns in G″ at the high-frequency 

end of the data for each temperature is attributed to the relaxation of the PEO network 

strands, which obviously possesses distinct temperature dependence compared to gel 

relaxation. Figure 4.3 shows the temperature dependences of the resulting shift factors 

(aT), which denote the ratio of any relaxation time at one temperature to its value at the 

chosen reference temperature. They show similar general trends for the various samples, 

such as a strong temperature dependence and saturation at low temperatures. The strong 

temperature dependence is ascribed to the formation of multiple hydrogen bonds on a 

single P2VP↔PVPh association, while the saturation at low temperatures simply reflects 

the formation of the maximum number of the hydrogen bonds. 
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Figure 4.3 Temperature dependence of the tTS shift factors used in generating the master 

curves of Figure 4.2. The reference temperature is 100 °C. 
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4.3.2 Small-Angle X-ray Scattering 

 

Figure 4.4 Room temperature synchrotron SAXS data showing the effect of varying the 

cross-linker concentration. 

 

Small-angle X-ray scattering (SAXS) experiments were performed to assess the gel 

structures, as shown in Figure 4.4. The characteristic features of the scattering patterns 

include two maxima at low-q values, a strong one and a weak one, followed by a steep 

decrease in intensity, and a broad maximum in the tail of the small-angle region. 
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Scattering contrast in these gels arises from the electron density difference between the 

dense hydrogen-bonded network microdomains and the well-solvated network strands. 

For a quantitative analysis, the interdomain distance (D), aggregation number (Nagg), 

and functionality of cross-links (X) can be extracted from the scattering profiles and are 

listed in Table 4.2. The principal lattice spacing (d110) is estimated by presuming the 

location of the primary scattering peak (q1) is related to the Bragg spacing for cross-links 

with a body-centered cubic packing, d110 = 2π/q1. This gives a lattice constant of a = 

√2d110. The interdomain distance (D) between the centers of two nearest cross-links can 

be estimated by 

 4.1                                                 
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The aggregation number (Nagg), defined here as the number of PVPh chains associated in 

a cross-link, can be estimated by 

 4.2                                         
22

2

3

1PVPh

APVPh
agg 















qM

Nc
N


 

The functionality of the cross-link (X), defined as the number of network strands that are 

connected, can be estimated by 
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Table 4.2 Extracted Parameters from SAXS Profiles 

PVPh content (wt%) d110 (nm) D (nm) Nagg X 

1 33.0 40.4 62 110 

1.5 29.4 36.0 66 80 

3 26.5 32.5 96 60 

4 29.4 36.0 173 80 

6 32.4 39.7 345 100 

 

4.3.3 Mechanical Properties Modulated by Stoichiometry 

 

Figure 4.5 Dependence of plateau modulus on cross-linker concentration. The triblock 

concentration is held constant at 10%. 
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Figure 4.5 reveals an interesting dependence of the elastic modulus on the cross-

linker concentration at constant triblock concentration; GN goes through a maximum 

instead of increasing monotonically with the cross-linker concentration. For example, in 

VOV(2-35-2)/PVPh-7 systems, upon increasing the cross-linker concentration from 1% 

to 3%, GN increases from 2500 Pa to 14000 Pa. However, further addition of cross-linker 

results in a dramatic decrease in GN. We speculate that this distinct difference in modulus 

of networks formed from the same parent triblock copolymer backbone can be explained 

on the basis of differences in hypothesized network microstructures, which are 

schematically illustrated in Figure 4.6. At low cross-linker concentrations where the 

number of pyridine units is much greater than phenol units, the cross-links are not able to 

accommodate all the P2VP blocks around them due to the limited number of phenol 

units, leaving a significant amount of dynamic chains. This will be further explored in 

Chapter 6. At moderate cross-linker concentrations where the amounts of pyridine and 

phenol units are present under certain stoichiometric balance, the highest modulus is 

achieved. The decrease at high cross-linker concentration is more surprising; GN would 

be expected to exhibit a plateau at high cross-linker concentrations, as reported in some 

systems.
5,6

 The mechanism that is responsible for the dramatic drop in GN at high cross-

linker concentrations was previously ascribed to the formation of monofunctional and 

difunctional cross-links. However, values of the functionality of cross-links listed in 

Table 4.2 actually exclude the possibility of forming monofunctional and difunctional 

cross-links. We now propose that the formation of looping midblocks is responsible for 

the dramatic drop in modulus at high cross-linker concentrations. An increase in the 
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aggregation number gives rise to larger cross-links which favors loop formation. 

Moreover, an increase in average domain spacing between cross-links requires stronger 

stretching of midblocks to adopt bridging conformations, and therefore loop formation is 

favored. It is also noteworthy that the aggregation number’s dependence on cross-linker 

concentration starts to increase sharply around 3% cross-linker, below which the 

aggregation number is relatively insensitive to changes in cross-linker concentration. 

Note that 3% is the cross-linker concentration where pyridine and phenol units are 

present under appropriate stoichiometric balance and the highest modulus is achieved. 

This suggests that as cross-linker concentration increases progressively, the new cross-

linker chains are primarily accommodated by creating more cross-links at low cross-

linker concentrations and by increasing the aggregation number at high cross-linker 

concentrations, with the boundary being a cross-linker concentration where pyridine and 

phenol units are present under appropriate stoichiometric balance and the highest 

modulus is achieved. 
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Figure 4.6 Cartoon illustration of the stoichiometric effect on the microstructure of the 

hydrogen-bonded supramolecular polymer network: (a) inadequate amount of cross-linker 

leads to dynamic chains; (b) stoichiometric balance; (c) excess amount of cross-linker leads 

to the formation of loops. 
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4.3.4 Competitive Hydrogen Bonding from Component Polymers 

In addition to the hydrogen bonding between P2VP and PVPh, PEO is also a weak 

hydrogen bonding acceptor and therefore has the potential to form hydrogen bonds with 

PVPh. Miscible blends of P2VP/PVPh and PEO/PVPh have been studied by different 

groups and it is known that hydrogen bonding is the driving force for their miscibility.
8–12

 

Then the question arises, what is the contribution of the hydrogen bonding between the 

PEO midblock and PVPh cross-linker? In all the described systems, tTS works over the 

whole temperature range, suggesting the negligibility of hydrogen bonding between 

P2VP and PEO; otherwise, there should be multiple relaxation processes contributing, 

resulting in the failure of the tTS due to distinct temperature dependence. However, if the 

amount of phenol is in huge excess compared with that of pyridine units, the hydrogen 

bonding between PEO and PVPh starts to play a role. While adding 6% cross-linker into 

10% triblock solution results in a clear, homogeneous gel, further increasing the amount 

of cross-linker to 10% results in clear phase separation. This turbidity presumably arises 

from the hydrogen bonding between PEO and PVPh. This is consistent with the fact that 

although both PEO and PVPh initially dissolve in the ionic liquid and clear solutions are 

obtained, their mixture is co-precipitated from the ionic liquid, resulting in a cloudy 

solution. Upon heating the cloudy solution, it becomes clear at 80 °C, suggesting the 

breakup of hydrogen bonding. This relatively low temperature where hydrogen bonding 

between PEO and PVPh dissociates confirms that it is relatively weak. 
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Figure 4.7 The applicability of tTS for a sample with 10% VOV(3-35-3) and 10% PVPh-5. 

Tan δ curves are shifted horizontally along the frequency axis: (a) tTS applicable over the 

temperature range of 110–70 °C; (b) tTS not applicable over the temperature range of 70–

50 °C; (c) tTS applicable over the temperature range of 50–30 °C. 

 

 

 



 

 106 

 

Figure 4.8 Temperature dependence of G′ (○) and G″ (□) for a supramolecular ion gel 

containing 10% VOV(3-35-3) and 10% PVPh-5. 

 

Figure 4.7 shows the applicability of tTS for a sample with 10 wt% VOV(3-35-3) and 

10 wt% PVPh-5. Tan δ curves at 50, 60, and 70 °C unambiguously shows that tTS is not 

applicable over this temperature range. At high temperatures, the relaxation process is 

dominated by the dissociation of phenol–pyridine hydrogen bonds. At low temperatures, 

the relaxation process is dominated by the dissociation of phenol–ether hydrogen bonds. 

