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Chapter 1 

General introduction 

 

1.1. Supramolecular chemistry 

 Supramolecular chemistry was first defined by Jean –M. Lehn in his findings 

regarding cryptands.1  The idea of supramolecular chemistry was inspired by the “lock 

and key”2 model of Emil Fischer, who was awarded the Nobel Prize in Chemistry in 1902.  

Supramolecular chemistry has become an increasingly popular topic since Jean –M. 

Lehn,3 Donald J. Cram4 and Charles J. Pedersen5 were awarded the Nobel Prize in 

Chemistry in 1987 for their work in this field.  Since then, various interesting methods 

through supramolecular approach have been reported (Figure 1-1).  

 

 

Figure 1-1.  Supramolecular chemistry 

 

 Self-healing materials using supramolecular chemistry can be designed by two 

major principal approaches: “physical” and “chemical” approaches.  Physical approaches 

are based on utilizing healing agents6 or stress-relaxation mechanisms.  Chemical 

approaches are based on the formation of multiple non-covalent bonds, such as Diels-

Alder (DA) reactions,7 hydrogen bonds (H-bond),8 π-π stacking,9-10 metal-ligand 

interactions,11-12 electrostatic interactions,13 hydrophobic interactions,14 and host-guest 

interactions.  The mechanical properties of these non-covalent bonds are derived from the 

supramolecular polymer network in the presence of secondary interactions that bind 

liquid-like building blocks into plastic or rubbery polymers in hydrated and non-hydrated 
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states.  The self-healing of supramolecular polymers with non-covalent bonds has been 

summarized in several review articles.15-18  Among those non-covalent bonds, host-guest 

interactions have played an important role in supramolecular chemistry because of their 

dynamic nature.19 

 

1.2. Host-guest interactions 

 Host-guest interactions are formed by inclusion complexes between macrocyclic 

compounds serving as host molecules and guest molecules locked inside the cavity.  The 

inclusion complexes form because the host molecules have external features that enable 

them to interact with solvent and internal features that bind the guest molecules through 

either a specific shape or a favorable environment.  This condition mostly occurs when 

hydrophobic guest molecules are sequestered into the hydrophobic inner cavity of host 

molecules because of solvophobic interactions with water.  The complex stability constant, 

K, expressed the formation of host-guest inclusion complexes which is determined by the 

equilibrium: 

𝑛H + 𝑚G ←⃗⃗⃗ 𝑛H ∙ 𝑚G 

𝐾 =
[𝑛H ∙ 𝑚G]

[H]𝑛[𝐺]𝑚
 

where H is the host molecule, G is the guest molecule, and n and m represent the number 

of host and guest molecules, respectively.20-22  In most cases, n=1 and m=1 or 2.  This 

equilibrium in host-guest interactions is mainly driven by H-bonds, π-π stacking, van der 

Waals forces, or hydrophobic interactions.  Self-healing properties are mostly tested by 

cutting the materials into pieces and reattaching them again to reform host-guest inclusion 

complexes between the host and guest molecules on the cut surface.  Additional tests were 

performed by adding competitive molecules to inhibit the formation of interactions in the 

polymer materials. 
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1.3. Macrocyclic compound 

 Over the past three decades, a wide variety of macrocyclic compounds, such as 

crown ethers,23-24 cucurbit[n]urils,25-27 calix[n]arenes,28-29 pillar[n]arenes,30-33 and 

cyclodextrins (CDs),34-37 have been used as host molecules for host-guest interactions.  

The author only employs CDs to be used as host molecules for preparing supramolecular 

materials.  CDs are a family of macrocyclic oligosaccharides, which composed of 6 (α), 

7 (β), or 8 (γ) α-1,4-linked D-glucopyranose.  Table 1-1 shows the physical properties of 

CDs.   

 

Table 1-1.  Chemical structure and physical properties of α, β, and γ-CD 

 

 

Molecular recognitions from CDs are realized from hydrophobic and van der 

Waals interaction between CD cavity with suitable hydrophobic guests.  There are three 

types known molecular recognition interactions such as into main chain, side chain, and 

sequential complex (Figure 1-2).38-43   

 

 

Figure 1-2.  Molecular recognition interactions. 
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Supramolecular materials prepared mostly using molecular recognition at side 

chain with two kind of approaches: (1) from attaching host polymer and guest polymer 

or (2) polymerization of inclusion complex from host and guest monomers (Figure 1-3). 

