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Preface 

 Primary batteries are devices taking a Gibbs energy difference (∆G) out as 

an electric energy through irreversible or hardly reversible chemical reactions. 

Because of their simple structures and operation mechanisms, primary batteries 

represented by dry cells, which cannot be recharged, abound in our daily life. 

However, using reactions leads to wasting resources, and there are needed for a 

large-scale recycling center. On the other hand, secondary batteries can charge and 

discharge the electric energy using the set of reversible chemical reactions, though 

it needs power sources supplying the activation energy from an external circuit. 

Since the chemical reactions proceed isothermally, the energetic efficiency with the 

charging and discharging was considerably large free from the Carnot cycle 

limitation. Lead storage, nickel-cadmium, and nickel-hydrogen batteries are 

classified as the secondary batteries. 

 Electronics, in particular, mobile phone and laptop computer, have great 

expansion over the world, while are desired to achieve a miniaturization, a weight 

reduction, and increasing the performance, so that secondary batteries are required 

to improve the characteristics, such as high voltage, high energy density, and long 

cycle life. Recently, from the viewpoint of the environmental impact, secondary 

batteries for vehicles are required to improve. In the three decades, lithium ion 

batteries (LIBs) are adopted to the battery for meeting these requirements. In the 

early 1990s, LIBs have become commercial products by Sony and have been used in 

various products. Nowadays, the market size of LIBs is over 1.5 trillion yen and a 

lot of investors anticipate that of LIB will grow to 2 trillion yen by 2020. 

 LIBs are assembled with a cathode, an anode and an electrolyte solution 
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(ES), however, one of the great problems of LIBs is the liquid state ES with large 

flowability. Though this flowability has a little problem for safety in the usual 

condition, it would be the risk of ignition under abnormal heating. Actually, the 

cases that mobile phones loading LIBs ignited or exploded were happened in the 

smart phone at 2016. In addition, the using liquid state ES causes leakage and 

volatilization of ES, hence, many researchers study solidified or pseudo-solidified 

ESs using polymer matrices. 

 Solidified or pseudo-solidified ESs are classified into the solid polymer 

electrolytes (SPEs) and the gel polymer electrolytes (GPEs). SPE is mainly prepared 

by lithium ion dissolving in poly(ethylene oxide), therefore, SPEs have excellent 

characteristics, such as no leakage of electrolyte solution, low possibility for ignition, 

high process ability, because of their liquid-free structure. However, SPEs have a 

disadvantage that they do not have high ionic conductivity at room temperature for 

commercial use (<10-4 S/cm). Meanwhile, GPEs are prepared by the composition of 

electrolyte solution and polymer matrix, e.g. poly(vinylidene 

fluoride-hexafluoropropylene) (PVdF-HFP). GPEs are containing a large amount of 

liquid in polymer matrices, but the risk of leakage is low because of using the low 

crystalline HFP for retention of liquid. Thus, GPEs have high ionic conductivity at 

room temperature and the beginning by Bell Communications Research, Inc., they 

are commercialized by many company currently. The trade-off between ionic 

conductivity and mechanical strength is a remaining subject for making higher 

performance of GPEs, so I focused on a novel kind of gels for applying GPE and aim 

to achieve the GPE with both the high ionic conductivity and high mechanical 

strength. 
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 In this thesis, I researched electrochemical and mechanical properties of 

GPE based on a slide-ring (SR) gel for applying LIB. 
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1.1 General introduction for lithium ion battery 

 The improvement of power storage technologies play an important role on 

the environmental protection imposed on a modern industrial development, 

furthermore, the requirement of higher performance is significantly increasing from 

various fields using batteries. Lithium ion battery (LIB) is one of the most efficient 

forms of power storage facilities and the various characteristics of LIB, e.g. high 

energy density, high voltage, long cycle life, yield various kinds of electronics to 

advance. Many kinds of electronics, such as mobile phone, laptop computer, and 

digital camera, develop into familiar existences by the improvement of LIB and the 

performance of LIB decides that of electric vehicle and smart grids that come to the 

fore in next generation. Consequently, we have no doubt that the improvement of 

LIB influences on the quality of our life.  

Transition metals oxides or active sulfur (LiCoO2 [1-3], LiMn2O4 [1-2,4-5], 

LiNO2 [1,3], or S8 [6] at cathode and graphite [7-8] at anode are commonly used as 

electrodes of present LIB. Cathode and anode are separated by stretching polymer 

film with sub-micro pores filled with electrolyte solution (ES). ESs typically consist 

of organic solvents, propylene carbonate (PC) [9-11], ethylene carbonate (EC) [11] 

and dimethyl carbonate (DMC) [12], including lithium ion, LiPF6 [9], LiBF4 [13], 

and Li(CF3SO2)2N (LiTFSI) [1,10]. The separator and ES carry lithium ions during 

the charge and discharge process and prevent the cathode and anode from physical 

contacts. Figure 1-1 illustrates the schematic of electrochemical reaction in the 

basic LIB using LiCoO2 cathode and graphite anode. During the charge process, the 

lithium cations are extracted from the cathode layer and are inserted into the anode 

layer after migrated in the ES. During the discharge process, lithium cations are 
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electrolyte solution on the anode. Incidentally, a lithium dendrite grows on the 

cathode during the charge and discharge cycle. The lithium dendrite has a potential 

hazard leading to ignition by the internal short circuit and reducing a cycle life. 

 

 

1.2. Separators 

 Commonly, separator films are used stretching polymer films having a high 

mechanical strength and polyolefin based polymers, i.e., polyethylene (PE), 

polypropylene (PP) and a copolymer of PE and PP are typically used for separators 

of commercial LIB [16-21]. Ionic conductivities of all separators filled with ES have 

more than 1.0×10-3 S/cm and a measurable mechanical strength. Separator films 

with less than this ionic conductivity are not able to use for LIB and films with an 

insufficient mechanical strength are also difficult to manufacture LIB. These 

separators have a disadvantage of poor solvent retaining property. Therefore, in 

LIBs based on these separators, some metal parts have to be used for preventing 

leakage of ES, but these metal parts often conflict with the requirements of weight 

saving and miniaturization.  

 

 

1.3. Polymer electrolytes 

 Polymer electrolytes have been developed to improve this problem and 

there are two kinds of polymer electrolytes, solid polymer electrolyte (SPE) [22-23] 

and gel polymer electrolyte (GPE) [24]. SPEs are made by polymer matrices and 

lithium salts without any liquids. Therefore, SPEs have high safety, reliability and 
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lightness, whereas, ionic conductivities are less than 1.0×10-4 S/cm at room 

temperature. Hence, LIBs with SPE have not made practicable yet. On the other 

hand, GPEs are also composed of ESs and polymer matrices, polymers become 

swollen gel by physical cross-linking or chemical cross-linking. Ionic conductivities 

of GPEs are more than 1.0×10-3 S/cm at room temperature. Thus LIBs using GPEs 

for ES are commercialized by some companies. 

 

1.3.1. General gel polymer electrolytes 

 Gel polymer electrolytes (GPEs) have been developed to satisfy above 

requirements and to decrease internal resistance by a large amount of ES in the 

polymer matrix. Generally, GPEs approximately divided into an entangled linear 

polymer electrolyte and a cross-linked polymer gel electrolyte. Polyacrylonitrile 

(PAN) [25-33], poly(methyl methacrylate) (PMMA) [34-39] and poly(vinylidene 

fluoride-hexafluoropropylene) (PVdF-HFP) [40-47] belong to the entangled linear 

polymer electrolyte and poly(ethylene oxide) (PEO) [1,10], poly(propylene oxide) 

(PPO) [48-49] and polyurethane [50] belong to the cross-linked polymer gel 

electrolyte. Figure 1-2 illustrates the structures of the entangled linear polymer 

electrolyte and the cross-linked polymer gel electrolyte. The entangled linear 

polymer electrolytes are prepared by dissolving polymers in ES and polymers are 

physically cross-linked each other to keep their bulky volume. Manufacturing 

method of these GPEs is simple, however, these GPEs have poor stability against 

temperature and pH, and ES containing ratio is generally low. Meanwhile, the 

cross-linked polymer gel electrolytes are prepared by a photochemical or thermal 

polymerization to have chemical cross-linkage. These GPEs have good stability 
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Table 1-1. The demand characteristics for GPEs [51]. 

 Demand characteristics 

Ionic conductivity More than 10-3 S/cm at room temperature 

Potential window More than 4.8 V 

Interface 100% contact holding 

Stability Retaining gel condition from –20℃ to 100℃ 

Mechanical strength Growth suppressing of lithium dendrite 

Environmental safety No problems from manufacturing to incineration 

Cost Less than the sum of separator and ES 

 

1.3.2. Poly(vinylidene fluoride) 

 Poly(vinylidene difluoride) (PVdF) and PVdF-HFP are typical crystalline 

polymer and these are obtained the structure of physical gel by several methods. 

GPEs based on these polymers are typically manufactured by solvent evaporation 

technique. These polymers are dissolved in the heated mixture of ES and volatile 

solvent which has compatibility with these polymers, such as N-methylpyrrolidone 

and 2-butanone, and these mixtures are cooled with the evaporation of volatile 

solvent. After that GPEs based on these polymers are obtained [52]. The 

compatibility of volatile solvent to polymers affects the morphology of polymeric 

structure which influences the property of GPE through the amount of retaining ES 

in the gel. PVdF-HFP is frequently used as commercial GPE because of the 

characteristics of good stability against thermally and chemical stress. However, 

PVdF-HFP has disadvantages, such as poor retention with ES and weak adhesive 

strength. 
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1.3.3. Polyether 

 Polyether resins, such as PEO, PPO, and copolymers of PEO and PPO for 

GPEs are used for GPE. GPEs based on polyether resins are obtained by the 

thermo- or photo-radical polymerization of polyether oligomer with methacrylate or 

acrylate group and they have chemical cross-linkings [53-54]. The GPE based on 

polyether resin has approximately 0.4 MPa tensile strength and high retention for 

ES. However, the ionic conduction is disturbed by the interaction between polymer 

matrices, solvent and lithium cations [53]. 

 

 

1.4. Structures and properties of slide-ring gel 

1.4.1. Polyrotaxane 

 Many researchers focus on polymeric supramolecules in which molecules 

interacted by noncovalent bonds, such as hydrogen bond, van der Waals interaction, 

hydrophobic interaction, or π–π interaction [55-56]. Polyrotaxane (PR) is one of the 

polymeric supramolecule [57]. The structure has a plurality of cyclic molecules, 

α–cyclodextrins (α–CD), and they are penetrated by an axial polymer chain, 

polyethylene glycol (PEG), capped by the bulky end groups at the both ends. The 

polyrotaxane has potentially modifying hydroxyl groups on CDs. α–CD has three 

hydroxyl groups per one glucose residue, that is, totally 18 hydroxyl groups, and 

hydroxyl group on α–CD has a chemical reactivity. Hence, various derivatives of PR 

were also reported. Derivatives of PR have quite different solvent affinity from 

original PR [59]. For example, original PR does not show affinity for water, because 

α–CDs on PR form strong hydrogen bonds with inter- and intra-molecules and 
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junctions under stretching. However, mobile cross-linking junctions of SR gel can 

prevent the stress concentration to polymer chain with short distances between 

cross-linking junctions. Thus, SR gel has high mechanical strength and unique 

mechanical properties [60,64-67]. In addition, SR gel was reported the 

characteristics of high swelling ratio, high toughness, environmental safety and 

transparency [65]. Using the SR gel for GPE is expected to be applied to some 

devices which are required for having the bending and stretching properties, such 

as wearable devices and card type devices. Furthermore, thinner SR gels is expected 

for a novel type of the GPE separator with a higher energy density as a substitution 

of the common GPEs. 
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Chapter 2 

Ion-conductive and Mechanical Properties of 

Slide-Ring Gels Swollen with Organic Liquid with 

Lithium Salts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

2.1. Introduction 

 During the past two decades, many researchers have improved the 

characteristics of lithium ion batteries, such as high voltage, high energy density, 

and long cycle life. And generally, stretching microporous polymer films infiltrated 

electrolyte solution (ES), in which the composed of an organic liquid and lithium 

salt, are used as separator for lithium ion battery.  