In the intermediate temperature range (70–50 °C), tTS fails because both relaxations are 

evident. The solubility test described earlier in this section confirms that phenol–ether 

hydrogen bonds completely break above 80 °C, which is in excellent consistency with the 

tTS applicability temperature range. Furthermore, values of aT are unusually large at low 

temperatures, for example, aT = 75 at 40 °C with a reference temperature of 50 °C. In all 
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previous systems, aT is less than 10 at low temperature, suggesting a different relaxation 

process. 

Overall, our important conclusion is that phenol–ether hydrogen bonds are negligible 

at low molar ratios of phenol/pyridine units (smaller than 500/100) but become 

significant at high molar ratios of phenol/pyridine units (greater than 600/100). 

4.3.5 Participation in Hydrogen Bonding from Ionic Liquids 

The role of ionic liquids in this supramolecular system is at least twofold. First, their 

substantially wide liquidus temperature range without evaporation and chemical 

degradation enables an elaborate exploration of the fundamental behavior of this system. 

Second, ionic liquids clearly form hydrogen bonding with the component polymers. 

Concurrently, it is possible to modulate the ion structure such that the solvent can 

compete to a greater or lesser extent with the interpolymer hydrogen bonding that is 

responsible for the formation of the polymer network. This flexibility is not readily 

accessible in water without adding further ingredients. Here, we replace the most acidic 

proton of the imidazole ring (in the C2 position) with a methyl group to produce 1-ethyl-

2,3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([EMMIM][TFSA]), with the 

expectation that hydrogen bonding between the solvent and component polymers will be 

depressed while enhancing the interpolymer hydrogen bonding. 
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Figure 4.9 Temperature dependence of G′ (○) and G″ (□) for an ion gel in which ionic 

liquid is [EMMIM][TFSA]. 

 

 

Figure 4.10 tTS master curve of G′ (○) and G″ (□) referenced to 30 °C for an ion gel in 

which ionic liquid is [EMMIM][TFSA]. 
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As can be seen from Figures 4.9 and 4.10, the general rheological behavior is very 

similar to [EMIM][TFSA]-based gels. Compared to the [EMIM][TFSA]-based gel with 

the same polymer, the [EMMIM][TFSA]-based gel has a lower Tgel (110.5 °C) than the 

[EMIM][TFSA]-based gel (124 °C), which might be explained by smaller activation 

energy to break a phenol–pyridine hydrogen bond in [EMMIM][TFSA] than in 

[EMIM][TFSA]. Furthermore, the [EMMIM][TFSA]-based gel has a lower modulus 

(9000 Pa) than the [EMIM][TFSA]-based gel (14000 Pa). As will be described in Chapter 

6, multiple hydrogen bonds are required on a given P2VP↔PVPh association to generate 

elastically effective chains, and the specific values depend on the lifetime of a single 

hydrogen bond. Since the hydrogen bond in [EMMIM][TFSA] has a lower dissociation 

energy than in [EMIM][TFSA], it should have a smaller lifetime and therefore more 

hydrogen bonds are required on a P2VP block to generate elastically effective chains. 

Given that the P2VP block is not very long (2 kg/mol), the lower modulus of the 

[EMIM][TFSA]-based gel might come from the inadequate number of hydrogen bonds 

on a certain fraction of P2VP blocks, resulting in a significant amount of dynamic chains. 

Overall, the applicability of different ionic liquids confirms the versatility of this 

supramolecular ion gel system. 

 

4.4 Conclusions 

In this chapter, we have demonstrated that low-viscosity solutions of the parent 

triblock copolymer could be changed into thermally reversible highly viscous liquids or 
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elastic gels with tunable modulus by simply varying the amount of cross-linker added. It 

is hypothesized that the microstructure is essential in determining the macroscopic 

mechanical properties of these hydrogen-bonded polymer networks. For small cross-

linker concentrations, the hydrogen bonding between the PEO midblock and PVPh cross-

linker is negligible, implied by the applicability of tTS over the whole temperature range 

investigated. For high cross-linker concentrations, the hydrogen bonding between PEO 

midblock and PVPh cross-linker becomes significant, as suggested by the visual phase 

separation and failure of tTS over the intermediate temperature range. The use of another 

ionic liquid which competes with the interpolymer hydrogen bonding to a lesser extent 

than [EMIM][TFSA] suggests the versatility of this supramolecular ion gel system. 
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Chapter 5 

A High-Temperature Hexagonally Ordered 

Morphology of the Hydrogen-Bonded Microdomains 

5.1 Introduction 

Thermoplastic elastomer gels, consisting of symmetric ABA triblock copolymers 

immersed in a midblock-selective solvent, are ubiquitous in a wide range of technologies, 

including pressure-sensitive adhesives, substrates for microfluidic systems, thickening 

agents in surface coatings and cosmetics, oil recovery, wastewater treatment, and tissue 

engineering.
1
 Complementary experimental and theoretical efforts have been devoted to 

enriching the current understanding of their phase behavior, morphology, and rheological 

properties.
2–12

 The insoluble A-blocks self-assemble into hard microdomains that are 

bridged by the flexible and well-solvated B-blocks, giving rise to a micellar network 

structure. Typically the microdomains are randomly distributed within the solvated 

midblock matrix in as-prepared systems.
13

 However, by appropriate selection of the 

processing conditions, they can rearrange into crystalline-type structures on a mesoscopic 

length scale,
14–21

 which is favored at high volume fractions of the microdomains where 

correlations among microdomains are pronounced, and at high temperatures where chain 

exchange can take place. These structures may be cubic spheres, hexagonal cylinders, or 

lamellar disks, where the equilibrium morphology is determined by the free energy 

balance between interfacial tension and chain stretching entropy.
1
 The disordering and 
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eventual dissolution of the microdomains upon heating is macroscopically observed by a 

solid–liquid transition. 

The utilization of intermolecular non-covalent interactions,
22

 for example, hydrogen 

bonding,
23–34

 metal–ligand coordination,
35,36

 and electrostatic interactions,
37,38

 to 

construct reversible alternatives for covalent polymer networks has attracted considerable 

interest since the pioneering work by Sijbesma et al. in 1997,
23

 in which trifunctional 

polymers functionalized by 2-ureido-4[1H]-pyrimidinone (UPy) units were shown to 

assemble through quadruple cooperative hydrogen bonds in an array, yielding reversible 

polymer networks with strongly temperature-dependent rheological properties and 

thermodynamically controlled architectures. One of the key challenges is to incorporate 

highly directional, sufficiently strong, but still reversible interactions to create a robust 

structure yet with dynamic reversibility. It was recognized from the pioneering work of 

Sijbesma et al. that multiple hydrogen bonds satisfy these requirements combined with 

synthetic accessibility. Their strength and specificity vary significantly, from weakly 

complementary pyridine–phenol pairs to extraordinarily strong sextuple hydrogen 

bonding motifs,
39,40

 with association constants ranging from 1 M
−1

 to as high as 10
9
 M

−1
. 