 

 

Figure 1-3.  Illustrations of two approaches to prepare supramolecular materials from 

molecular recognition at side chain: (a) attaching host polymer and guest polymer or (b) 

polymerization of inclusion complex from host and guest monomers.  

 

1.4. Sol-gel transition through side chain molecular recognition 

Molecular recognition of polymeric hydrogel from mixture of host polymer and 

guest polymer has been reported.44  Gels are divided into two main categories: physical45-

47 and chemical48-50 interactions.  Physical interactions gels based on non-covalently 

cross-linkers are easier to be tuned than those with covalently cross-linked bonds.  Several 

method to control the physical properties like preparing low-molecular weight physical 

gels51-56 or forming hydrogels through host-guest interactions57-60 have been studied and 

it found that using host-guest interactions prone to be more sensitive to the external 

stimuli.   

 

1.4.1. Photoresponsive sol-gel transition through side chain molecular recognition 

First published work regarding polymerization of host-guest inclusion between 

CDs as host molecules and guest molecules was through investigation of sol-gel transition 

between CDs and azobenzene (Azo) under ultraviolet (UV) or visible light irradiation.  It 

was reported mixture of CDs and Azo showed viscosity change after photoirradiation but 

the mixture did not form hydrogel.61  To obtain hydrogel by inclusion complex, curdlan 

modified α-CD (CD-CUR) and guest polymer with Azo (pAC12AZO) were mixed in 

DMSO.62 This was the first light-responsive hydrogel formed by inclusion complex.  
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Figure 1-4 shows irradiation of hydrogel by UV (λ=365 nm) made the gel converted into 

sol (trans-Azo turned into cis-Azo). However, irradiating the hydrogel with visible light 

(λ=430 nm) or heating to 60 ⁰C, it turned back to gel (cis-Azo turned back to trans-Azo).  

This sol-gel transition from irradiation was also characterized from its viscosity change 

by using steady-shear viscosity measurement. 

 

 

Figure 1-4.  Schematic illustration of a photoresponsive sol-gel transition material with CD-CUR 

and pAC12Azo upon irradiating with UV light (λ = 365 nm) and visible light (λ = 430 nm) or 

heating at 60⁰ C.  Reproduced with permission from ref. 62.  Copyright 2010 WILEY-VCH Verlag 

GmbH & Co. KGaA. 

 

1.4.2. Redox-responsive sol-gel transition through side chain molecular recognition 

The sol-gel transition also occurs in hydrogel formed by inclusion complex 

between β-CD with acrylic acid (pAA-β-CD) with ferrocene with acrylic acid (pAA-

Fc).63  The hydrogels showed redox responsive by treating the hydrogel with sodium 

hypochlorite (NaClO) as oxidizing agent turned the gel into sol due to oxidation of 

ferrocenium cation (Fc+).  Then treating the sol with reducing agent [glutathione (GSH)] 

restored the gel. 

 

1.5. Self-healing materials 

The persistence of man-made polymers has become an environmental concern 

because the degradation of waste is a threat to human health, wildlife, the oceans, and 

landfills.  This warning has prompted researchers to devise the idea of sustainable 

materials. One of the efforts in this field is to develop materials that can heal themselves 

after damage.  Therefore, synthetic methods to design and construct self-healing 

materials64-66 have attracted attention over the years.67-73  Lehn et al. pioneered self-

healing materials using dynamic covalent polymers.74-78  
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Recently, supramolecular chemistry have been popular to be used as self-healing 

materials because it offered fast reversibility under ambient conditions and have become 

a popular research topic in materials design.8, 79-81  An ideal self-healing material not only 

could be rapidly healed but also could restore its mechanical properties.82-83   

 

1.5.1. Redox-responsive self-healing materials 

Supramolecular self-healing materials based on macrocyclic compounds are 

inspired by macroscopic self-assembly84 and sol-gel transitions62 in hydrogels.  