Polymer matrix typically used polyethylene (PE), polypropylene (PP) and a 

copolymer of PE and PP [1-6]. Increasing the energy density by allowing a larger 

amount of ES in the polymer matrix while satisfying high safety requirements has 

led to the extensive adoption of pseudo-solidified ESs. Explained in chapter 1.2.1, 

gel polymer electrolytes (GPEs) which are classed as pseudo-solidified ES, have 

been developed because of these properties such as free from a leakage and high 

ionic conductivity. Generally, GPEs are prepared by various methods; inducing 

thixotropy in the ES by the addition of fumed silica [7], cross-linking monomers in a 

polymer network in the ES [8], and swelling a polymer matrix with ES [9]. 

Polyethylene oxide (PEO) [10-18], polypropylene oxide (PPO) [19-20], 

polyacrylonitrile (PAN) [21-29], polymethyl methacrylate (PMMA) [30-35], and 

polyvinilidene fluoride-hexafluoropropylene (PVdF-HFP) [36-43] are used for GPEs. 

GPEs based on PEO or PPO, which are prepared from chemically cross-linked 

random copolymers of EO and PO, have been reported that they have room 

temperature conductivity more than 10-3 S/cm, however, the polymer network 

hindered the lithium cation transport of the ES [44]. In contrast, GPEs based on 

PAN, PMMA or PVdF-HFP, which are prepared by physical cross-linking, have 

micropores containing ES, and they exhibit high ionic conductivity greater than 
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3.0×10-3 S/cm, in addition to good thermal and electrochemical stability [10,19-43]. 

 On the other hand, GPEs containing a large amount of ES lose their 

mechanical strength, so that typical GPEs are difficult to achieve both high ionic 

conductivity and sufficient mechanical strength. Therefore, GPEs with both high 

ionic conductivity and high mechanical strength needed to be investigated for 

considering the explosive spread of lithium ion battery applications. 

 In this chapter, we report the use of SR gels to achieve GPEs with both high 

ionic conductivity and mechanical ductility, in which an index of mechanical 

strength. 

 

 

2.2. Experimental 

2.2.1. Materials 

 PR, in which α-CDs are threaded by PEG (Mw = 35,000), was purchased 

from Advanced Softmaterials Co., Ltd. According to the information provided by the 

manufacturer, the number of α-CD rings included in a single PR molecule is 

estimated to be ca. 98 from 1H nuclear magnetic resonance spectroscopy (NMR) 

measurements, which corresponds to a stoichiometric α-CD to ethylene oxide unit 

ratio in the inclusion complex of 1:8.1 (inclusion ratio = 24.7%). To prepare 

methylated polyrotaxane (MePR) [45-48], dehydrated dimethyl sulfoxide (DMSO; 

Wako Pure Chemical Industries, Ltd.), potassium t-butoxide (t-BuOK; 

Sigma-Aldrich Co.) in tetrahydrofuran (THF), and iodomethane (Tokyo Chemical 

Industry Co., Ltd.) were used without further purification. Divinyl sulfone (Tokyo 

Chemical Industry Co., Ltd.) was used as a cross-linker without further purification. 
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In addition, dehydrated DMSO, dehydrated dimethyl formamide (DMF) and 

chloroform were used to wash the SR gels. All of these compounds were purchased 

from Wako Pure Chemical Industries, Ltd. and used without further purification.  

A mixture of liquid propylene carbonate (PC; Wako Pure Chemical 

Industries, Ltd.) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI; Tokyo 

Chemical Industry Co., Ltd.) was used as the ES without further purification. 

 

2.2.2. Preparations of MePR  

  MePRs were prepared with degrees of substitution (DS) at 27.5 and 

74.2%. PR (600 mg, 4.61×10-6 mol) was dissolved in dehydrated DMSO (24 mL) 

under a dry N2 atmosphere and then 1.0 M solutions of t-BuOK (1.62 mL for DS of 

27.5%; 5.78 mL for DS of 74.2%) was added dropwise, and the dispersion was then 

stirred for 1 h at room temperature. After the dropwise addition of iodomethane 

(101 µL (1.62×10-3 mol) for DS of 27.4%; 353 µL (5.67×10-3 mol) for DS of 74.2%) to 

the solution, the mixture was stirred overnight at room temperature. This solution 

was purified by dialysis against deionized water and the solvent was distilled away. 

DS was calculated from 1H NMR measurements.  

1H NMR (δ, ppm in DMSO-d6): 5.65 [O(2)H of CD], 5.48 [O(3)H of CD], 4.95 

[C(1) of CD], 4.47 [O(6)H of CD], 3.8–3.2 [C(2,3,5,6)H of CD], 3.65 (CH2 of PEG), 

3.38 (OCH3). Figure 2-1 shows NMR spectrums of obtained MePRs. 
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(a) 

 

 

(b) 

 

 

(c) 

 

Fig.2-1. NMR spectrums of MePR with DS of (a) 0%. (b) 27.5%. (c) 74.2%. 
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2.2.3. Preparation of SR gels 

PR (50 mg, 5.98×10-7 mol) or MePR (50 mg (3.64×10-7 mol) for DS of 27.5%; 

50 mg (3.36×10-7 mol) for DS of 74.2%) was dissolved in 1.0 M NaOH aqueous 

solution (333 µL), and the solution was settled in a refrigerator for 1 h. Different 

amounts of divinyl sulfone were added to the solution as a cross-linking reagent. 

The number ratio of the divinyl sulfone to the hydroxyl group of CD or the sum of 

the hydroxyl and methyl groups of MeCD (n) was varied from 6.0 to 10.0%. After 

vortex mixing for 30 min and degassing under vacuum, the samples were settled for 

24 h in a refrigerator to obtain PR- or MePR-SR gels. The SR gels were immersed in 

deionized water, dehydrated DMSO, dehydrated DMF and chloroform, each for 3 h 

three times to remove any residual impurities and solvent, and then dried in a 

vacuum chamber overnight. Finally, the dried SR gels were swollen in PC and the 

ES of 1.0 M LiTFSI (5.74 g) in PC (20.0 mL) for 4 days in a glovebox under a dry N2 

atmosphere to achieve equilibrium swelling (Scheme 2-1). 
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PR- and MePR-SR gels prepared with various amounts of cross-linking 

reagent (different DS and different cross-linking density) were swollen by the ES 

the ionic conductivity was measured. MePR-SR gels with DS of 74.2%, which were 

prepared with various amounts of cross-linking reagent and swollen with ES, were 

used for potential window and compressive measurements. 

The weight-swelling ratio Qw, is defined as Qw = W/W0, where W0 is the 

weight of the dried gel before swelling with PC or ES, and W is the weight of gel 

after swelling with PC or ES. The volume swelling ratio Qv, is defined as Qv = (L/L0)3, 

where L0 is the edge length of the dried gel before swelling with PC or ES, and L is 

the length of the gel after swelling, assuming that the swelling occurs isotropically. 

All measurements were performed in a glovebox under a dry N2 atmosphere. 

 

2.2.4. Electrical measurement 

 AC impedance measurements were performed to investigate the ionic 

conductivity of the SR gels swollen with the ES. The gel was cut to have a thickness 

of 5.00×102 µm and an area of 0.282 cm2, and was sandwiched with a Teflon® spacer 

between two stainless-steel plates held together with a clip. The AC impedance 

measurement was performed using a potentiostat/galvanostat meter (SP-150, 

Bio-Logic, Inc.) within the frequency region of 102–105 Hz in a glovebox under a dry 

Ar atmosphere from 293 to 373 K in increments of 10 K. 

DC polarization measurements were conducted to investigate the potential 

window of the SR gels swollen with ES. The gel was cut to a thickness of 5.00×102 

µm with an area of 0.282 cm2 and was also sandwiched with a Teflon® spacer 

between two stainless-steel plates held together with a clip. MePR-SR gels with DS 
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of 74.2% were prepared with various amounts of cross-linking reagent and swollen 

with the ES. DC polarization measurements were performed using an impedance 

analyzer (1280C, Solartron Analytical, AMTEK, Inc.) within the voltage range of 

0–6 V with a scan rate of 5 mV/s in a glovebox under a dry Ar atmosphere at 293 K. 

 

 

2.2.5. Mechanical measurement 

 Stress-strain measurements were conducted using compaction tests to 

investigate the mechanical characteristics of the SR gels swollen with ES. MePR-SR 

gels with DS of 74.2% were prepared with various amounts of cross-linking reagent 

and swollen with the ES. The stress-strain measurement was performed by a 

universal tensile testing machine (Tensilon RTC-1250, Orientec Co., Ltd.) in air at 

room temperature. 

 

 

2.3. Results and discussion 

2.3.1. Swelling behavior of SR gels containing ES 

 Table 2-1 shows estimated Qw, Qv and the volume fraction occupied by PR 

(φv) in the PR- and MePR-SR gel swollen with pure PC or ES in equilibrium. Each 

gel with different number ratio n of the cross-linking reagent to the hydroxyl group 

of CD or the sum of the hydroxyl and methyl groups of MeCD was prepared. A pure 

PC could hardly make the SR gel swell both for PR-SR gel (PR-gel 1-5) and 

MePR-SR gel with DS of 27.5 % (MePR-gel 1-5), while MePR-SR gels with DS of 

74.2 % (MePR-gel 6-10) could be slightly swollen with pure PC. Since PEG, which is 
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component of PR, can be soluble in PC, the ability of swelling depends on the 

affinity of PC to CDs or MeCDs. Increasing DS of MeCDs make MePR soluble to 

pure PC, and consequently MePR-SR gels with DS of 74.2 % was slightly swollen 

with pure PC. Next, ES, which was 1.0 M PC solution of LiTFSI, could not make 

PR-SR gel (PR-gel 1-5) swell at all, while MePR-SR gels (MePR-gel 1-10) could be 

swollen with ES very well. This result suggested that solvation effect to PC by 

forming lithium cation complexes with the ether oxygen atoms onto MeCD caused a 

large swelling, but lithium cation did not give sufficient affinity of PC and PR in the 

case of PR-SR gel. As compared to the gels with different DS, the gels with DS of 

74.2 %(MePR-gel 6-10) can be swollen more largely than that with DS of 27.5 % 

(MePR-gel 1-5). This result was consistent with above suggestion. On the other 

hand, PEG can form coordination bonds with lithium ions, so it was suggested that 

the conformation of the PEG between cross-links was slightly bended by forming 

the complexes between PEG and lithium ion. Hence, it was suggested that the 

length between cross-links decreased from that without forming any complex. 

Moreover, with decreasing n, swelling ratio almost increased at MePR-SR 

gel swollen by ES. This tendency was common behavior in general gels and was 

explained that a polymer chain can extend freely by decreasing cross-linking 

density. 

In addition, we describe qualitative properties and appearances of 

MePR-SR gels swollen with each solvent. The MePR-SR gel with DS of 27.5 % 

swollen with PC was white opaque. The MePR-SR gels with DS of 74.2 % swollen 

with PC, deionized water, dehydrated DMSO, dehydrated DMF and chloroform 

were colorless transparent. Furthermore, the MePR-SR gel with DS of 74.2 % 
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swollen with chloroform has adhesiveness against glass. 
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Table 2-1. Weight (Qw) and volume (Qv) swelling ratios, and volume fraction (φv) of  PR-SR and MePR-SR gels immersed in ES 

pure PC as solvents for equilibrium swelling with various number ratios of the cross-linking reagent, n.  