In addition to self-complementary functionalities such as UPy,
41,42

 hetero-complementary 

units have also been synthesized and incorporated into polymeric networks.
31,32,39,40

 

While the self-complementary strategy simplifies the synthesis to just one molecule and 

avoids complications of exact stoichiometry of components, they are always cross-linked 

and lack the flexibility to tune the macroscopic network properties. On the other hand, the 

hetero-complementary approach provides opportunities to tailor materials properties 
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through the design of the cross-linking agent, whereby providing excellent control over 

the association strength of the cross-links, the degree of cross-linking, and the network 

microstructure. Hydrogen-bonded supramolecular polymer networks exhibit interesting 

properties such as enhanced processability, stimuli-responsiveness,
23–38

 self-healing,
26

 

and shape-memory.
43

 Furthermore, they are also important for fundamental research of 

polymer physics, because their “living” nature provides a special condition to test 

classical theories of polymer physics.
44,45

 

Recently, we have developed a thermoreversible supramolecular polymer gel system 

consisting of a poly(4-vinylpyridine-b-ethylene oxide-b-4-vinylpyridine) (P4VP–PEO–

P4VP) triblock copolymer, a poly(4-vinylphenol) (PVPh) homopolymer, and a room-

temperature ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide 

([EMIM][TFSA]). This system exhibits interesting physical properties, such as strongly 

temperature-dependent rheology and homopolymer clustering in the cross-links. From a 

practical perspective, the incorporation of ionic liquids into cross-linked polymeric 

networks imparts fascinating properties that enable their applications in a variety of 

technologies,
46

 including solid polymer electrolytes with high ionic conductivity,
47

 high-

performance membranes for gas separation technology,
48

 high-capacitance dielectric 

materials for organic thin-film transistors,
49–52

 and electroresponsive materials for 

electromechanical actuators.
53,54

 In this chapter, we describe rheological and small-angle 

X-ray scattering (SAXS) studies which give unique insight into the thermally induced 

morphological changes in this system. The influence of thermal history on the rheological 

properties and morphology of such materials is discussed. 
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5.2 Experimental Section 

5.2.1 Polymer Synthesis and Characterization 

A P4VP–PEO–P4VP triblock copolymer was synthesized via reversible addition–

fragmentation chain transfer (RAFT) polymerization, as described in Chapter 2. The 

number-average molecular weights (Mn) for the P4VP and PEO blocks are 3 and 35 

kg/mol, respectively. The triblock has an overall dispersity (Ð) of 1.08. A PVPh 

homopolymer was previously synthesized by Dr. Ozair via anionic polymerization.
55

 It 

has a molecular weight of 5 kg/mol and a dispersity of 1.04. Their molecular 

characterization information is summarized in Table 5.1. 

 

Table 5.1 Molecular Characterization of Polymers 

Polymers Mn,P4VP (kg/mol)
a
 Mn,PEO (kg/mol)

b
 Mn,PVPh (kg/mol)

c
 Ð

d
 

P4VP–PEO–P4VP 3 35  1.08 

PVPh   5 1.04 

a
 Block Mn determined by 

1
H NMR spectroscopy. 

b
 Determined by size exclusion 

chromatography (SEC) with light scattering detection (the ∂n/∂c value for PEO/THF is 

0.068 mL/g at a laser wavelength of 633 nm. 
c
 Determined by matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry. 
d
 Determined by SEC. 
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5.2.2 Rheology 

Rheological experiments were conducted on an Advanced Rheometric Expansion 

System (ARES) with parallel plate geometry (25 mm diameter and ca. 1 mm gap). 

Temperature was precisely controlled to within ±0.1 °C of the set value via a convection 

oven using dry nitrogen gas. Gels were annealed above their respective melting 

temperatures while shearing at a moderate shear rate for 10–15 min before further 

experiments were performed. Dynamic temperature ramps were performed both on 

cooling and heating at a strain amplitude of 3%, an angular frequency of 0.3 rad/s, and a 

cooling/heating rate of 1 °C/min. The instrument automatically adjusted the gap during 

measurement based on the thermal expansion coefficient of the stainless steel plates (2.4 

μm/K) assuming linear expansion with temperature. 

5.2.3 Small-Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) experiments were performed at the synchrotron 

facility at the Advanced Photon Source (APS), Argonne National Laboratory. Gels were 

sealed into hermetic differential scanning calorimetry (DSC) pans, which were either 

heated and cooled in a Linkam DSC sample holder for high-temperature experiments or 

mounted in a washer sandwiched between two Kapton layers for room-temperature 

experiments. An annealing time of 5 min was allowed on the beamline at each 

temperature. Two-dimensional SAXS patterns were recorded by a Mar-CCD detector, 

and then azimuthally integrated to generate one-dimensional data presented as intensity 

(I) versus scattering vector (q). The X-ray wavelength was 0.728 Å and the sample-to-

detector distance was 4.626 m. 
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5.3 Results and Discussion 

In this chapter, three supramolecular ion gels were examined by rheology and SAXS. 

The concentration of the P4VP–PEO–P4VP triblock was varied between 10–30 wt%, and 

that of the PVPh cross-linker was chosen such that the amounts of the hydrogen bonding 

donors and acceptors were under a certain stoichiometric balance, as described in Chapter 

4. For simplicity, each supramolecular ion gel is denoted as T-x/C-y, where x and y refer 

to the weight fraction of the triblock and cross-linker, respectively. 

5.3.1 Rheological Characterization 

In order to quantitatively investigate the thermal reversibility of the hydrogen-bonded 

supramolecular ion gels, we carried out dynamic temperature ramps in which the storage 

modulus (G′) and loss modulus (G″) were monitored at a constant frequency and strain 

amplitude during a cooling–heating cycle, which consisted of first decreasing the 

temperature from their respective loading temperatures to ambient temperature and then 

increasing the temperature back to their original loading temperatures, with cooling and 

heating rates of 1 °C/min (Figure 5.1). All gels were loaded onto the rheometer ca. 10 °C 

higher than their respective melting temperatures, where they flowed and behaved as 

viscoelastic liquids with G″ > G′. Upon subsequent cooling, all materials experienced a 

sharp transition from viscous liquid-like behavior to elastic gel-like behavior with a well-

defined transition temperature termed gel temperature (Tgel), which can be determined by 

the crossover temperature at which G′ = G″. Wide temperature-independent rubbery 

plateaus in G′ are evident below Tgel, indicating the formation of a well-defined network 

structure which does not evolve appreciably with temperature. This arises from the 
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extraordinarily large relaxation times due to the high activation energy barrier to break 

multiple hydrogen bonds simultaneously, which resembles thermoplastic elastomer gels 

below the glass transition temperature of the micelle core, whereby the network structure 

is locked in place and no network rearrangement takes place. The recovery of these gels 

during heating was remarkably different. While T-10%/C-3% recovered quantitatively 

over the entire temperature range, the recovery behavior in T-20%/C-6% and T-30%/C-

9% can be divided into two distinct regions: low-temperature quantitative recovery and 

high-temperature significant hysteresis. After completion of the cooling–heating cycle, 

T-20%/C-6% and T-30%/C-9% exhibited solid-like behavior with G′ > G″, whereas 

they were liquid-like with G″ > G′ before the start of the cooling–heating cycle. G′ 

entered into a second plateau instead of dropping rapidly. We attempt to elucidate the 

origin of this high-temperature rheological hysteresis observed in T-20%/C-6% and T-

30%/C-9%. 
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Figure 5.1 Temperature dependence of the dynamic storage modulus G′ (○), loss modulus 

G″ (□), and tan δ ( ) during a cooling–heating cycle: (a) T-10%/C-3%; (b) T-20%/C-6%; 

(c) T-30%/C-9%. The blue curves denote cooling and the red curves denote heating. All 

measurements were performed at a strain amplitude of 3%, an angular frequency of 0.3 

rad/s, and a cooling/heating rate of 1 °C/min. 
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Figure 5.2 Dynamic frequency sweeps from T-20%/C-6% before (blue) and after (red) 

the cooling–heating cycle. Both measurements were performed at a strain amplitude of 

3% over an angular frequency range of 0.1–100 rad/s at 170 °C. 

 

To probe the rheological recovery during the cooling–heating cycle in more detail, we 

also conducted two dynamic frequency sweeps: the first at 170 °C before the sample was 

cooled and the second also at 170 °C after the sample was heated back (Figure 5.2). 

Before the start of the cooling–heating cycle, terminal relaxation behavior was observed 

at low frequencies, where G′ and G″ scale with second and first powers of frequency, 

respectively. After completion of the cooling–heating cycle, G′ showed a frequency-

independent rubbery plateau; concurrently, G″ is considerably smaller than G′ and passes 

through a minimum, exemplifying the rheological signatures of a typical viscoelastic 

solid. Figure 5.3 also reiterates the effect of thermal history, in which tan δ is plotted as a 
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function of frequency after the completion of the cooling–heating cycle with different 

annealing periods. It is clear that it slowly evolves toward an equilibrium state in an hour, 

suggesting that a slow structural development is taking place. 

 

 

Figure 5.3 Frequency dependence of tan δ for T-20%/C-6%, showing the effect of 

different annealing periods as indicated. 