Supramolecular self-healing materials containing macrocyclic compounds were 

pioneered using β-cyclodextrin (β-CD) as a host molecule and ferrocene (Fc) as a guest 

molecule.63, 85  The resulting hydrogel was constructed by formation of an inclusion 

complex of β-CD and acrylic acid (pAA-β-CD) with Fc and acrylic acid (pAA-Fc). As 

the hydrogel was redox responsive, treating the hydrogel with an oxidizing agent [sodium 

hypochlorite (NaClO)] turned the gel into a sol due to the change of Fc into the 

ferrocenium cation (Fc+) upon oxidation.  Subsequently, treating the sol with a reducing 

agent [glutathione (GSH)] restored the gel. 

The self-healing properties of this hydrogel were observed from a mixture of the 

inclusion complex between pAA-β-CD and pAA-Fc in boric acid/KCl/NaOH buffer 

solution at pH 9, which afforded pAA-β-CD/pAA-Fc gel.  The contact surface 

disappeared after 24 hours of reattachment, and the gel recovered 84% of its initial 

strength (Figure 1-5).  Improving self-healing speed also can be done by treating cut 

surface with a reducing agent also whereas adding an oxidizing agent prevented the 

adhesion process.  
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Figure 1-5.  Self-healing by redox responsiveness: treating the hydrogels with an oxidizing agent 

(NaClO) inhibits the self-healing, but treating with a reducing agent (GSH) restores their self-

healing ability.  Reproduced from ref. 85.  This work is licensed under the Creative Commons 

Attribution-NonCommercial-ShareAlike 3.0 Unported License. 

 

1.5.2. Self-healing hydrogel formed by host-guest interactions inclusion complexes 

Mixing a host polymer and guest polymer showed the disadvantage that the host 

units and guest units did not form perfect inclusion complexes.  This phenomenon caused 

restrictions on the molecular mobility during the formation of self-healing materials. 

Therefore, another approach for preparing self-healing materials was introduced by 

polymerizing an inclusion complex between host and guest monomers.  

The journey towards investigating the self-healing of supramolecular materials 

via the polymerization of host-guest inclusion complexes began with the β-CD and Ad 

host-guest pair (Figure 1-6).86-87  Prior to polymerization, the adamantane (Ad) monomer 

and β-CD monomer were mixed together in water at room temperature to form the 

inclusion complex.  The hydrogel was prepared by radical copolymerization of the 

inclusion complex mixture between the Ad monomer and β-CD monomer with 

acrylamide (AAm) as the side chain using tetramethylethylenediamine (TEMED) and 

ammonium persulfate (APS) as the initiator system.  

The [β-CD-Ad gel(7,6)] self-healing properties of the hydrogel were investigated 

by cutting and adhering freshly cut pieces at the cut surface in water to form a single piece 

of gel. The adhesive strength was measured using a creep meter at a tensile speed of 1 

mm/s, and the gel showed an 84% recovery ratio within 24 hours; however, a longer 

adhesion time resulted in a higher recovery ratio. Fabricating supramolecular materials 

with both self-healing properties and mechanical performance remains a challenge.  
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Figure 1-6.  (a) Chemical structures of hydrogels formed by host-guest interactions inclusion 

complexes (b) Schematic illustration of self-healing hydrogels [β-CD-Ad gel(7,6)] between cut 

surface.  Reproduced with permission from ref. 86.  Copyright 2013 WILEY-VCH Verlag GmbH 

& Co. KGaA. 
 

1.5.3. Self-healing xerogel formed by host-guest interactions 

Soft materials are not favorable for applications, so dried hydrogels (xerogels) 

were prepared based on the same host-guest interaction structure as the hydrogel to 

prepare a hard material.88 The preparation method was the same as that of the β-CD-Ad 

hydrogels, except that the gel was dried at room temperature for 2 days and in a vacuum 

oven (27 ⁰C) for one day to obtain the corresponding xerogel. To test its self-healing 

properties, the xerogel was cut, and then 2 μL of water was added to the cut surface before 

re-adhering the pieces instead of placing the gel in the water (Figure 1-7). The adhesion 

surface was observed by microscope to observe the self-healing behavior, and the xerogel 

showed a recovery ratio of approximately 40% within 24 hours. After 48 hours, the 

recovery ratio increased to 88%. 