 

 

 

 

 

 

 

 

 

 n / % No. Qw of PC Qv of PC Qw of ES Qv of ES φv / % 

PR-SR gel 10 PR-gel 1 1.0 1.0 1.5 1.5 – 

9.0 PR-gel 2 1.0 1.0 1.6 1.1 – 

8.0 PR-gel 3 1.0 1.0 1.2 1.1 – 

7.0 PR-gel 4 1.0 1.0 1.1 1.0 – 

6.0 PR-gel 5 1.0 1.0 1.1 1.0 – 

MePR-SR 

gel with DS 

of 27.5 % 

10 MePR-gel 1 1.0 1.0 13.3 13.5 7.41 

9.0 MePR-gel 2 1.0 1.0 19.5 13.1 7.61 

8.0 MePR-gel 3 1.0 1.0 17.3 13.5 7.41 

7.0 MePR-gel 4 1.0 1.0 20.1 14.4 6.93 

6.0 MePR-gel 5 1.0 1.0 24.4 14.0 7.14 

MePR-SR 

gel with DS 

of 74.2 % 

10 MePR-gel 6 3.7 2.7 22.8 12.0 8.31 

9.0 MePR-gel 7 3.9 3.2 21.3 17.6 5.68 

8.0 MePR-gel 8 4.1 3.8 27.7 14.0 7.14 

7.0 MePR-gel 9 4.3 4.6 35.4 14.4 6.93 

6.0 MePR-gel 10 4.0 5.1 36.8 19.9 5.02 

3
0
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2.3.2. Electrical measurement of SR gels containing ES by 

equilibrium swelling 

 AC impedance of PR-SR gel 1, MePR-gel 1-4, and MePR-gel 6-10 containing 

ES was measured. The Arrhenius plot of ionic conductivity of PR-SR gel 1, 

MePR-gel 1-4, and MePR-gel 6-10 containing ES are shown in Fig. 2-1(a), (b) and (c), 

respectively. Since the SR gel contained the PR network, which did not contribute to 

the ionic conduction, with a volume fraction of φv, σ was under underestimated for 

the ionic conduction of ES in the SR gel. Hence, the molar conductivity Λ was 

adopted as the following relation, 

 � = �/����1 − ��
�,  (1) 

where c0 was the concentration of pristine ES (1.00 × 10–3 mol cm–3). 

Table 2-2 shows σ, Λ, activation energy ∆Ea and the molar conductivity ratio 

of Λ to the molar conductivity of pristine ES, Λ0 = 4.26 S cm2 mol–1 [11], of PR- and 

MePR-SR gel with changing n. ∆Ea was calculated from a slope in Fig. 2-1. At first, σ, 

Λ of PR-SR gel 1 was quite small, because the gel was scarcely swollen even by 

using ES. From the results of MePR-gel, it was found that the molar conductivities 

are increasing with DS. This result was due to increasing swelling ratio with 

increasing DS. 

Since Λ was smaller than Λ0 and decreased with increasing n, it confirmed 

that polymer matrix disturbed the ionic transport of ES, and this result was 

consistent with previous report that ionic interaction between PEG and lithium 

cation disturbed lithium cation transport [49]. Although hydrodynamic radius of 

lithium cation is enough smaller than the mesh size of SR gel, the interaction 

between MePR-SR gel network and adjacent PC molecules increases the adjacent 
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viscosity, hence a macroscopic viscosity that lithium cation suffered from also 

increases through the hydrodynamic interaction. Then the ionic transport is 

suggested to be disturbed by this increased viscosity. 

However, Λ/Λ0 was more than 95 % in MePR-gel 10 and its activation 

energy was 6.42 kJ mol–1 [11], which was quite close to that of pristine ES of 6.40 kJ 

mol–1, hence it was concluded that this gel electrolyte had comparable properties to 

pristine ES. 

 

(a) 
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(b) 

 

 

(c) 

 

Fig. 2-1. (a) An Arrhenius plot of the ionic conductivity of the PR-gel 1 (●). (b) 

MePR-gel 1 (●), MePR-gel 2 (○), MePR-gel 3 (▲), MePR-gel 4 (△). (c) 

MePR-gel 6 (●), MePR-gel 7 (○), MePR-gel 8 (▲), MePR-gel 9 (△), MePR-gel 

10 (□). 
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Table 2-2. Conductivity σ, molar conductivity Λ, the ratio of Λ to the molar 

conductivity of pristine ES (Λ0) of the SR gel swollen by ES in 

equilibrium with changing number ratio of the cross-linking reagent n at 

293K, and activation energy ∆Ea estimated from the slope of the 

temperature dependence. 

 No. σ / mS cm-1 Λ / S cm2 mol-1 Λ/Λ0 / % ∆Ea / kJ mol-1 

PR-SR gel PR-gel 1 2.54×10-5 1.10×10-1 2.58 19.1 

MePR-SR 

gel with DS 

of 27.5 % 

MePR-gel 1 2.21 2.38 55.9 8.16 

MePR-gel 2 2.88 3.12 73.2 7.4 

MePR-gel 3 2.36 2.55 59.8 7.73 

MePR-gel 4 2.69 2.89 67.8 7.99 

MePR-SR 

gel with DS 

of 74.2 % 

MePR-gel 6 2.77 3.02 70.9 7.39 

MePR-gel 7 2.53 2.68 62.9 7.55 

MePR-gel 8 2.77 2.98 70.0 7.37 

MePR-gel 9 2.94 3.16 74.2 6.79 

MePR-gel 10 3.87 4.07 95.5 6.42 

 

Potential window of MePR-SR gels with DS with of 74.2 % in equilibrium 

swelling with changing number ratio of cross-linking reagent 4 to 10 % at 293 K are 

shown in Fig. 2-2. From the results, large number ratio of cross-linking reagent, 

potential windows were identically 5.5 V, which agreed with the value previously 

reported on PC-LiTFSI [50]. However, the gels with small cross-linking density 

showed the increase in the intensity of current at approximately 3.3 V, suggesting 

that this result be owing to the decomposition of ES. This result suggested that SR 

gels do not affect potential window. And figure 2-3 shows picture of the gel after 

potential window measurement. 
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Fig. 2-2. The potential window of MePR-SR gels with DS of 74.2 % in equilibrium 

swelling with changing number ratio of the cross-linking reagent at 293 K. The 

inset shows an expanded view of the voltage region from 3.0 to 4.0 V. 

 

 

Fig. 2-3. The picture of the gel after potential window measurement. 

 

2.3.3. Mechanical properties of swollen MePR-SR gels containing 

ES 

 It was known that polymer gel electrolytes containing a large quantity of 

ES were mechanically brittle [51-52]. However, SR gels have unique structure and 

are expected to have high ductility. Hence, we measured mechanical property of SR 
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gel containing a large quantity of ES by compressive test. The stress-strain (S-S) 

curves of MePR-SR gel 6 - 9 are shown in Fig. 2-4 and photographs of gels after 

compressed are shown Fig. 2-5(a), (b), (c) and (d). Inicidentally, MePR-SR gel 10 was 

too soft to be measured. Young’s modulus E of MePR-SR gel was calculated from the 

initial slope and estimated values were shown in Table 2-3. In all gels, E was quite 

small that meant that these gels were quite soft. In the previous study, E of the 

polymer gel electrolyte based on PVdF was 1.0 MPa [53] and that of the polymer gel 

electrolyte based on PVC-PEO was 0.5-2.0 MPa [54], and hence MePR-SR gels were 

incomparably soft. However, the characteristic feature of SR-gel electrolytes was to 

disperse effectively the stress and showed the large and reversible ductility, so it is 

difficult to evaluate the SR-gel electrolyte by an identical benchmark of 

conventional electrolytes separators. With swelling ratio, that is, decreasing n, E 

decreased and gel became a bit soft. 

As shown in Fig. 2-4, MePR-SR gel 6 was fractured at ε = 0.85, which was 

not observed obviously in S-S curve, and MePR-SR gel 7 was fractured at ε = 0.44, 

which was out of region shown in Fig. 2-4, while MePR-SR gel 8 and MePR-SR gel 9 

did not fractured under the compression of almost half thickness than its original 

thickness. Although the fracture point varied by samples, there was a tendency that 

gels with a small cross-linking density were not fractured under high compression 

such as ε = 0.5. Since MePR-SR gel 6 and 7 have larger cross-linking density, a 

minuscule crack of gels may be generated by compression and the crack spread out 

gradually under high compression. This result suggested that gels with a small 

cross-linking density were very soft, hence the stress was dispersed and cracks were 

difficult to generate, so gels were not fractured under high compression. From the 
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viewpoint of this study, MePR-SR gel 9, which was methylated SR gel with large DS 

of 74.2 % and had low cross-linking density of n = 7 %, showed compatible properties, 

large ionic conductivity more than 95 % of pristine ES and high tolerance against 

the compression of ε = 0.5. Moreover, plastic deformations were not observed from 

these S-S curves. In the previous study, reported plastic deformation of gelatin gel 

was at approximately ε =0.7 [55] and that of epoxy resin was observed at 

approximately ε =0.9 [56] and that of epoxy resin was observed at approximately ε 

=0.9 [57]. hence, these SR gel was suggested to be having sufficient toughness. 

Furthermore, E of the SR gels swollen with other liquid in which water, DMSO and 

1-ethyl-3-methylimidazolium chloride, were reported and the values were 650 kPa, 

64 kPa and 71 kPa [57], respectively. So, the SR gel swollen with ES suggested soft 

one. 

 

Table 2-3. Volume swelling ratio with ES, Qv, E, compression ratio and fracture 

point. 

No. n / % Qv E / kPa Compression ratio / % Fracture point / 

mm 

MePR-gel 6 10 13.5 20.1 72.3 0.06, 0.48 

MePR-gel 7 9 13.1 19.1 39.3 1.74 

MePR-gel 8 8 14.2 16.9 46.4 － 

MePR-gel 9 7 14.4 14.8 51.5 － 
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 (a)      (b) 

     

 (c)      (d) 

     

 

Fig. 2-4. The compressive properties of (a) MePR-gel 6. (b) MePR-gel 7. (c) MePR-gel 

8. (d) MePR-gel 9. And the arrow line means fracture point. 
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(c) 

  

Fig. 2-5. Picture of gels after compressed for (a) MePR-gel 6. (b) MePR-gel 7. (c) 

MePR-gel 9. 

 

 

 

2.4. Summary 

 The molar conductivity of SR gel (methylated PR with DS of 74.2 %) 

swollen with ES with high swelling ratio of Qw more than 30 was more than 95 % of 

that of pristine ES. The activation energy and potential window of SR gel swollen 

ES was similar to that of pristine ES. Moreover, the SR gel swollen ES with high 

swelling ratio and small cross-linking density had small E and was not fractured 

under the compression of ε = 0.85. In these gels, the stress was dispersed and cracks 

were difficult to generate, so gels were not fractured under high compression. We 

achieved the SR gel electrolytes with compatible properties of large ionic 

conductivity more than 95 % of pristine ES and high tolerance against the 

compression of ε = 0.5. 
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Chapter 3 

Ionic Conduction in Slide-Ring Gel Swollen with 

Ionic Liquids 
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3.1. Introduction 

 Ionic liquid (IL) is defined as liquid composed of entirely ions that at least 

one of an anion or a cation must be an organic ion, and having below 100 ℃ 

melting point [1]. The excellent characteristics of ILs [2-6], such as negligible vapor 

pressure, non-flammability, high ionic conductivity, and wide electrochemical 

window, has been attracted to be applied in electrochemical devices such as 

batteries [7-9], super-capacitors [10-12], and solar cells [13-14]. On the other hand, 

maintaining these unique properties needs pseudo-solidified ILs from the viewpoint 

of preventing leakage. 

 Pseudo-solidified ILs by gelation have been reported using low-molecular 

weight compounds [14-16], inorganic nanoparticles [13,17] and carbon nanotubes 

[18-20]. Besides, Watanabe and co-workers have reported pseudo-solidified IL by 

polymer gels [21-23]. They prepared the polymerized IL with methyl methacrylate 

(MMA) and common IL, 1-ethyl-3-methylimidazolium bis(trifluoromethane 

sulfone)imide (EMITFSI), by a cross-linker, and they obtained self-standing, flexible 

and transparent polymer gels. With a large amount of EMITFSI, the gel of ionic 

conductivity had a high value of close to 10-2 S/cm, which is close to 60 % of that of 

pure IL, at room temperature and the mechanism of ionic transporting results in 

the vehicle mechanism rather than the Grotthuss mechanism [23]. In addition, 

pseudo-solidified ILs with other polymers have also been reported. 