 

Two distinct maxima in G″ during cooling were observed in T-20%/C-6% and T-

30%/C-9%: a broad one around 120 °C and a sharp one around 160 °C (see Figure 5.1, 

parts (b) and (c)). We tentatively attribute the broad maximum around 120 °C to chain 

dynamics, where the P4VP blocks start to dissociate from their associated cross-links and 

diffuse into the PEO/[EMIM][TFSA] matrix, as the number of hydrogen bonds on a 
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given P4VP↔PVPh association may vary greatly from one to another; associations with 

fewer hydrogen bonds starts to dissociate at lower temperatures. This interpretation is 

supported by the concurrent decrease in G′ by almost an order of magnitude. The sharp 

maximum around 160 °C represents a solid–liquid transition, driven by the dissociation 

of all hydrogen bonds between the P4VP blocks and PVPh cross-linkers. 

5.3.2 Morphology of Nonannealed Gels at Ambient Temperature 

 

Figure 5.4 Room temperature synchrotron SAXS patterns of nonannealed gels: (a) T-

10%/C-3%; (b) T-20%/C-6%; (c) T-30%/C-9%. 
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SAXS experiments were conducted to investigate the morphology of nonannealed 

gels at ambient temperature and scattering patterns are shown in Figure 5.4. Scattering 

contrast in these gels arises from the electron density difference between the less solvated 

hydrogen-bonded network microdomains and the well-solvated network strands. It is 

noteworthy that both P4VP and PVPh initially dissolve in the ionic liquid. However, their 

hydrogen-bonded interpolymer complexes are co-precipitated from their common 

solvent, probably because the hydrogen bonding between P4VP and PVPh is more 

favorable than either polymer–solvent affinity. The primary low-q peak represents the 

structure factor, which arises from interactions between microdomains and depends on 

the domain spacing, while the undulations at higher q are related to the form factor, 

which accounts for the geometry of the individual microdomain. With increasing polymer 

concentration, the structure factor maxima shift to higher q values as a consequence of 

shorter domain spacing. Nevertheless, the most important feature is that the scattering 

patterns revealed no higher order reflections for any of the nonannealed gels, indicating a 

random distribution of microdomains rather than crystalline packing. Indeed, the 

extraordinarily large relaxation times are expected suppress any structural rearrangement 

of the network at ambient temperature. 
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5.3.3 Morphology of Preannealed Gels at Ambient Temperature 

 

Figure 5.5 Synchrotron SAXS patterns of preannealed gels taken at ambient temperature: 

(a) T-10%/C-3%; (b) T-20%/C-6%; (c) T-30%/C-9%; (d) T-30%/C-0% Solid 

triangles correspond to expected intensity maxima for hexagonally packed cylinders at 

q/q1 values of 1:√3:√4:√7:√9. 
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Figure 5.6 Cartoon representation of hexagonally packed cylindrical morphology after 

high-temperature annealing for a sufficiently long period of time. 

 

In order to achieve equilibrium-like morphologies, gels were annealed at high 

temperatures for extended periods of time. Due to limited beam time, instead of 

annealing the samples on the beamline, they were preannealed at 140 °C for 2 h and 

subsequently quenched to room temperature. The key hypothesis behind this approach is 

that rapid quenching results in a kinetic freezing of the equilibrium-like morphology that 

has been developed during the annealing process and can be preserved for a long time at 

ambient temperature, due to extraordinarily large relaxation times. It is evident from a 

comparison of Figure 5.4 and Figure 5.5 that T-20%/C-6% and T-30%/C-9% undergo a 

well-defined transition from short-range order in nonannealed systems to long-range 

order in preannealed systems, as confirmed by a strong increase in the scattering 

intensity, a significant decrease in the width of the primary interference maxima, and 

appearance of higher-order interference maxima. Furthermore, the presence of well-
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pronounced structure factor maxima with positions corresponding to ratios of 

1:√3:√4:√7:√9 correspond to a hexagonally packed lattice. In contrast, T-10%/C-3% still 

displays only short-range microdomain order in preannealed systems. We speculate that 

ordering might take place in T-10%/C-3%, but on a much longer time scale, which 

appears to be a result of a lower number density of microdomains in the material. 

Therefore, a possible origin of the rheological hysteresis is that an ordered hexagonal 

morphology has been developed in T-20%/C-6% and T-30%/C-9% during the cooling–

heating cycle, whereas this transition takes place in T-10%/C-3% on a time scale that is 

much longer than the cooling–heating cycle. This concentration-dependent ordering 

kinetics also accounts for the stronger hysteresis in T-20%/C-6% than T-30%/C-9%, 

since faster kinetics allows the ordering to take place in T-30%/C-9% during heating, 

and thus the structural difference during cooling and heating is smaller. Indeed, a high-

temperature plateau can already be seen during cooling in T-30%/C-9%. 

To determine whether there is any appreciable effect due to the self-assembly of the 

pure triblock in the ionic liquid, we measured the pure triblock without the addition of the 

cross-linker in the ionic liquid (T-30%/C-0%), which showed no scattering peaks at all. 

This confirms that the hexagonally packed cylindrical morphology is not due to the self-

assembly of the triblock in the ionic liquid, but from a supramolecular polymer network 

by hydrogen bonding. Indeed, although no flow was initially observed in T-30%/C-0% 

for several minutes after vial inversion, it gradually flowed after a period of several hours 

at room temperature, indicative of a high-viscosity liquid. The marked differences in flow 
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and scattering behavior between T-30%/C-0% and T-30%/C-9% confirm the role of 

cross-linker in generating the polymer network. 

The reason that cylinders are formed can be understood by the volume fraction of the 

hydrogen-bonded phase (P2VP/PVPh) in the material. Assuming a density of 1 g/cm
3
 and 

1.5 g/cm
3
 for polymers and the ionic liquid, respectively, the volume fraction of the 

hydrogen-bonded phase is estimated to be 12% and 19% in T-20%/C-6% and T-

30%/C-9%, respectively, consistent with the formation of cylinders, based on block 

copolymer precedents.
1
 

For a quantitative analysis, values of the domain spacing (D) and cylinder radius (r) 

can be extracted from the scattering profiles. From the positions of the primary Bragg 

peak (q1) we can estimate the principal lattice spacing, d100 = 2π/q1. The domain spacing 

between two nearest cross-links can be estimated by D = (2/√3)d100. The position of the 

first minimum (qmin) of the form factor can be related to the cylinder radius by r = 

3.83/qmin. Table 5.2 summarizes the estimated values. 

Table 5.2 Extracted Parameters from SAXS Profiles 

Triblock content (wt%) d110 (nm) D (nm) r (nm) 

10 29.0 33.5 6.9 

20 27.4 31.6 7.1 

30 25.5 29.5 7.2 
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5.3.4 Temperature-Dependent Morphology of Nonannealed and Preannealed Gels 

  

Figure 5.7 Evolution of synchrotron SAXS patterns with temperature, recorded on heating 

from T-30%/C-9%: (a) nonannealed; (b) preannealed at 140 °C for 2 h. 

 

The effect of temperature on the morphological evolution of nonannealed T-30%/C-

9% is shown in Figure 5.7(a). SAXS patterns were recorded upon heating the gel from 

room temperature to 170 °C, with 5 min equilibration time at each measurement 

temperature. In the absence of any additional thermal treatment, only short-range ordered 

morphologies were observed during the heating process, with little discernible changes 

below 160 °C. At 170 °C, the primary structure factor reveals a significant decrease in 

intensity and increase in width, indicating dissolution of the microdomains and the 
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network. However, even at temperatures above the solid–liquid transition, the main peak 

does not completely go away, suggestive the presence of random clusters of hydrogen-

bonded microdomains. Similar observations have been seen in bulk block copolymer 

systems. The main peak is still evident after a block copolymer is heated through its 

order–disorder transition temperature (TODT).
56

 This temperature is consistent with the 

rheological data, in which a solid–liquid transition temperature of 162 °C was observed 

during the cooling cycle prior to the development of well-ordered microdomains. 

The effect of temperature on the morphological evolution of preannealed T-30%/C-

9% is shown in Figure 5.7(b). During heating, the hexagonal morphology remains 

evident up to 180 °C, as higher-order peaks are clearly resolved in the scattering patterns. 

At 190 °C, the disappearance of higher-order interference maxima and the broadening of 

the primary interference maximum reflect a well-defined order–disorder transition. 

Annealing increases the stability of the structure, as no changes are observed if the 

sample is brought to 170 °C. This is consistent again with the rheological observations; 

the flow temperature of the sample increased from 162 °C to 185 °C after completion of 

the cooling–heating cycle during which an ordered structure has been developed. One 

possible explanation for the enhanced solid–liquid transition temperature is that in 

ordered systems, the dissolution of the ordered microdomains takes place in a two-step 

process that involves lattice disordering followed by the dissolution of the microdomains. 
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5.3.5 Thermodynamically Favorable Window of Hexagonal Morphology 

 

Figure 5.8 Room temperature synchrotron SAXS patterns of T-30%/C-9% with 

different thermal history: (a) preannealed at 140 °C for 2 h followed by rapid quenching 

to ambient temperature; (b) preannealed at 140 °C for 2 h followed by cooling to ambient 

temperature at a rate of 0.5 °C/min; (c) nonannealed. 

 

The long-range ordered hexagonal morphology represented an equilibrium-like 

thermodynamically favorable structure at 140 °C where the gel was annealed, and 
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corresponded to a kinetically frozen structure at ambient temperature due to rapid 

cooling. The question then arises as to whether the hexagonal morphology will still be 

present if the gel were cooled at a sufficiently slow rate, allowing sufficient time for 

potential rearrangements to take place. Therefore, we investigated the effect of cooling 

rate on the eventual morphology observed. Figure 5.8(b) was recorded after T-30%/C-

9% was preannealed at 140 °C for 2 h and then cooled at a rate of 0.5 °C/min, which was 

compared with rapid quenching (Figure 5.8(a)). The SAXS pattern of nonannealed T-

30%/C-9% was also included for comparison (Figure 5.8(c)). Careful comparison of 

these SAXS patterns reveals that although a hexagonal morphology is still present, it 

becomes slightly distorted as indicated by a slight broadening of the interference maxima 

after slow cooling. It is reasonable to speculate that the long-range ordered hexagonal 

morphology could be highly distorted, or even vanish, if the sample were cooled at 

extremely slow rates. It is also possible that the hexagonal morphology is at equilibrium 

at ambient temperature, but domain spacing cannot adjust on cooling slowly, leading to 

distorted structures. Nevertheless, the extraordinarily large relaxation times make an 

evaluation of the equilibrium structures at ambient temperature rather difficult. Since the 

substantial displacement of one microdomain would require extraction of the copolymer 

involved, a prerequisite to achieve a thermodynamically stable structure is that chain 

exchange must be able to take place between neighboring microdomains. Based on the 

rheological results (see Figure 5.1), 120 °C could represent the onset of chain exchange 

between different microdomains, where a broad maximum in G″ was observed. There is 

no chain exchange below 120 °C because they are hydrogen-bonded. The activation 
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energy is too high to break multiple hydrogen bonds simultaneously and release the 

chains. Furthermore, the sharp peak in G″ around 160 °C represents the eventual 

dissolution of the polymer network, beyond which no stable structure is present and a 

homogeneous phase is obtained. Therefore, based on these analyses, a hypothesis is that 

the hexagonally ordered phase is only thermodynamically stable over the temperature 

range between the two peaks in G″, i.e., between 120 and 160 °C. This hypothesis is 

supported by the fact that only above this temperature were we able to detect the gradual 

development of this hexagonally ordered morphology. Figure 5.9 shows a SAXS pattern 

from a T-30%/C-9% sample preannealed at 100 °C for two days, which showed 

equivalent SAXS pattern with the nonannealed sample. The hypothesis is also consistent 

with the fact that there is a coexistence of short-range order and long-range order as 

indicated by SAXS, since only a certain fraction of P4VP blocks is able to exchange. 
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Figure 5.9 Synchrotron SAXS patterns recorded at ambient temperature from T-30%/C-

9% with different thermal history: (a) preannealed at 140 °C for 2 h followed by rapid 

quenching to ambient temperature; (b) preannealed at 100 °C for 48 h followed by rapid 

quenching to ambient temperature; (c) nonannealed. 

 

5.3.6 Concentration Dependence of Shear Modulus 

At low temperatures, these gels behave as viscoelastic solids at accessible 

frequencies, with a well-defined plateau modulus (GN). For triblock copolymer gels with 
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a midblock concentration in the unentangled regime, the plateau modulus (GN) is 

described by classical theory of rubber elasticity
57

 

 5.1                                                BeN
M

fcRT
TkG                                

where νe is the number density of elastically effective strands, kB is the Boltzmann 

constant, T is the absolute temperature, c is the triblock concentration in w/v, R is the 

ideal gas constant, M is the average molecular weight between cross-links, and f is the 

fraction of bridging or elastically effective molecules. For equation 5.1 to apply, gels 

must lack midblock entanglements. For the system under consideration, the polymer 

volume fraction (φPEO) at which PEO midblock forms one entanglement per chain is 

estimated by 

 5.2                                               
1

PEO

PEOe,

e

PEO
M

M

N
  

where Ne is the number of entanglements per PEO chain in the melt, Me,PEO is the 

entanglement molecular weight of PEO in the melt, and MPEO is the molecular weight of 

PEO midblock under consideration. Since MPEO = 35000 g/mol and Me,PEO = 1600 

g/mol,
58

 an estimation of φPEO using equation 5.2 yields φPEO ≈ 0.05. Since the PEO 

volume fractions investigated here are all higher than the critical entanglement 

concentration, the existence of a plateau modulus reflects combined contributions from a 

hydrogen-bonded polymer network structure and trapped midblock entanglements.
11

 

Since trapped midblock entanglements behave as temporary cross-links and provide 

additional constraints that magnify the change of entropy with deformation,
59

 M in 
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equation 5.1 must be replaced by the molecular weight between entanglements along the 

PEO chains (Mx) to describe the concentration dependence of GN in our system 

 5.3                                                
x

BeN
M

fcRT
TkG   

where Mx can be estimated by Mx = Me,PEO/φPEO. Assuming that all PEO chains adopt 

bridging conformations instead of looping conformations, the ideal values of GN were 

calculated and plotted in Figure 5.10. As polymer concentration increases, the 

discrepancy between measured and anticipated values gets smaller. The reason that 

accounts for this phenomenon is twofold. At lower concentrations, the stronger midblock 

chain stretching due to greater domain spacing favors loop formation. Therefore, the 

fraction of bridging chains should increase with polymer concentration. Furthermore, 

with a fair amount of entanglements at high polymer concentration, for example, ca. 8 

entanglements per PEO chain in T-30%/C-9%, looped midblocks are expected to 

contribute to the modulus almost the same as bridging midblocks, and the measured 

modulus would be expected to be closer to that of the ideal gel. 
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Figure 5.10 Concentration dependence of ideal (■) and measured GN (■) for three 

supramolecular ion gels. Ideal GN is calculated from equation 5.3 assuming every chain is 

elastically effective. 

 

5.4 Conclusions 

In this chapter, we have investigated thermally induced morphological evolution in a 

hydrogen-bonded supramolecular ion gel system using rheology and SAXS. In addition 

to the formation of a highly interconnected supramolecular polymer network as a result 

of hydrogen bonding between a P4VP–PEO–P4VP triblock copolymer and a PVPh cross-

linker, the hydrogen-bonded phase can rearrange into a long-range ordered hexagonally 

packed cylindrical morphology under certain thermal conditions. Whether the network 

microdomains exhibit short-range order or long-range order strongly depends on factors 
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such as polymer concentration and thermal history. Only short-range order is found in as-

prepared systems without additional thermal treatment. Long-range order is favored at 

high polymer concentration and may develop if the gel is annealed for a sufficiently long 

period of time at temperatures where P4VP endblocks are able to exchange. The present 

study also demonstrated that evolution of the network microdomains from short-range 

order toward long-range order takes place only in a limited temperature window and 

usually reveals slow kinetics on the time scale of several hours. The thermodynamically 

stable hexagonal phase is limited at high-temperature by eventual dissolution of network 

microdomains and at low-temperature by the absence of chain exchange. The slow 

development of this long-range ordered morphology results in a significant hysteresis at 

high temperatures in rheological experiments. This work enhances our understanding of 

the interplay between processing history, morphology, and properties, which is crucial to 

improve existing and develop new applications of these materials. 
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Chapter 6 

How Many Hydrogen Bonds per Association are 

Required at the Gel Point? 