 In this chapter, we report the conductivity of SR gels containing ILs with 

various amounts of cross-linking reagents of SR gels, with the intent to clarify the 

ionic conduction mechanism of ILs in the SR gel network. Furthermore, under the 

compression, in which the SR gel with elastic deformation without fracturing, the 
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relation between the polymer network and ionic conduction was investigated. 

 

3.2. Experimental 

3.2.1. Materials 

 Polyrotaxane (PR), in which α-CDs are threaded by PEG (MW = 35,000), 

and hydroxypropyl polyrotaxane (HyPR), in which ca. 50 % of the hydroxyl group of 

α-CD of PR was modified by hydroxypropyl group, were obtained from Advanced 

Softmaterials Co. Ltd. According to information from the supplier, the number of 

α-CD rings included in the single PR or HyPR was estimated to be ca. 98 by 1H 

NMR, which corresponds to a stoichiometric ratio of the α-CDs to the EO units in 

the inclusion complexes of 1:8 (inclusion ratio = 24.7 %). HyPR shows high solubility 

in water different from PR, because the steric barrier due to the hydroxypropyl 

group prevents forming hydrogen bonding between two adjacent α-CDs in HyPR. As 

a cross-linker, we used 1,4-butanediol diglycidil ether purchased from Tokyo 

Chemical Industry Co., Ltd., without further purification. 

Nine kinds of ILs for the swelling gels were used in this study, including 

1-ethyl-3-methylimidazolium ethylsulfate (EMIES: 1), 1-ethyl-3-methylpyridinium 

ethylsulfate (EMPES: 2), 1-buthyl-3-methylimidazolium iodide (BMII: 3), 

1-buthyl-3-methylimidazolium chloride (BMICl: 4), 1-buthyl-3-methylimidazolium 

bromide (BMIBr: 5), 1-buthyl-3-methylimidazolium tetrachloroferrate (BMIFeCl4: 

6), 1-buthyl-3-methylimidazolium tetrafluoroborate (BMIBF4: 7), 

1-buthyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (BMITFSI: 8), 

and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMITFSI: 9). 

All of these compounds were purchased from the Tokyo Chemical Industry Co. Ltd. 
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diglycidyl ether (8.25 µL, 4.37×10–5 mol) was added to the solution as a cross-linking 

reagent by a method reported previously [24]. The number ratio of the cross-linking 

reagent to the hydroxyl group of the CD or the sum of the hydroxyl and 

hydroxypropyl groups of HyCD (n) was fixed at 9.8 % in PR and 13 % in HyPR. After 

several minutes of stirring and degassing in a rough vacuum, the samples were 

stood still for 24 h at room temperature, and then PR- or HyPR-SR gel was obtained. 

The SR gels were dipped in Milli-Q water for 5 h three times for removing any 

residual impurity, and then dried in a vacuum chamber at 80 °C overnight. Finally, 

the dried SR gels were swollen in ILs 1-9 for 7 days at 80 °C as equilibrium swelling, 

and were clipped to disk-shape with a thickness of 0.3 cm with an area of the base of 

0.8 cm2. 

Samples using the IL 1 were prepared by changing the amount of the 

cross-linking reagent for measuring the ionic conductivity of the SR gels with 

different cross-linking densities, where n was varied from 6.5 to 52 % (PR-SR gel 

1-6), and from 9.1 to 73 % (HyPR-SR gel 1-6). PR-SR gels 1-6 and HyPR-SR gels 1-6 

were swollen in the IL 1 for 7 days at 80 °C as equilibrium swelling, and were 

clipped out to a disk-shape with a thickness of 0.3 cm and an area of the base of 0.8 

cm2. Gels of n = 6.5 in PR-SR gel and n = 9.1 in Hy-PR gel were so soft that they 

need to be taken quite carefully. 

Further, for measuring the conductivity under compressive deformation, 

SR gels swollen to less than equilibrium were prepared. n was fixed at 9.8 % (PR-SR 

gel 7, HyPR-SR gel 7) and 13 % (PR-SR gel 8, HyPR-SR gel 8), and the dried SR gels 

were swollen in IL 1 with the mass fraction of PR or HyPR of about 10 wt% by 

drawing out gels from the IL during swelling at specific times. These were clipped to 
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a disk shape with a thickness of 0.3 cm and area of the base of 0.8 cm2. 

 

3.2.3. Synthesis of non-SR gel swollen with IL 

 Using the method reported by Watanabe and coworkers [23], non-SR gel 

was prepared by the radical polymerization of a vinyl monomer in IL for comparison 

with the SR gels under compressive deformation. Methyl methacrylate (MMA) 

(0.235 g, 2.35×10–3 mol) and ethylene glycol dimethacrylate (EGDMA) (9.32 mg, 

4.70×10–5 mol) were added to IL 9 (1.40 mL) with comparable mass fraction of 

network polymer to PR gels, and benzoyl peroxide (BPO) (11.4 mg, 4.70×10–5 mol) 

was then added as an initiator. The amount of EGDMA and BPO corresponded to 

1.5 mol% (MMA gel 1) and 2.0 mol% (MMA gel 2) to the amount of MMA with 

comparable cross-linking density of network polymer to PR gels. The mixture was 

poured into a disk-shape Teflon® mold with a thickness of 0.3 cm and area of the 

base of 0.8 cm2, and gelated at 80 °C for 24 h to obtain a MMA gel swollen with IL. 

All of these operations were performed in a nitrogen gas atmosphere. 

 

3.2.4. Characterization of SR gels 

 The weight swelling ratio Qw is defined as Qw = W / W0, where W0 is the 

weight of the dried gel before being swollen with ionic liquid, and W the weight of 

the gel after being swollen with ionic liquid. The volume swelling ratio Qv is defined 

as Qv = (L / L0)3, where L0 is an edge length of the dried gel before being swollen with 

ionic liquid, and L is the edge length of the gel after being swollen with the ionic 

liquid by assuming that the swelling occurs isotropically. Dynamic elasticity was 

evaluated with an RSA-II rheometer solids analyzer (TA Instruments Inc.) with a 
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parallel plate configuration. All measurements were performed in compression 

mode under air atmosphere within the linear response region with a fixed strain 

amplitude of 3 % at frequency ranging from 0.1 to 30 Hz at room temperature. 

 

3.2.5. Measurement of ionic conductivity 

 For investigating ionic conduction of neat IL and SR gels swollen with ILs, 

AC impedance measurements were performed. The gel was sandwiched between 

two Pt electrodes sputter-deposited on glass plates separated from each other by a 

Teflon® spacer with thickness adjusted to the gel samples clipped to a disk shape 

and the cell was covered with an aluminum foil to remove noises occurred by 

external electric field. The AC impedance measurement was performed by a 

ZM2353 impedance meter (NF Circuit Design Block Co., Ltd.) within the frequency 

region from 102 to 2×105 Hz in air at room temperature. 

Impedance measurements under compressive deformation were performed 

by clamping the gels sandwiched between Pt electrodes without a Teflon® spacer 

using an iron vice. The compression ratio λ is defined as λ= t / t0, where t0 is the 

thickness of the gel before compression, and t is the thickness of the gel after 

compression. 

 

 

3.3. Results and discussion 

3.3.1. Swelling behavior of SR gels containing IL 

 The weight swelling ratio Qw of the PR-SR gel and HyPR-SR gel containing 

various ILs in equilibrium swelling was estimated as shown in Table 3-1. 
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Hydrophilic ILs with anion species of ethyl sulfate 1,2 and halogen ions 3-5 can 

make the SR gel swell with Qw of more than 28, while hydrophobic ILs 6-9 cannot 

make the SR gel swell both for PR- and HyPR-SR gel. This tendency was consistent 

with a previous report on PR-SR gel containing ILs [25], and the difference between 

PR- and HyPR-SR gel cannot be observed intrinsically. These results of swelling 

behavior were suggested to be caused by the hydrophilic groups on CDs. Both the 

hydroxyl groups on CD and hydroxypropyl groups on HyCD are hydrophilic, 

therefore these PR- and HyPR-SR gels can be swollen with hydrophilic ILs and can 

be not swollen with hydrophobic ILs. On the other hand, the hydrogen bonding 

between CDs makes PR insoluble in almost all solvents except for dimethyl 

sulfoxide (DMSO) and alkaline water, while in HyPR, the hydrogen bonding 

between CDs is hindered sterically and hence HyPR can be dissolved in some 

solvents including neutral water. These tendencies are expected to appear in SR 

gels, but the obvious difference between PR- and HyPR-SR gel containing ILs 

cannot be observed in the swelling properties including the swelling ratio, which 

suggested that the affinity of PEG and ILs was dominant in these swelling 

behaviors. And figure 3-2 shows pictures of the SR gel swollen with IL 1 and 2. 
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changing number ratio n of the cross-linking reagent to the hydroxyl group of CD or 

the sum of the hydroxyl and hydroxypropyl groups of HyCD. Although the ratio of 

an effective cross-linker to the feeding reagent could not be clarified, the swelling 

ratio in equilibrium swelling decreased, that is, φv increased with n, which indicated 

that the density of the cross-links increased with n. Furthermore, compared these 

results of swelling ratio with that of SR gels swollen with organic liquid including 

lithium salts, which were measured in section 2.3.2, the SR gels were swollen with 

IL at larger extent. These results were ascribed to the difference of conformation of 

PEG chains in equilibrium swelling. In section 2.3.2, we explained the conformation 

of the PEG was slightly bended by forming the complex by lithium ions. On the 

other hand, when SR gels swollen with ILs have no lithium ions for forming the 

complexes in their solutions, PEG between cross-links in these SR gels seemed to be 

extended, and the swelling ratios of PR- and HyPR-SR gels were approximately 

close because of using the same PEG, MW = 35,000, in both PR- and HyPR-SR gels. 
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Table 3-2. Weight and volume swelling ratio Qw and Qv, IL quantity in wt%, and 

volume fraction φv of SR gel in equilibrium swelling by ionic liquid 1 with 

changing number ratio of the cross-linking reagent n. 

 No. n / % Qw  IL quantity / 

wt% 

Qv φv / % 

PR-SR gel PR-gel 1 6.5 50.1 98.0 36.8 2.71 

PR-gel 2 9.8 33.8 97.1 25.2 3.98 

PR-gel 3 13 23.9 96.0 16.8 5.95 

PR-gel 4 26 17.2 94.5 10.9 9.17 

PR-gel 5 39 10.9 91.6 9.90 10.1 

PR-gel 6 52 8.11 89.0 7.10 14.1 

HyPR-SR gel HyPR-gel 1 9.1 40.2 97.6 28.8 3.47 

HyPR-gel 2 13 29.6 96.7 22.0 4.55 

HyPR-gel 3 18 26.5 96.4 18.3 5.46 

HyPR-gel 4 36 16.7 94.3 13.1 7.63 

HyPR-gel 5 54 15.2 93.8 12.4 8.06 

HyPR-gel 6 73 10.1 91.0 8.64 11.6 

 

3.3.2. Ionic conduction in SR gels containing in equilibrium 

swelling 

 AC impedance of neat IL 1, PR-SR gel 1-6 and HyPR-SR gel 1-6 containing 

IL was measured. σ of the matrix without IL was less than 5×10-5 mS/cm, so the 

polymer matrix itself had very lower conductivity than that of IL. The conductivity 

spectra of PR- and HyPR-SR gels are shown in Fig. 3-3, respectively. The electrode 

polarization was observed in the low frequency region below 104 Hz, hence the 
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conductivity σ was estimated from the value around 105 Hz, where the conductivity 

did not have any dispersion.  
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(a) 

 

 

(b) 

 

Fig.3-3. (a)Conductivity spectra of ionic liquid 1 (○), PR-gel 1 (●), PR-gel 2 (△), 

PR-gel 3 (▲), PR-gel 4 (◇), PR-gel 5 (◆), and PR-gel 6 (□). (b) Conductivity 

spectra of ionic liquid 1 (○), HyPR-gel 1 (●), HyPR-gel 2 (△), HyPR-gel 3 (▲), 

HyPR-gel 4 (◇), HyPR-gel 5 (◆), and HyPR-gel 6 (□). 
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Since the SR gel contained the PR network, which did not contribute to the 

ionic conduction, with a volume fraction of φv, σ was underestimated for the ionic 

conduction of IL in the SR gel. Hence, the molar conductivity Λ was adopted as per 

the following relation, 

 Λ = σ / {2c0(1–φv)},     (1) 

where both the cation and anion contribute to the conductivity and c0 is the 

concentration of neat ILs. In the case of IL 1, c0 was 5.25×10–3 mol cm–3. 