6.1 Introduction 

Hydrogen bonding is ubiquitous in a wide range of fundamental chemical and 

biological systems.
1,2

 For instance, the extensive hydrogen-bonded network in water 

results in a liquid at ambient temperature rather than a gas; hydrogen bonding in proteins 

and DNA gives rise to their secondary and double-helix structures, respectively, which 

are crucial in the fulfillment of their physiological functions. The strength of hydrogen 

bonds is intermediate between van der Waals forces and covalent bonds, with 

dissociation enthalpies in the range of 5–30 kJ/mol. In contrast, a carbon–carbon single 

bond has a dissociation enthalpy of ca. 350 kJ/mol. Since relevant energies are on the 

order of a few kBT (where kB is the Boltzmann constant and T is the absolute temperature; 

kBT is ca. 2.5 kJ/mol at room temperature), hydrogen bonds can reversibly dissociate and 

reform under thermal equilibrium conditions on very short time scales. This reversibility 

brings up an interesting and fundamental question: what is the lifetime of a hydrogen 

bond? Qualitatively, it would be expected that stronger hydrogen bonds persist longer. 

However, it was not until the recent advent of ultrafast infrared spectroscopy techniques 

that quantitative measurement of hydrogen bond lifetimes became possible,
3–10

 especially 

for relatively weak hydrogen bonds with dissociation enthalpies smaller than 20 kJ/mol. 
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Hydrogen bonds are highly directional and sufficiently strong to direct small 

molecules to assemble into macromolecular architectures, yet with dynamic reversibility. 

In the pioneering work by Sijbesma et al., 2-ureido-4[1H]-pyrimidinone (UPy) units were 

shown to assemble into long chains through quadruple cooperative hydrogen bonds in an 

array.
11

 Thermodynamic and kinetic parameters of the dimerization process were 

presented in a subsequent work.
12

 The dimerization constant (Kdim) was determined to be 

10
7
 M

−1
 at 298 K in chloroform by excimer fluorescence spectroscopy. Furthermore, the 

preexchange lifetime of the dimer was estimated to be 170 ms in chloroform by dynamic 

NMR spectroscopy, which was in excellent agreement with the longest relaxation time of 

the UPy-functionalized polymer, as determined from rheology assuming its relaxation is 

described by a pure Maxwell element. 

In this chapter, we address an interesting and fundamental question in this 

supramolecular ion gel system, i.e., how many hydrogen bonds per P2VP↔PVPh 

association are required at the gel point? It was previously assumed that there is about 

one hydrogen bond per P2VP↔PVPh association at the gel point of 140 °C.
13,14

 Upon 

subsequent cooling, the number of hydrogen bonds per P2VP↔PVPh association 

increases, while no substantial rearrangement of network connectivity takes place due to 

very high activation energy required to break multiple hydrogen bonds simultaneously. 

Therefore, the strength of a given P2VP↔PVPh association is greatly enhanced as 

temperature decreases, while the network structure is essentially locked in place at the gel 

point. In this chapter, theoretical analysis and experimental work will be presented for the 
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argument that one hydrogen bond per P2VP↔PVPh association is not enough to generate 

a sufficiently stable polymer network. 

 

6.2 Results and Discussion 

6.2.1 Estimation of the Lifetime of a Single Hydrogen Bond in [EMIM][TFSA] 

Fayer and coworkers have applied ultrafast two-dimensional infrared vibrational echo 

chemical exchange spectroscopy to directly measure the lifetimes of a series of hydrogen 

bonds with different dissociation enthalpies under thermal equilibrium conditions at room 

temperature.
9,10

 They found a linear relationship between the hydrogen bond lifetime and 

the Arrhenius factor of the hydrogen bond dissociation enthalpy (Figure 6.1). The 

relationship between hydrogen bond lifetime and dissociation enthalpy can be 

approximated by 

 6.1                                                
Δ

exp/1
0

d 









RT

H
Ak  

where the proportionality constant A was determined to be 0.5 ps from the slope of the 

linear fit, ΔH
0
 is the hydrogen bond dissociation enthalpy, R is the gas constant, and T is 

the absolute temperature. Therefore, it is straightforward to estimate the hydrogen bond 

lifetimes if the dissociation enthalpy is known. 
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Figure 6.1 Hydrogen bond lifetimes (1/kd, ps) versus exp(ΔH
0
/RT), where ΔH

0
 is the 

hydrogen bond dissociation enthalpy, R is the gas constant, and T is the absolute 

temperature (300 K). Reprinted with permission from Zheng, J.; Fayer, M. D. J. Am. 

Chem. Soc. 2007, 129, 4328–4335. Copyright 2007 American Chemical Society. 

 

The dissociation enthalpy of a single phenol–pyridine hydrogen bond in 

[EMIM][TFSA] was determined by measuring the temperature dependence of the 

infrared absorption spectrum of the hydroxyl stretching mode. An Arrhenius plot of the 

corrected FT-IR absorbance was constructed and a dissociation enthalpy of 13 ± 2.5 

kJ/mol was extracted.
13

 

The lifetime of a single phenol–pyridine hydrogen bond in [EMIM][TFSA] as a 

function of temperature is calculated based on equation 6.1 and presented in Figure 6.2; it 

varies by less than an order of magnitude over the temperature range of 30–200 °C. 



 

 147 

 

Figure 6.2 Temperature dependence of the lifetime of a single phenol–pyridine hydrogen 

bond in [EMIM][TFSA]. 

 

6.2.2 How Many Hydrogen Bonds per Association are Required at the Gel Point? 

It was previously assumed that the gel point should occur at about one hydrogen bond 

per P2VP↔PVPh association.
13,14

 From a physical perspective, with one hydrogen bond 

per association, effective cross-linking is achieved to generate a continuous percolating 

polymer network. However, the ultrafast dynamics of hydrogen bond formation and 

dissociation provides solid theoretical background to question this assumption, since the 

lifetime of a single phenol–pyridine hydrogen bond in [EMIM][TFSA] is on the order of 

sub-nanosecond, which is too transient to generate a sufficiently stable polymer network. 

In Chapter 3, the rheological relaxation times were qualitatively related to the lifetime of 

a P2VP↔PVPh association, which depends on the number of hydrogen bonds involved. 
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In rheology, the gel point is determined by the crossover temperature where G′ = G″. By 

this definition, the average lifetime of a P2VP↔PVPh association at the gel point should 

be comparable to the timescale of a rheological experiment, which was performed on a 

timescale of seconds. Therefore, the average lifetime of a P2VP↔PVPh association 

should be on the order of seconds at the gel point. When multiple hydrogen bonds are 

involved, it is assumed that the total dissociation enthalpy is given by the product of the 

number of hydrogen bonds and the dissociation enthalpy of a single hydrogen bond. 

Therefore, equation 6.1 can be modified to give the lifetime of a P2VP↔PVPh 

association with n hydrogen bonds. 

 6.2                                                 
Δ

exp
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RT
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Based on equation 6.2, the number of hydrogen bonds required at the gel point can be 

estimated and presented in Figure 6.3. The number of hydrogen bonds per association 

required at the gel point is weakly dependent on the gel point itself, which is attributed to 

the weak temperature dependence of the lifetime of a single hydrogen bond, as discussed 

in Section 6.2.1. One important conclusion is that n(Tgel) ≈ 6 at 30 °C, which means that 

at least 6 hydrogen bonds are required for a given P2VP↔PVPh association to persist 

over the timescale of seconds at room temperature and therefore an effective part of the 

polymer network. Based on equation 6.2, the lifetime of a P2VP↔PVPh association with 

5 hydrogen bonds is on the order of milliseconds. Consequently, associations with less 

than 6 hydrogen bonds are dynamic and not considered effective part of the network. 
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Figure 6.3 The number of hydrogen bonds per association required at gel point versus 

gel point. 