Table 3-3 shows σ, Λ, and the molar conductivity ratio of Λ to the molar 

conductivity of neat IL 1, Λ0 = 336 mS cm2 mol–1, of PR- and HyPR-SR gel and MMA 

gel with changing n. Since these molar conductivities were smaller than Λ0 and 

conductivity decreased with n, it was suggested that the PR or HyPR network in the 

SR gel disturbed the ion transport. Generally, polymer networks in gels containing 

ILs disturbed the ionic transport of IL, and this result was consistent with previous 

reports [21-23]. However, Λ/Λ0 was more than 92 % in PR-SR gel 1, which was 

higher than the value in the previous report of gel containing IL [26-32], so 

hindrance of ion transport by PR or HyPR network in the SR gel was not very 

dominant in a high swelling ratio with a small cross-linking density. 

On the other hand, a significant difference of ionic conductivities between 

PR- and HyPR-SR gels was not observed. This result was suggested that the 

swelling ratios of both gels were not far from.  
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Table 3-3. Conductivity σ of the SR gel and the MMA gel, molar conductivity Λ, and 

the molar conductivity ratio of Λ to the molar conductivity of neat IL 1 

(Λ0) of the ionic liquid in the SR gel in equilibrium swelling with 

changing number ratio of the cross-linking reagent n at 20 °C. 

 No. σ / mS cm–1 Λ / mS cm2 mol–1 Λ / Λ 0 / % 

Neat IL  3.53 336 100 

PR-SR gel PR-gel 1 3.18 311 92.6 

PR-gel 2 3.06 304 90.4 

PR-gel 3 2.54 257 76.5 

PR-gel 4 2.33 245 72.8 

PR-gel 5 2.01 213 63.5 

PR-gel 6 1.87 208 61.8 

HyPR-SR gel HyPR-gel 1 3.12 308 91.5 

HyPR-gel 2 3.13 312 92.9 

HyPR-gel 3 2.70 272 81.0 

HyPR-gel 4 2.30 237 70.5 

HyPR-gel 5 2.16 224 66.6 

HyPR-gel 6 1.66 179 53.3 

 

3.3.3. Relation between mesh size and ionic conductivity of SR gel 

 After the ion conductivity measurements, the molecular weight between 

cross-links was estimated as follows. The SR gels swollen with IL 1 for the 

conductivity measurement were dipped in DMSO three times for 2 days for 

removing IL, and then dipped in methanol for exchanging the solvent, and dried in 

a vacuum chamber at 80 °C overnight. The weight of the dried gels was almost 
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invariant compared to that of the dried gels before swelling with IL. Further, PR- 

and HyPR-SR gels were swollen at equilibrium swelling with a good solvent of each 

SR gel, DMSO and Milli-Q water, respectively, and then the volume fraction φv’ was 

estimated. The values of φv’ were a little larger than those of φv estimated for 

swelling with IL, and it was found that the IL 1 can make the SR gel swell with a 

higher swelling ratio. The average molecular weight between cross-links Mc was 

calculated by the Flory-Rehner equation [33-34]. 

 ,   (2) 

where M is the molecular weight, χ1 is the Flory-Huggins parameter, and V1 is the 

molar volume of the solvent. In this analysis, we used the weight-averaged 

molecular weight of PEG, Mw (= 35,000), as the molecular weight M, because CDs 

scarcely contribute to the polymer conformation deciding the gel network swelling 

when the gel was swollen sufficiently. For the same reason, the Flory-Huggins 

parameters of PEG in DMSO (0.50) and in water (0.50) reported previously [35-36] 

were adopted as χ1. The V1 of DMSO and water was 71.0 cm3 mol-1 and 18.0 cm3 

mol-1, respectively, and ρ of PR and HyPR was estimated to be 0.99 g cm–3 and 0.92 g 

cm–3, respectively. In Table 3-4, φv’ measured in DMSO or water, Mc estimated by Eq. 

(2), and the average number of cross-links per PR or HyPR chain nc are listed with 

changing n. 

Since Mc was invariant with changing solvent from DMSO or water to the 

IL, the mesh size ξ of the PR- and HyPR-SR gel swollen with IL was estimated using 

the following relation [35,37]. 

1

Mc

= 2

M
− ln(1−φv

′)+φv
′ + χ1 ′φv

2

′φv
1/3 −φv

′ / 2( )
1

ρV1
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  ,     (3) 

where φv is the volume fraction of PR in IL shown in Table 3-2, Mr is the molecular 

weight of the ethylene oxide unit, lc (= 0.147 nm) is the average bond length of PEG, 

that is, the average length of C–C and C–O bonds, and Cn (= 3.8) is the 

characteristic ratio of PEG [35]. In this model, the PEG chain is regarded as a freely 

jointed chain with a segment length of lc compensated by Cn. ξ estimated by Eq. (3) 

is also shown in Table 3-4. 

 

Table 3-4. Volume fraction φv’ measured in DMSO (PR-gels) or water (HyPR-gels), 

average molecular weight between cross-links Mc, average number of 

cross-links per PR or HyPR chain nc, and mesh size ξ with changing 

number ratio of the cross-linking reagent n. cross-linking reagent n at 

20 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparing Table 3-3 and Table 3-4, it is seen that with decreasing mesh 

size, the molar conductivity decreased, and hence the SR gel network containing IL 

ξ = φv
−1/3lc Cn

3Mc

M r

 No. φv’ / % Mc / g mol–1 nc ξ / nm 

PR-SR gel PR-gel 1 3.16 17,300 3.13 45.9 

PR-gel 2 4.62 17,100 3.21 38.9 

PR-gel 3 6.62 16,400 3.36 34.3 

PR-gel 4 8.85 15,200 3.88 31.0 

PR-gel 5 16.9 8,860 4.27 21.2 

PR-gel 6 20.4 6,450 6.43 16.2 

HyPR-SR gel HyPR-gel 1 3.86 16,400 3.02 41.1 

HyPR-gel 2 4.57 15,900 3.05 36.9 

HyPR-gel 3 5.59 14,800 3.14 34.2 

HyPR-gel 4 7.69 12,200 3.31 27.2 

HyPR-gel 5 8.77 10,700 4.95 25.1 

HyPR-gel 6 12.3 6,540 6.35 17.4 
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disturbed the ionic conduction of IL. The diffusion constant D of a particle with a 

hydrodynamic radius RH confined in a gel with a mesh size ξ can be approximately 

expressed as D = D0 exp(–RH/ξ), where D0 is the intrinsic diffusion constant of the 

particle without gel network hindrance. By using the Nernst-Einstein relation, the 

molar conductivity can be written as 

 Λ = Λ0 exp(–RH/ξ).     (4) 

Figure 3-4 shows the relation between ξ–1 and ln(Λ/Λ0) of PR- and HyPR-SR 

gel. An approximate linear relation can be confirmed for both types of SR gel, and 

from the slope of the fitting line, the hydrodynamic radius of the ionic motion unit 

RH was estimated to be 9.7 nm. Since the ion radius of IL 1 was reported to be 0.3 

nm [38], the radius obtained in this study was larger than the single ion radius, and 

hence the result indicated that ions were transported hydrodynamically in 

relatively stable aggregates with radius about 30 times larger than that of a single 

ion. This tendency has been reported previously and our result was consistent with 

those reports [39-40]. 
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Fig. 3-4.  The relation between ξ–1 and ln(Λ/Λ0) for the PR- and HyPR-SR gels. 

 

3.3.4. Conductivity of SR gel under compressive deformation 

 A large deformation of gels induces deformation of polymer networks, which 

is expected to affect ionic conduction. Hence, we applied compressive deformation to 

the SR gels and measured the ionic conduction. In this study, the average molecular 

weight between cross-links Mc was estimated by elasticity measurement instead of 

the Flory-Rehner equation, since all of the gels were not in an equilibrium swelling 

condition. First, PR- and HyPR-SR gel 7, 8 were swollen with mass fraction of PR or 

HyPR of about 10 wt% using a good solvents for each SR gel, DMSO and Milli-Q 

water, respectively, and we measured the elasticity. While, it is difficult to remove 

IL from MMA gel 1, 2, hence the MMA gels were used in the condition swollen with 

IL 9. Figure 3-5 shows the dynamic storage elastic modulus E’(f) of PR- and 

HyPR-SR gel 7, 8, and MMA gel 1, 2. All the samples showed a plateau in the 

frequency region from 0.1 to 10 Hz, and E’(f) in this region was adopted as the 
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storage elastic modulus E’. Gels with large cross-linking density tended to have a 

large E’, and Mc was estimated using the relation [33,41]: 

 ,     (5) 

where M is the molecular weight and ρ is the density of the gels. The 

weight-averaged molecular weight of PEG, Mw (= 35,000), was used as M on PR- 

and HyPR-SR gels, and the value (of 29,000) synthesized using the same conditions 

reported previously [42] was used for the MMA gels. The solvent densities of DMSO 

(1.10 g m-3) on PR-, water (1.00 g m-3) on HyPR-, and ionic liquid 9 (1.52 g m-3) on 

MMA gels were used as ρ. Table 3-5 shows the volume swelling ratio for swelling 

with IL, Qv, the volume fraction for swelling with IL, φv, the elastic modulus 

measured in the condition mentioned above, E’, and the average molecular weight 

between cross-links estimated by Eq. (5), Mc of the SR and MMA gels. The results 

showed that all gels have similar values of φv and Mc. 
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Fig. 3-5. Dynamic storage elastic modulus E’(f) of PR-gel 7 (○), PR-gel 8 (●), 

HyPR-gel 7 (△),  HyPR-gel 8 (▲), MMA gel 1 (◇), and MMA gel 2 (◆). 

 

Table 3-5. The volume swelling ratio swollen with ionic liquid, Qv, volume fraction 

swollen with ionic liquid, φv, elastic modulus measured in the condition 

mentioned above, E’, and average molecular weight between cross-links 

estimated by Eq. (5), Mc of the SR and MMA gels. 

 No. Qv φv / % E’ / kPa Mc / g mol–1 

PR-SR gel PR-gel 7 7.60 13.2 22.0 16,700 

PR-gel 8 7.59 13.2 22.2 16,586 

HyPR-SR gel HyPR-gel 7 7.60 13.2 17.0 16,806 

HyPR-gel 8 7.59 13.2 27.7 16,420 

MMA gel MMA gel 1 – 12.5 21.0 14,586 

MMA gel 2 – 12.5 25.3 14,504 

 

Compressing each gel, ionic conductivity measurements in the direction of 

compressive deformation was performed. Figure 3-6 shows the conductivity σ 

reduced by the conductivity without any compression σ0 with changing compression 

ratio λ of PR-gel 8 and MMA gel 2. In both gels, σ/σ0 increased with λ in the low 
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compression region. In the case of the MMA gel 2, σ/σ0 showed a peak at λ of about 

0.70 and the gel was then crushed at a λ of about 0.64. This tendency was almost 

same as the MMA gel 1, so behavior for a high compression ratio less than 0.6 could 

not be investigated in the MMA gel synthesized under the condition used in this 

study. On the other hand, in the case of PR-gel 8, σ/σ0 showed a peak at a λ of about 

0.75 that then decreased to 0.80 at a λ of about 0.33, and the gel was not crushed in 

the compression region investigated in this study. This tendency was also the same 

as for PR-gel 7. In the case of HyPR-gel 7 and 8, the increment of σ/σ0 was scarcely 

observed, that is, σ/σ0 remained almost constant in the low compression region, and 

then the value decreased in a similar manner as PR-gel 8. PR- or HyPR-gel were not 

crushed in the compression regime used in this study. This resistance characteristic 

against compressive deformation may be a unique property of the slide-ring gel with 

movable cross-links that can relax tensile stress. 
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Fig. 3-6. The conductivity σ reduced by that without compression σ0 with changing 

compression ratio λ of PR-gel 8 (○) and MMA gel 2 (△). 