 

6.2.3 Rheological Characterization 

In order to qualitatively test the hypothesis that multiple hydrogen bonds per 

association are required at the gel point, we synthesized a P2VP–PEO–P2VP triblock 

copolymer in which the molecular weight of the P2VP block is 1 kg/mol. The key 

hypothesis is that fairly short P2VP blocks will result in a significant amount of dynamic 

chains, leading to the formation of rather weak gels or even viscous liquids. The results 

are quantitatively compared with similar gels with a longer P2VP block (2 kg/mol), in 

terms of the modulus and gel point. 
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Table 6.1 Characteristics of Supramolecular Ion Gels 

Code P2VP–PEO–P2VP PVPh Xph/Xpy
a
 Tgel

b
 (°C) GN

c
 (Pa) 

1 10 wt% VOV(1-35-1) 1 wt% PVPh-5 160/100 72.5 1600 

2 10 wt% VOV(1-35-1) 2 wt% PVPh-5 320/100 66.5 2800 

3 10 wt% VOV(1-35-1) 1 wt% PVPh-5 85/100 118.5 2500 

4 10 wt% VOV(1-35-1) 2 wt% PVPh-5 170/100 127 14000 

a
 Molar ratio of phenol/pyridine units. 

b
 Tgel determined from the crossover temperature at 

which G′ = G″ in Figure 6.4. 
c
 Plateau modulus at 30 °C. 
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Figure 6.4 Temperature dependence of the dynamic shear storage modulus G′ (○) and loss 

modulus G″ (□). See the upper right-hand corner of each plot for identity details. All 

measurements were performed at a strain amplitude of 3%, an angular frequency of 0.3 

rad/s, and a temperature ramp rate of 1 °C/min. 
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Dynamic temperature ramps were performed to evaluate the rheological changes with 

temperature (Figure 6.4). All gels exhibit predominantly viscous behavior at high 

temperatures and highly elastic behavior at low temperatures, with a well-defined 

transition temperature termed Tgel. The crossover temperature at which G′ = G″ is used as 

a convenient indicator of Tgel, which represents the temperature at which the gel has a 

longest relaxation time comparable to the timescale of the experiment. The higher Tgels of 

the VOV(2-35-2)-based gels (3 and 4) compared with the VOV(1-35-1)-based gels (1 and 

2) are consistent with previous results described in Chapter 3, since the fraction of 

hydrogen-bonded pyridine units on a P2VP block needed to reach Tgel decreases with 

increasing P2VP block length. Furthermore, in 3 and 4, wide temperature-independent 

rubbery plateaus in G′ are evident at low temperatures, indicating the formation of a well-

defined network structure, which does not evolve appreciably with temperature. In 

contrast, G′ of 1 and 2 is still increasing upon cooling, suggesting the network structure is 

evolving with temperature. 
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Figure 6.5 tTS master curves of G′ (○) and G″ (□) versus reduced frequency. A uniform 

reference temperature of 30 °C was used. See the lower right-hand corner of each plot for 

identity details. 
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Dynamic frequency sweeps were performed every 10 °C at various temperatures. 

Time–temperature superposition (tTS) was satisfactorily applied to generate master 

curves for all gels, indicating that the governing relaxation processes have similar 

temperature dependence. The resulting shift factors are shown in Figure 6.6. The 

systematic deviations in G″ from tTS at the high-frequency end of low-temperature data 

was attributed to the relaxation of the PEO network strands. 

 

 

Figure 6.6 Temperature dependence of shift factors used in generating the master curves 

of Figure 6.5. 

 

The most important observation is the rather low modulus of the VOV(1-35-1)-based 

gels (1 and 2). Since n(Tgel) ≈ 6 at 30 °C, at least 6 hydrogen bonds are required for a 
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given P2VP↔PVPh association to contribute to the equilibrium elasticity of the network. 

However, the fairly short P2VP blocks in VOV(1-35-1) render the formation of 6 

hydrogen bonds per association rather difficult, due to steric hindrance. Therefore, the 

origin of the low modulus of the VOV(1-35-1)-based gels is attributed to the existence of 

a significant amount of dynamic chains (less than 6 hydrogen bonds per association), due 

to the limited number of pyridine units available on the P2VP blocks. 

The low modulus of 3 was previously attributed to the existence of a significant 

amount of dangling ends,
14

 due to inadequate cross-linker. However, there is an inherent 

defect in this interpretation. With the assumption that n(Tgel) ≈ 1, it was estimated that 5 

hydrogen bonds are formed on a given P2VP block. Nevertheless, it seems very unlikely 

that a certain fraction of P2VP blocks has 5 hydrogen bonds, whereas the remaining 

P2VP blocks are completely free with no hydrogen bonds at all. With the conclusion that 

n(Tgel) ≈ 6 at 30 °C, a more reasonable explanation is that while presumably every P2VP 

block is hydrogen-bonded with a PVPh cross-link, only those with at least 6 hydrogen 

bonds are elastically effective. 

The absolute number of hydrogen bonds per P2VP↔PVPh association can be 

estimated from the temperature dependence of shift factors. 

 6.3                                      ln)()(
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The temperature dependence of n(T) is shown in Figure 6.7. The saturation of n(T) at 

low temperatures simply reflects the formation of the maximum number of hydrogen 

bonds, restricted by the limited number of pyridine or phenol units. Also, the absolute 
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number of hydrogen bonds is about one half of the degree of polymerization of the P2VP 

block, presumably due to steric hindrance. The solid line in Figure 6.7 represents n(T) 

needed for gel point from Figure 6.3, where excellent agreement with the actual gel 

points is achieved. 

 

 

 

Figure 6.7 Temperature dependence of n(T) calculated from equation 6.3. The solid line 

represents n(T) needed for gel point from Figure 6.3. 
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6.2.4 Equilibrium Constant of Hydrogen Bond Formation 

The equilibrium constant (Keq) of hydrogen bond complex formation can be estimated 

from a straightforward analysis (Keq = [complex]/[phenol][pyridine]). For example, the 

total concentrations of phenol and pyridine in 4 are 0.236 and 0.138 M, respectively. 

Since Tgel = 127 °C, the number of hydrogen bonds per association at the gel point is ca. 

8 from Figure 6.3. Therefore, the concentrations of hydrogen bond complex, free phenol, 

and free pyridine are estimated to be 0.0552, 0.181, and 0.0828 M, respectively, yielding 

Keq = 3.7 M
−1 

at Tgel. The temperature dependence of Keq is given by 

 6.4                                       
ΔΔΔ

ln
000

eq
R

S

RT

H

RT

G
K   

where ∆G
0
, ∆H

0
, and ∆S

0
 are the standard Gibbs free energy, the enthalpy, and the 

entropy of complex formation, respectively. Assume ∆H
0
 and ∆S

0
 are temperature 

independent, ∆H
0
 = −13 kJ/mol 
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Keq at any given temperature is calculated from equation 6.4 and plotted in Figure 6.8. 
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Figure 6.8 Temperature dependence of the equilibrium constant. 

 

 

Figure 6.9 n(T) calculated from equilibrium constant Keq and shift factor aT. 
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To push this analysis one step further, we can estimate the number of hydrogen bonds 

based on values of Keq, which is plotted in Figure 6.9 and compared with those estimated 

from shift factors. 

It can be seen that n(T) calculated from aT saturates at low temperatures, which 

simply reflects the formation of the maximum number of hydrogen bonds, due to the 

limited availability of either pyridine units on P2VP blocks or phenol units on PVPh 

cross-linkers. The deviation at high temperatures might come from the steric hindrance to 

form an actual hydrogen bond. This system is not therefore under equilibrium, especially 

at low temperatures. 
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6.2.5 Small-Angle X-ray Scattering 

 

Figure 6.10 Variable temperature small-angle X-ray scattering (VT-SAXS) data from 4 

recorded on heating. 

 

Figure 6.10 shows VT-SAXS data from 4 recorded on heating, which has a gel point 

of 127 °C. At temperatures higher than the gel point, the structure factor can still be seen, 

suggesting the existence of quite stable hydrogen-bonded phase. This observation also 

supports the conclusion that multiple hydrogen bonds per association are involved at the 
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gel point, because a single hydrogen bond would be expected to break up just above the 

gel point. Therefore, the polymer network would break down into free chains, and a 

homogeneous phase would be present. The complete dissociation of the hydrogen-

bonded microdomains would result in the disappearance of the structure factor, since the 

X-ray contrast in the gel originates from the difference in electron density between the 

dense hydrogen-bonded P2VP/PVPh microdomains and the well-solvated PEO chains. 