 

 

For explaining the conductivity change under compression, we suggested 

the following model. The gel network was regarded as a stack of mesh sheets with 

mesh size lx and ly and with interval lz as shown in Fig. 3-7. Compression was 

applied to the stacking direction of the mesh sheets. At first, in the low compression 

region, λ > 0.6, the mesh sheet was spread out perpendicular to the compressed 

direction and lx, ly increased. Since the ionic conduction was measured along the 

compressed direction, ionic carriers can be transported more freely without 

disturbing the mesh sheet as shown in Fig. 3-7 (a), hence σ/σ0 increased with λ. In 

the high compression region, λ < 0.6, the mesh sheet was also spread out, however, 

the distance between the mesh sheets decreased by compression deformation and lz 

then became of a comparable size to RH as shown in Fig. 3-7 (a). Since lx, ly and lz 

without compression were estimated to be about 26 nm from Eq. (3), lz of the 
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compressed gel with λ = 0.5 was roughly estimated to be 13 nm, and this length was 

comparable to RH. In this case, the translational motion of ionic carriers parallel to 

the mesh sheet was restricted by pressure from the forward and backward mesh 

polymers, so carriers cannot escape from the hindrance caused by the mesh when 

the carriers got stuck in the mesh as shown in Fig. 3-7 (b). Accordingly, σ/σ0 

decreased with λ in this region. 
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the swelling ratio and molar conductivity decreased due to increasing disturbance of 

ion transport by the polymer networks, and the hydrodynamic radius of the ionic 

motion unit was estimated to be 9.7 nm. Further, with compressive deformation, at 

first the polymer network was spread out perpendicular to the compressed direction 

and ionic carriers were transported more freely without interference from the 

network. Then, with increasing compressive deformation, from the pressure of the 

polymer network along the compressed direction, ionic carriers could not escape 

from the polymer network hindrance and the conductivity decreased. 
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Chapter 4 

Ion-conductive and Mechanical Properties of 

Slide-Ring Gels Swollen with Ionic Liquid with 

Lithium Salts 
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4.1. Introduction 

 Typically electrolyte solutions (ES) for lithium ion batteries consisted of an 

organic solvent and lithium salt, however, these ESs have inflammability which is 

the cause of ignited or exploded. Hence, the characteristics of ionic liquid (IL) [1-5] 

such as negligible vapor pressure and non-flammability, are attracted to resolve the 

problems for safety. Neat ILs can be applied on ES for electric double-layer capacitor 

which is not needed specific ion species [6-7], however, ES for lithium ion battery is 

necessary containing lithium salt to provide the electroactive species. 

 Generally, with lithium concentration, the ionic conductivity of organic 

solvent including lithium ion increased, and then decreased, on the other hand, that 

of IL including lithium ion decreased with increasing lithium ion concentration [8]. 

This is suggested that electrostatic interaction and viscosity increased with lithium 

ion concentration while neat IL is the concentrated solution. However, the room 

temperature ionic conductivity of IL including lithium ion has close to that of 

organic solvent, therefore, these characteristics of ILs were expected to be improve 

lithium ion batteries satisfying requirements for more safety and higher 

electrochemical performance [9-12]. 

 In this chapter, we investigated the unique swelling behavior and ionic 

conduction of SR gels swollen with IL including various lithium ion densities. 

Furthermore, we report puncture measurements of swollen gels to investigate the 

mechanical properties of the SR gel network swollen with IL and lithium ion 

mixture. 
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4.2. Experimental 

4.2.1. Materials 

 Hydroxypropyl PR (HyPR), in which α-CDs are threaded by PEG (Mw = 

35,000) and ca. 50% of the hydroxyl groups of α-CDs in PR were modified by 

hydroxypropyl groups, was purchased from Advanced Softmaterials Co., Ltd. 

According to the information provided by the manufacturer, the number of α-CD 

rings included in a single PR molecule is estimated to be ca. 98 from 1H nuclear 

magnetic resonance spectroscopy (NMR) measurements, which corresponds to a 

stoichiometric α-CD to ethylene oxide unit ratio of 1:8.1 (inclusion ratio = 24.7%) in 

the inclusion complex. Divinyl sulfone (Tokyo Chemical Industry Co., Ltd.) was used 

as a cross-linker without further purification. Dehydrated dimethyl sulfoxide 

(DMSO), dehydrated dimethyl formamide (DMF) and dichloromethane, which were 

used to wash the SR gels, were purchased from Wako Pure Chemical Industries, Ltd. 

and used without further purification. A mixture of 1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide (EMITFSI) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased from Kishida Chemical 

Co., Ltd. and used as the ES without further purification. 

 

4.2.2. Preparations of SR gels 

 HyPR (50.0 mg, 2.73×10-7 mol for swelling and electrochemical 

measurement; 133.4 mg, 7.28×10-7 mol for mechanical measurement) was dissolved 

in 1.0 M NaOH aqueous solution (333 µL for swelling and electrochemical 

measurement; 900 µL for mechanical measurement), and the same method and 

cross-linking agents for cross-linking, which were explained in section 2.2.3, was 
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applied. After vortex mixing for 30 min in an ice bath, the samples were poured into 

Teflon® spacers with a width of 500 µm, degassed under vacuum, and settled for 24 

h in a refrigerator to obtain HyPR-SR gels. The SR gels were immersed in deionized 

water, dehydrated DMSO, dehydrated DMF and dichloromethane, each three times 

for 3 h to remove any residual impurities and solvent, and then dried at 353 K in a 

vacuum chamber overnight. The dried HyPR-SR gels were then swollen in an ES 

composed of 0.5 to 1.0 M LiTFSI in EMITFSI for 7 days in a glovebox under a dry N2 

atmosphere to achieve equilibrium swelling. 

 Non-equilibrium swollen gels were prepared with HyPR-SR gels 

crosslinked with a 6.0% ratio of divinyl sulfone in the same way as that for the 

equilibrium swollen gels. The dried HyPR-SR gels were swollen in 0.8 M ES for 0 to 

7 days in a glovebox under a dry N2 atmosphere, and the gels were then removed 

from the ES solution before equilibrium swelling was achieved. 

The weight-swelling ratio Qw, is defined as Qw = W/W0, where W0 is the weight of 

the dried gel before swelling with ES, and W is the weight of the gel after swelling 

with ES. The volume swelling ratio Qv, is defined as Qv = (L/L0)3, where L0 is the 

edge length of the dried gel before swelling with ES, and L is the length of the gel 

after swelling, assuming that swelling occurs isotropically. All measurements were 

performed in a glovebox under a dry N2 atmosphere. 

 

4.2.3. ATR measurements 

 Attenuated total reflectance-Fourier transform infrared (ATR-FTIR; 

FT/IR-4100, JASCO Corporation) spectroscopy measurements were performed to 

analyze complexation of lithium cations, the ether oxygen atoms on HyCDs and 
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TFSI anions at 298 K in an air atmosphere. 

 

4.2.4. Ionic conductivity measurement 

 AC impedance measurements were performed to investigate the ionic 

conductivity of pristine ES and the SR gels swollen with ES. Pristine ES was filled 

in a coin cell (CR 2032, AA Portable Power Corporation). The gel was cut to a 

thickness of 5.00×102 µm and an area of 0.282 cm2, and then sandwiched with a 

Teflon® spacer between two stainless-steel plates held together with a clip. AC 

impedance measurements of the pristine ES were performed using a 

potentiostat/galvanostat meter (SP-200, Bio-Logic, Inc.) within the frequency range 

of 102–105 Hz and from 303 to 373 K in 10 K increments, while measurements of the 

SR gels swollen with ES were performed using a potentiostat/galvanostat meter 

(SP-150, Bio-Logic, Inc.) within the frequency range of 102–105 Hz under a dry Ar 

atmosphere in a glovebox from 293 to 373 K in 10 K increments. 

 

4.2.5. Mechanical measurement 

 Stress-strain measurements were conducted by puncture testing to 

investigate the mechanical characteristics of the equilibrium and non-equilibrium 

swollen HyPR-SR gels. This measurement method is used commonly in product 

development at many companies. Stress-strain curves were measured for fixed 

HyPR-SR gel punctured with a 1.0 mm diameter pin with a tip radius of 0.5 mm 

(TKS-250N, Imada Co., Ltd.) at a rate of 50 mm/s. The measurement was performed 

using a universal tensile testing machine (Tensilon RTC-1250, Orientec Co., Ltd.) in 

air at room temperature. 
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4.3. Results and discussion 

4.3.1. Structure analysis by ATR-IR 

 ATR-FTIR analysis was conducted for HyPR, pristine ES of 1.5 M lithium 

ion density, and their mixture. Figure 4-2 shows ATR-FTIR spectra for HyPR, 

pristine ES, and the ES:HyPR mixture (500:55.8 mg). The spectrum for HyPR had 

absorptions at 3331 cm–1 (O−H of CD), 2916 and 2873 cm–1 (CH2 of PEG and CD), 

1641 cm–1 (broad, amide), 1480-1240 cm–1 (C−H bending and O−H in-plane bending 

from CD), 1150 cm-1 (O−H bending or coupled C−O stretching of CD), 1078 and 

1027 cm–1 (C−C or C−O stretching of CD), 949, 938, 751, 702, 605, and 572 cm–1 

(ring vibration of CD), and 860 cm–1 (C1 group vibration of CD), which were 

consistent with that reported previously [13]. The ATR-FTIR peaks that correspond 

to pristine ES were observed at 3200-3100 cm–1 (ring C−H stretch), 3000-2900 cm–1 

(C−H stretch), 1571 cm–1 (C=N stretch), 1460 cm–1 (C=C stretch), 1344 and 1330 

cm–1 (C−N stretch), 1230-1130 cm–1 (C−F stretch), and 1052 cm–1 (S=O bending), 

which were also consistent with that reported previously [14]. The spectrum for the 

ES:HyPR mixture had a broad peak at 3520 cm–1, in addition to the peaks observed 

for both HyPR and pristine ES. The peak for HyPR at 3331 cm–1 (O−H of CD) was 

shifted to higher wavenumber in the mixture, which suggests that intermolecular 

hydrogen bonds between the hydroxyl groups of CDs were broken by the formation 

of coordination bonds between lithium cations and ether oxygen atoms on CDs [15]. 
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increase in the swelling time. 
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Table 4-1. Weight Qw, and volume Qv, swelling ratios, and volume fraction φv, of HyPR-SR gels immersed in ES as solvents for 

equilibrium swelling with various cross-linking reagent number ratio n, and various lithium ion density, c. 

c / mol L-1 n / % No. L0 / mm L of ES / mm Qw of ES Qv of ES φv / % 

0.5 10 HyPR-SR gel 1 9.8 15.8 8.7 4.2 24.0 

 9.0 HyPR-SR gel 2 7.8 16.3 10.0 9.1 11.0 

 8.0 HyPR-SR gel 3 10.3 165 12.3 4.1 24.5 

 7.0 HyPR-SR gel 4 9.8 17.2 13.6 5.4 18.5 

 6.0 HyPR-SR gel 5 9.5 17.7 16.8 6.4 15.6 

0.6 10 HyPR-SR gel 6 9.0 16.1 11.1 5.8 17.3 

 9.0 HyPR-SR gel 7 8.5 15.9 11.3 6.5 15.3 

 8.0 HyPR-SR gel 8 8.9 17.2 14.3 7.2 13.9 

 7.0 HyPR-SR gel 9 9.2 17.8 15.5 7.3 13.8 

 6.0 HyPR-SR gel 10 9.4 19.0 14.8 8.3 12.0 

0.7 10 HyPR-SR gel 11 9.7 17.5 15.5 5.9 17.9 

 9.0 HyPR-SR gel 12 9.4 17.6 16.4 6.4 15.5 

 8.0 HyPR-SR gel 13 9.7 19.8 17.8 8.4 11.8 

 7.0 HyPR-SR gel 14 9.6 18.2 20.1 7.0 14.3 

 6.0 HyPR-SR gel 15 7.8 17.0 22.7 10.4 9.62 

0.8 10 HyPR-SR gel 16 9.5 20.3 24.1 9.7 10.3 

 9.0 HyPR-SR gel 17 8.6 20.0 24.8 12.5 8.02 

 8.0 HyPR-SR gel 18 8.6 19.2 22.4 11.1 9.02 

 7.0 HyPR-SR gel 19 9.7 21.2 29.1 10.4 9.58 

 6.0 HyPR-SR gel 20 9.4 20.7 31.1 10.9 9.18 

8
3
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c / mol L-1 n / % No. L0 / mm L of ES / mm Qw of ES Qv of ES φv / % 

0.9 10 HyPR-SR gel 21 8.7 16.9 12.6 7.3 14.2 

 9.0 HyPR-SR gel 22 8.6 16.8 15.1 7.6 13.3 

 8.0 HyPR-SR gel 23 8.6 17.6 15.9 8.4 12.1 

 7.0 HyPR-SR gel 24 9.3 19.7 17.0 9.5 10.3 

 6.0 HyPR-SR gel 25 8.7 19.1 19.1 10.6 9.61 

1.0 10 HyPR-SR gel 26 9.9 16.9 10.9 5.1 19.7 

 9.0 HyPR-SR gel 27 9.6 16.6 11.9 5.2 19.2 

 8.0 HyPR-SR gel 28 9.0 17.4 13.2 7.1 14.1 

 7.0 HyPR-SR gel 29 9.3 18.2 13.7 7.6 13.1 

 6.0 HyPR-SR gel 30 9.6 18.8 15.0 7.7 13.0 

 

8
4
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Table 4-2. Swelling time and weight swelling ratio Qw, for HyPR-SR gels prepared 

with 0.8 M ES. 

Swelling time 

/ day 

No. W0 / mg W of ES / mg Qw of ES 

0 HyPR-SR gel 31 89.8 89.8 1 

1 HyPR-SR gel 32 95.6 893.4 9.35  

2 HyPR-SR gel 33 89.6 1307.6 14.6  

3 HyPR-SR gel 34 72.8 1116.2 15.3  

4 HyPR-SR gel 35 75.8 1120.3 14.8  

5 HyPR-SR gel 36 83.6 1271.0 15.2  

6 HyPR-SR gel 37 91.9 1354.8 14.7  

7 HyPR-SR gel 38 93.1 1371.3 14.7  

 

Furthermore, Fig. 4-3 shows the relation between c and QV. At low lithium 

ion density, the swelling ratio increased with the lithium ion density, whereas at 

high lithium ion density, the swelling ratio decreased with an increase in the 

lithium ion density. Therefore, dependence of the swelling ratio on the lithium ion 

density was convex upward with the maximum peak at 0.8 M. For lithium ion 

densities below 0.8 M, this tendency is suggested to be due to a solvation effect by 

the formation of coordination bonds between PR and lithium ions in the IL, which is 

consistent with the ATR-FTIR results. Above 0.8 M, the tendency for the swelling 

ratio to decrease with c suggests the formation of physical cross-linkages between 

PR molecules by lithium cations. A lithium cation can form coordination bonds with 

a few oxygen atoms of HyCDs; therefore, this structure can act as a cross-linkage. 

Consequently, shortening of the distance between cross-linkages decreases the 

swelling ratio. In addition, it is possible that remaining lithium cations form 

coordination bonds with a few intramolecular sites, and the resultant increase in 

the stiffness of the chain also decreases the swelling ratio. 
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The swelling ratio increased with a decrease in n because the polymer chain 

could extend more freely, which is similar to a common tendency observed in typical 

hydrogels. 

 

 

Fig. 4-3. Relationship between lithium ion density and the volume swelling ratio of 

HyPR-SR gels with various n; 10 mol% (●), 9 mol% (○), 8 mol% (▲),7 mol% 

(△) and 6 mol% (■). 

 

4.3.3. Ionic conductivity of pristine ES and SR gels containing ES 

 AC impedance measurements were conducted for ESs and HyPR-SR gels 

1-30 containing ESs. Figure 4-4 shows Arrhenius plots for the ionic conductivity of 

HyPR-SR gels 1-30. The ionic conductivities σ, shown in Fig. 4-4 do not consider the 

quantities of the ESs; therefore, to compare ionic conductivity of each ES without 

the polymer matrix, which does not contribute to ionic conduction, the molar 

conductivity Λ, was calculated according to: 

 { })1(/ V0 ϕ−= cσΛ ,      (3) 

where φv is the volume fraction of ES, and c0 is the sum of the molar concentration 

of lithium ions and IL. Table 4-3 shows σ, Λ, and the activation energies Ea, which 

were calculated from the slopes in Fig. 4-4, and the molar conductivity ratios of Λ to 
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the molar conductivity of pristine ES for HyPR-SR gels with various n swollen with 

various ESs with c. Figure 4-5(a) shows the relation between c and σ, and Fig. 4-5(b) 

shows the relation between c and Λ. Λ was smaller than Λ0 and decreased with 

increasing n, while Ea for the HyPR-SR gel was larger than Ea for pristine ES. 

These results confirmed that the polymer matrix disturbs the ionic transport in the 

ES. The tendency for the ionic conductivity was similar to the swelling behavior 

shown in Fig. 4-5(a). The HyPR-SR gel had a maximum ionic conductivity at 0.8 M, 

although the ionic conductivity of the pristine ES decreased with an increase in the 

lithium ion density. In contrast, the molar conductivity showed a different tendency 

from ionic conductivity at low lithium ion density in Fig. 4-5(b). Although the 

calculated Λ values were revised with respect to φv, Λ for low lithium ion density at 

0.5, 0.6 and 0.7 M was smaller than Λ for 0.8 M, in contrast to Λ0. This suggests that 

φv with low lithium ion density is quite small, i.e., the polymer mesh was not 

extended to transport ionic carriers freely without disturbing the polymer mesh. In 

addition, at high lithium ion density, it was noted that the viscosities of the ESs 

included in the gels had a significant effect on the ionic transport. 
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(c)       (d) 

 

 

(e)       (f) 

 

Fig. 4-4. (a) Arrhenius plots for HyPR-SR gel 1 (●), HyPR-SR gel 2 (○), HyPR-SR gel 

3 (▲), HyPR-SR gel 4 (△), HyPR-SR gel 5 (■) and 0.5 M ES (□). (b) 

Arrhenius plots for HyPR-SR gel 6 (●), HyPR-SR gel 7 (○), HyPR-SR gel 8 

(▲), HyPR-SR gel 9 (△), HyPR-SR gel 10 (■) and 0.6 M ES (□). (c) 

Arrhenius plots for HyPR-SR gel 11 (●), HyPR-SR gel 12 (○), HyPR-SR gel 

13 (▲), HyPR-SR gel 14 (△), HyPR-SR gel 15 (■) and 0.7 M ES (□). (d) 

Arrhenius plots for HyPR-SR gel 16 (●), HyPR-SR gel 17 (○), HyPR-SR gel 

18 (▲), HyPR-SR gel 19 (△), HyPR-SR gel 20 (■) and 0.8 M ES (□). (e) 

Arrhenius plots for HyPR-SR gel 21 (●), HyPR-SR gel 22 (○), HyPR-SR gel 

23 (▲), HyPR-SR gel 24 (△), HyPR-SR gel 25 (■) and 0.9 M ES (□). (f) 

Arrhenius plots for HyPR-SR gel 26 (●), HyPR-SR gel 27 (○), HyPR-SR gel 

28 (▲), HyPR-SR gel 29 (△), HyPR-SR gel 30 (■) and 1.0 M ES (□). 
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Table 4-3. Lithium ion density c, conductivity σ, molar conductivity Λ, and ratio of Λ to the molar conductivity of pristine ES (Λ0) 

for SR gels swollen by ES to equilibrium with various cross-linking reagent number ratios n, at 303 K, and activation 

energy ∆Ea, estimated from the slope of Arrhenius plots. 

c / mol L-1 No. σ / mS cm-1 Λ / S cm2 mol-1 Λ / Λ0 / % ⊿Ea / kJ mol-1 

0.5 Pristine ES 9.87 4.55 100 8.32 

 HyPR-SR gel 1 2.66 1.61  35.4 11.2 

 HyPR-SR gel 2 2.91 1.51  33.1 11.5 

 HyPR-SR gel 3 3.05 1.86  40.9 11.5 

 HyPR-SR gel 4 3.88 2.19  48.1 12.0 

 HyPR-SR gel 5 4.31 2.35  51.4 11.9 

0.6 Pristine ES 8.16 3.60 100 8.90 

 HyPR-SR gel 6 2.83 1.51  41.9 12.0 

 HyPR-SR gel 7 2.77 1.44  40.0 11.8 

 HyPR-SR gel 8 3.14 1.61  44.7 12.2 

 HyPR-SR gel 9 3.92 2.00  55.6 11.9 

0.6 HyPR-SR gel 10 4.67 2.34  65.0 11.8 

0.7 Pristine ES 7.82 3.30 100 8.66 

 HyPR-SR gel 11 2.79 1.43  43.3 11.8 

 HyPR-SR gel 12 2.83 1.41  42.7 11.7 

 HyPR-SR gel 13 3.54 1.66  50.3 11.5 

 HyPR-SR gel 14 3.87 1.91  57.9 11.7 

 HyPR-SR gel 15 3.45 2.29  69.4 11.2 

0.8 Pristine ES 6.54 2.65 100 9.65 

8
9

 



90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c / mol L-1 No. σ / mS cm-1 Λ / S cm2 mol-1 Λ / Λ0 / % ⊿Ea / kJ mol-1 

0.8 HyPR-SR gel 16 4.02 1.81  68.3 11.8 

 HyPR-SR gel 17 4.16 1.83  69.0 12.1 

 HyPR-SR gel 18 4.44 1.98  74.7 11.9 

 HyPR-SR gel 19 4.63 2.04 77.0 11.8 

 HyPR-SR gel 20 5.13 2.29  86.4 11.1 

0.9 Pristine ES 5.92 2.30 100 9.64 

 HyPR-SR gel 21 2.11 1.03 44.8 12.9 

 HyPR-SR gel 22 2.28 9.92×10-1 43.1 13.0 

 HyPR-SR gel 23 2.43 1.08  47.0 12.7 

 HyPR-SR gel 24 2.49 1.08  47.0 13.3 

 HyPR-SR gel 25 3.86 1.66  72.2 12.6 

1.0 Pristine ES 5.23 1.96 100 10.6 

 HyPR-SR gel 26 1.96 9.14×10-1 46.6 12.7 

 HyPR-SR gel 27 2.11 9.78×10-1  49.9 12.9 

 HyPR-SR gel 28 2.16 9.46×10-1  48.3 13.2 

 HyPR-SR gel 29 2.47 1.06  54.1 13.4 

 HyPR-SR gel 30 2.60 1.12  57.1 13.6 

9
0
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(a) 

 

 

(b) 

      

Fig. 4-5. (a) Relationship between lithium ion density and the ionic conductivity of 