 

6.3 Conclusions 

In this chapter, we have addressed an interesting and fundamental question as to how 

many hydrogen bonds per P2VP↔PVPh association are required at the gel point. The 

lifetime of a single phenol–pyridine hydrogen bond in [EMIM][TFSA] is estimated to be 

on the order of sub-nanoseconds, based on an empirical relationship from the literature. 

This ultrafast hydrogen bond dynamics implies that multiple hydrogen bonds per 

association are involved at the gel point, whereby the total activation energy is increased. 

While the lifetime of a single phenol–pyridine hydrogen bond varies by less than an order 

of magnitude over the temperature range of 30–180 °C, the lifetime of an association 

changes by 15 orders of magnitude over the same temperature range. The most important 

conclusion is that multiple hydrogen bonds per P2VP↔PVPh association are required to 

generate a polymer network that is sufficiently stable over the timescale of seconds. In 

particular, at least 6 hydrogen bonds per association are required at room temperature and 
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this value slightly depends on the gel point itself, due to the weak temperature 

dependence of the lifetime of a single hydrogen bond. 
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Chapter 7 

Summary and Outlook 

7.1 Summary 

The objective of this thesis research is to elucidate the underlying mechanisms that 

control the structure and dynamics in the supramolecular polymer networks formed by 

hydrogen bonding in ionic liquids. The substantially wide liquidus temperature range of 

the ionic liquid affords access to interesting and unprecedented rheological signatures of 

the resulting gels. For example, the longest relaxation time changes by 15 decades from 

the gel temperature down to room temperature; extremely wide temperature- and 

frequency-independent rubbery plateaus are pronounced, indicating the formation of a 

well-defined polymer network structure; the applicability of time–temperature 

superposition is striking, suggesting the invariance of the underlying relaxation 

mechanism. Furthermore, from a practical perspective, since ionic liquids have appealing 

electrochemical properties, such as high ionic conductivity and wide electrochemical 

windows, these ion gels are targeted for applications in various electrochemical devices, 

where two particular examples are organic transistors and electrochemical capacitors.
1,2

 

The most impressive feature of this system is the strong temperature dependence of 

the viscoelastic properties, which was tentatively attributed to the formation of multiple 

hydrogen bonds on a single P2VP↔PVPh association, and therefore different activation 

energies are involved at different temperatures. It was further hypothesized that the 
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terminal relaxation time is determined by the average lifetime of a P2VP↔PVPh 

association, which is directly related to the number of hydrogen bonds involved. This 

hypothesis has been qualitatively tested by varying the P2VP block length. The terminal 

relaxation dynamics is dramatically retarded upon increasing the P2VP block length. The 

self-association of phenolic hydroxyl groups results in the aggregation of PVPh cross-

linker chains in a cross-link. The size of a cross-link is essentially independent of the 

PVPh cross-linker length, as manifested by the minor effect on terminal relaxation time 

and gel temperature of cross-linker length. 

The mechanical properties of this system are tunable over a significantly wide range. 

Low-viscosity solutions of the parent copolymer could be developed into elastic gels with 

tunable modulus (in the range of 2000–15000 Pa) simply by varying the concentration of 

the PVPh cross-linker added. Interestingly, the modulus goes through a maximum instead 

of increasing monotonically with the cross-linker concentration. This tunability 

essentially reflects significant changes in the microstructure of the hydrogen-bonded 

polymer networks. Therefore, matching the concentrations of the triblock and cross-

linker such that the hydrogen bonding donors and acceptors are present under a certain 

stoichiometric balance is particularly important to achieve optimal mechanical properties. 

The hydrogen-bonded phase can rearrange into a hexagonal morphology with long-

range ordering after high-temperature annealing for a sufficient period of time. The 

thermodynamic stability of this hexagonal phase is limited at low temperature by chain 

exchange and at high temperature by the eventual dissolution of the hydrogen-bonded 

network microdomains. The slow kinetics of this structural development results in a 
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significant hysteresis at high temperatures in the rheological response during a cooling–

heating cycle. 

Because the dissociation energies of hydrogen bonds are on the order of a few kBT, 

they continually dissociate and reform under thermal equilibrium with ultrafast dynamics. 

Estimating the lifetime of a single phenol–pyridine hydrogen bond in [EMIM][TFSA] 

based on an empirical relationship found in the literature yields values on the order of 

sub-nanoseconds. We therefore conclude that multiple hydrogen bonds per P2VP↔PVPh 

association are required to generate a polymer network that is sufficiently stable over a 

timescale of seconds. In particular, at least 6 hydrogen bonds per P2VP↔PVPh 

association are required at room temperature; this value slightly depends on the gel point 

itself, due to the weak temperature dependence of the lifetime of a single hydrogen bond. 

 

7.2 Outlook 

Nonlinear rheology is of particular interest for future research. The rheology 

presented in this thesis has been limited to the linear regime. However, nonlinear 

behavior is also interesting and very important, especially for processing considerations, 

where large strains and high strain rates are typically applied. Nonlinear rheological 

response, such as strain stiffening and shear thickening, often exhibits unexpectedly 

varied behavior from one system to another and is thus substantially more complicated 

than the linear response. As a result, complementary experimental and theoretical efforts 

have been devoted to understanding the underlying molecular mechanisms of nonlinear 
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rheological response.
3–8

 When soft polymeric materials are subjected to nonlinear 

deformations, the corresponding rheological response is determined by the relationship 

between the structure of the material and the nature of the imposed deformation. In order 

to qualitatively compare the behavior of materials with strikingly different relaxation 

times, a reduced shear rate (Γ) is introduced, defined as the product of the characteristic 

relaxation time of the material (τ) and the applied shear rate ( ).
3
 

 7.1                                                               

The magnitude of Γ determines whether the material can structurally rearrange to 

accommodate the applied stress. Therefore, elastic and viscous behavior would be 

expected for Γ >> 1 and Γ << 1, respectively. In our thermoreversible supramolecular ion 

gels, the strongly temperature-dependent relaxation times afford access well into both the 

low-Γ and high-Γ regimes without changing the structural features of the system, making 

them ideal model systems for studying nonlinear rheological behavior in physically 

associating gels. 
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Appendix 

Small-Angle Neutron Scattering 

Small-angle neutron scattering (SANS) measurements were performed on the CG-2 

General Purpose SANS instrument at the High Flux Isotope Reactor (HFIR) facility at 

Oak Ridge National Laboratory (ORNL). The neutron wavelength was 4.75 Å and the 

sample-to-detector distance was 14 m. Temperature was calibrated using a thermocouple 

immersed in oil in a quartz cell. Samples were sandwiched between two quartz disks 

separated by an aluminum spacer and sealed by high-temperature adhesives. Data 

reduction was performed using the Igor package provided by ORNL. Scattering data 

were corrected for sample transmission, empty cell, background scattering, and detector 

sensitivity. Absolute intensity curves I(q) were obtained using the direct beam method, 

followed by azimuthal averaging. 
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Figure A.1 Variable temperature SANS patterns taken on heating for a supramolecular 

ion gel comprised of 30 wt% VOV(3-35-3) and 9 wt% PVPh-5. 
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Figure A.2 Variable temperature SANS patterns taken on heating for a supramolecular 

ion gel comprised of 20 wt% VOV(3-35-3) and 6 wt% PVPh-5. 
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Figure A.3 Variable temperature SANS patterns taken on heating for a supramolecular 

ion gel comprised of 10 wt% VOV(3-35-3) and 3 wt% PVPh-5. 
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Figure A.4 Variable temperature SANS patterns taken on heating for a supramolecular 

ion gel comprised of 10 wt% VOV(3-35-3) and 10 wt% PVPh-5. 
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Figure A.5 Variable temperature SANS patterns recorded on heating for a solution 

comprised of 30 wt% VOV(3-35-3) in [EMIM][TFSA]. 
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Figure A.6 Variable temperature SANS patterns recorded on heating for a solution 

comprised of 9 wt% PVPh-5 in [EMIM][TFSA]. 

 