HyPR-SR gels with various cross-linking reagent number ratios; 10 mol% 

(●), 9 mol% (○), 8 mol% (▲),7 mol% (△), 6 mol% (■) and ESs with various 

lithium ion densities (□). (b) Relationship between lithium ion density and 

the molar conductivity of HyPR-SR gels with various cross-linking 

reagent number ratio; 10 mol% (●), 9 mol% (○), 8 mol% (▲),7 mol% (△) 

and 6 mol% (■). 
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4.3.4. Puncture measurement of swollen SR gels containing ES 

 The mechanical properties of GPEs are closely dependent on the polymer 

network and GPEs with a large quantity of ES have been reported to be fragile 

[16-17]. However, in chapter 3.2.5, we investigated that GPEs based on SR gel with 

a large quantity of ES have been reported to have good mechanical properties due to 

their unique structure. The puncture stress is the maximum stress that the GPE 

can endure until the pin penetrates the GPE completely. Puncture measurements 

were performed 2-5 times on the same sample and the puncture stress and puncture 

elongation were estimated from the averaged peak of the stress-strain curve. Table 

4-4 shows c, Qv, the puncture elongation ε, and puncture stress σt, for the HyPR-SR 

gels. Figure 4-6(a) shows the relation between σt and ε for various c and Fig. 4-6(b) 

shows the relationship between c and Young’s modulus, E. Both σt and E increased 

with the lithium ion density, which suggests that a pseudo and effective physical 

network is formed by the coordination of lithium ions in the SR gel, so that the SR 

GPE became harder and more fragile with increasing c. The SR gel has a unique 

mechanical property by the slide-ring effect where the cross-linking point can be 

moved freely on the axial polymer. The slide-ring effect imparts significant 

extensibility and swelling properties to the SR gel. Therefore, these SR GPEs 

exhibit large puncture elongations and high puncture stresses. In contrast, common 

gels become fragile with an increase in the quantity of ES and Qv for these 

HyPR-SR gels increases with a decrease in n. However, n did not affect σt and ε, 

which indicates a weak relationship of σtand ε that can be ascribed to the enlarged 

polymer mesh with equilibrium swelling. On the other hand, in previous studies, 

reported ε of PVdF was less than 1.7 [18], hence these SR gels showed the higher 
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elongation than general gels.  

 

Table 4-4. Lithium ion density c, volume swelling ratio Qv, puncture elongation ε, 

and puncture stress, σ for the HyPR-SR gels. 

c / mol L-1 No. Qv of ES ε  σt / N mm-2 

0.5 HyPR-SR gel 1 4.2 17.4 9.16×10-2 

 HyPR-SR gel 2 9.1 35.0 1.23×10-1 

 HyPR-SR gel 3 4.1 31.0 1.72×10-2 

 HyPR-SR gel 4 5.4 32.6 7.90×10-3 

 HyPR-SR gel 5 6.4 17.0 1.50×10-1 

0.6 HyPR-SR gel 6 5.8 23.9 16.1 

 HyPR-SR gel 7 6.5 17.6 7.36 

 HyPR-SR gel 8 7.2 16.3 75.0 

 HyPR-SR gel 9 7.3 18.2 4.07 

 HyPR-SR gel 10 8.3 18.6 8.16 

0.7 HyPR-SR gel 11 5.9 20.5 3.57 

0.8 HyPR-SR gel 16 9.7 14.0 6.02 

 HyPR-SR gel 17 12.5 27.9 6.12 

 HyPR-SR gel 18 11.1 29.9 8.44 

 HyPR-SR gel 19 10.4 21.8 3.57 

 HyPR-SR gel 20 10.9 24.4 5.29 

0.9 HyPR-SR gel 21 7.3 30.7 11.2 

 HyPR-SR gel 22 7.6 19.2 7.98 

 HyPR-SR gel 24 9.5 22.2 8.64 

 HyPR-SR gel 25 10.6 21.6 7.25 

1.0 HyPR-SR gel 26 5.1 16.9 9.25×10-1 

 HyPR-SR gel 27 5.2 17.7 9.01×10-1 

 HyPR-SR gel 28 7.1 18.4 8.26 

 HyPR-SR gel 29 7.6 12.4 1.75 

 HyPR-SR gel 30 7.7 19.0 1.42 
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 (a) 

 

 

(b) 

 

Fig. 4-6. (a) Puncture stress and puncture elongation for HyPR-SR gels swollen with 

various ESs of 1.0 M (●), 0.9 M (○), 0.8 M (▲), 0.7 M (△), 0.6 M (■) and 0.5 

M (□). (b) Relationship between lithium ion density and Young’s modulus. 

 

 In addition, puncture measurements were conducted for the 
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shows the swelling time, ε, σt and E for HyPR-SR 31-38 gels, and Fig. 4-8 shows the 

relation between the swelling time, ε, and σt. HyPR-SR gel 31 had a low ε and high 

σt because this gel was a dry film. σt and E decreased with swelling time to reach 

equilibrium swelling. ε for HyPR-SR gel 32 was larger than that for the other 

HyPR-SR 33-38 gels.  

 

Table 4-5. Swelling time, puncture strain ε, puncture stress σ, and Young’s modulus 

E, for non-equilibrium swollen gels. 

Swelling time / day No. ε σt / N mm-2 E×10-3 / N mm-2 

0 HyPR-SR gel 31 5.16 30.8 60.5 

1 HyPR-SR gel 32 9.77 1.86 16.1 

2 HyPR-SR gel 33 5.86 3.80×10-1 9.17 

3 HyPR-SR gel 34 4.39 2.56×10-1 8.35 

4 HyPR-SR gel 35 6.03 8.43×10-1 13.2 

5 HyPR-SR gel 36 7.33 9.02×10-1 9.09 

6 HyPR-SR gel 37 5.67 4.64×10-1 9.76 

7 HyPR-SR gel 38 7.51 9.82×10-1 11.9 

 

 

Fig. 4-8. Puncture stress and puncture elongation for non-equilibrium HyPR-SR 

swollen gels. 
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4.4. Summary 

 HyPR formed coordination bonds between lithium cations and ether oxygen 

atoms on HyCDs. The coordination bonds caused HyPR-SR gels to be swollen with 

an ES prepared from a lithium ion salt and hydrophobic IL. The swelling ratio and 

ionic conductivity of the HyPR-SR gel was the highest at a lithium ion density of 0.8 

M, and the molar conductivity of HyPR-SR gel swollen with the 0.8 M ES was 85% 

more than that for the pristine ES. The puncture resistance, puncture stress and 

Young’s modulus of the HyPR-SR gels increased with the lithium ion density, which 

suggested that pseudo and effective physical network was formed in the SR gel 

electrolyte. 
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Chapter 5 

Conclusion 
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In my doctoral thesis, slide-ring (SR) gel, which was the novel kind of gel 

with a unique structure, have been investigated for applying to a gel polymer 

electrolyte by the slide-ring gel swollen with 1-ethyl-3-methylimidazolium 

ethylsulfate (EMIES), propylene carbonate (PC) including lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and 1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide (EMITFSI) including LiTFSI, respectively, in 

order to achieve the higher safety, high mechanical strength and high ionic 

conductivity. 

In chapter 1 “Introduction”, the background of the research was introduced.  

The recent development and details of each component of lithium ion battery were 

described. Furthermore, the SR gels, which was the capital material of this research, 

was introduced in comparison with general gels. 

In chapter 2 “Ionic Conduction and Mechanical Property of Slide-Ring Gels 

Swollen with Organic Liquid including Lithium Ions”, the swelling behavior with 

organic liquid including lithium ion, the electrochemical and mechanical properties 

were described. Methylated polyrotaxanes (MePR) were prepared with different 

degrees of substitution, and PR-SR gel and MePR-SR gel were obtained with 

changing cross-linking density. PR-SR gel was not swollen with pure PC and 

electrolyte solution (ES), which was 1.0 M PC of LiTFSI, because of making strong 

hydrogen bonding between each cyclodextrin. On the other hand, MePR-SR gel was 

swollen with PC and ES. This swelling behavior suggests that intermolecular 

hydrogen bonds between the methyl groups of MeCDs were broken by the formation 

of coordination bonds between lithium cations and ether oxygen on CDs. The molar 

conductivity of MePR-SR gel swollen with ES was more than 95 % of that of pristine 
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ES and the activation energy of MePR-SR gel swollen with ES was quite close to 

that of pristine ES, hence, it was concluded that this gel electrolyte had comparable 

properties to pristine ES. The potential window of MePR-SR gel swollen with ES 

suggests that SR gels do not affect potential window itself. In addition, the SR gel 

swollen with ES with high swelling ratio was not fractured under compression ratio 

of 50 % and had small young’s modulus. This mechanical property suggests that the 

stress is uniformly dispersed and cracks are difficult to generate under high 

compression. 

In chapter 3 “Ionic Conduction of Slide-Ring Gels Swollen with Ionic 

Liquids”, the swelling behavior of the SR gel with ionic liquids, the ionic conduction, 

and the relationship between the ionic conductivity and mesh size of gel were 

investigated. SR gels, which were obtained from polyrotaxane (PR) and 

hydroxypropyl polyrotaxane (HyPR), were swollen with hydrophilic ILs, however, 

these SR gels was not swollen with hydrophilic ILs, and these tendencies suggested 

that the affinity of PEG and ILs was dominant in the swelling behavior.  And the 

swelling ratio increased with decreasing cross-linking density. Furthermore, the 

ionic conductivities of SR gels swollen with EMIES were measured to compare the 

molar conductivity of SR gel containing IL and that of neat IL. The molar 

conductivity of SR gel containing IL was more than 92 % of that of neat IL, and the 

value decreased with swelling ratio. However, the value was higher than general gel 

containing IL, hence, disturbing of ion transport by polymer network in the SR gel 

was not influence under the high swelling ratio. And then, to investigate the 

hindrance of ionic transport by polymer network, the ionic conductivity was 

investigated with varying the mesh sizes of SR gels and non-SR gel changing 



101 
 

compression ratio. The ratio of the ionic conductivity of both gels against that of 

neat IL increased with compression ratio in the low compression region. On the 

other hand, under high compression ratio, non-SR gel was crushed and SR gel was 

not crushed, in addition, the ratio of the ionic conductivity of SR gel against that of 

neat IL decreased with increasing compression ratio. This result suggests that the 

polymer network was spread out perpendicular to the compressed direction and 

ionic carriers were more freely without interference from the network under low 

compression ratio. Under high compression ratio, ionic carriers could not escape 

from the polymer network disturbing from the deformation of the polymer network 

along the compressed direction. 

In chapter 4 “Ionic Conduction and Mechanical Property of Slide-Ring Gels 

Swollen with Ionic Liquid including Lithium Ions”, the structure analysis of SR gel 

containing IL including lithium ion by ATR, the ionic conductivity with several 

lithium ion concentrations, and the mechanical strength by puncture measurement 

were investigated. The result of ATR-IR suggests that in HyPR coordination bonds 

between lithium cations and ether oxygen atoms on HyCDs were formed, and the 

coordination bonds let to the HyPR-SR gel swollen with ES, which was the mixture 

of hydrophobic IL and lithium ion. The swelling ratio and ionic conductivity showed 

the maximum peak at a lithium ion density of 0.8 M. The tendency of swelling ratio 

suggests that a solvation effect by formation of coordination bonds between HyPR 

and lithium cation in the IL below 0.8 M. On the other hand, above 0.8 M, 

decreasing swelling ratio by forming physical cross-linkages between PR matrices 

by lithium cations was suggested. In addition, the puncture stress and Young’s 

modulus of HyPR-SR gel swollen with ES increased with lithium ion density, which 
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suggested that pseudo and effective network was formed in the SR gel electrolyte. 

 From the above, the basic research of SR gel applying to gel polymer 

electrolyte was performed. SR gel showed the possibility of a new material for gel 

polymer electrolyte, which has both high ionic conductivity and high mechanical 

strength, and it is suggested that the SR gel electrolyte do not only achieve to 

development of lithium ion battery with higher safety and performance but enable 

to develop new batteries like flexible battery. 
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