Although the self-healing rate of the xerogel was slower than that of the hydrogel, 

the preparation of a self-healing hard material was a breakthrough in supramolecular 

materials. 
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Figure 1-7.  (a) Chemical structures of xerogels. (b) Self-healing of β-CD-Ad Xer(0.3,0.4). 

Reprinted with permission from ref. 88.  Copyright 2015 American Chemical Society. 

 

1.5.4. Tough self-healing hydrogel formed by host-guest interactions 

Self-healing materials from polymerization of host-guest inclusion complex 

already successfully prepared however the hydrogel showed a white turbid appearance 

and was not transparent. When the concentration of the host-guest inclusion complex was 

decreased to 2 mol%, the gel turned into a transparent gel.89 The gel was prepared with 

the same method as the xerogel, but for a more in-depth investigation, the side-chain 

polymer was changed to N,N-dimethylacrylamide (DMAAm), N-isopropylacrylamide 

(NIPAAm), hydroxymethacrylamide (HMAAm), and hydroxyethylacrylate (HEA).   

The results for the variation in the side-chain polymer showed that the gel with 

HEA had the best mechanical and self-healing properties. Compared to the gels in 

previous work, this gel showed good flexibility with better mechanical properties and 

resisted being stabbed with a cutter (Figure 1-8).  To investigate its self-healing properties, 

the gel was cut and reattached under humid conditions. After 24 hours of adhesion time, 

the gel showed a 45% recovery ratio. The transparent gel healed faster than the turbid gel 

because lower host-guest contents mean higher mobility in the gel, which led to a shorter 

time needed to self-heal. Additionally, compared to the gels in previous studies, such as 

tough polymeric gels,90-91 multiple network gels,92-94 nanocomposite gels,95 slide-ring 

gel,96-97 four-armed macromolecules,98-99 and dually cross-linked gels,100 tough hydrogels 

did not need “sacrificial bonds”101 to dissipate deformation force because the host-guest 

interactions already acted as the “recoverable sacrificial bonds”. 
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Figure 1-8. (a) Chemical structures of tough hydrogels. (b-c) Resistant test of β-CD-Ad gel. (d) 

Self-healing experiment β-CD-Ad gel.  Reproduced from ref. 89.  Copyright 2016 WILEY-VCH 

Verlag GmbH & Co. KGaA. 

 

At this point, hydrogels possessing high flexibility, toughness, and self-healing 

properties were successfully prepared.  However, the self-healing ratio result still was not 

satisfactory, and humid conditions were still needed to achieve self-healing properties; 

thus, another composition that had different types of CD and guest groups while 

maintaining a transparent appearance was needed.102  CD molecules that had distance (β-

CDAAmMe) and no distance (β-CDAAm) from the side chain while using the same guest 

molecules was also one of the aspects tested. Surprisingly, β-CDAAmMe has better 

mechanical properties than β-CDAAm, so β-CDAAmMe is preferable for use in 

conjunction with the guest molecules.  Three linear alkyl guest molecules [n-butyl 

acrylate (BuA), hexyl acrylate (HexA), and dodecyl acrylate (DodA)] and four spherical 

guest molecules [isobornyl acrylate (Ibr), adamantyl acrylamide (AdAAm), 

hydroxyadamantyl acrylate (HAdA), and ethyladamantyl acrylate (EtAdA)] were chosen.  

Compared to other guest groups, the combination of β-CDAAmMe and AdAAm was 

found to provide better self-healing in the dry state.  For this combination, self-healing 

was achieved without any influence of water.  The self-healing ratio after 24 hours of 

reattachment was 60% at 100 ⁰C, and when the self-healing was investigated as a function 

of time, it remained relatively constant over 24 hours.  This xerogel demonstrated a higher 

self-healing recovery ratio than the gel in previous work, also could be self-healed in a 

completely dry state.  
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1.6. Multi-stimuli responsive materials 

Multi-stimuli-responsiveness has also become an emerging area in polymeric 

materials.103-104  Thus, to fabricate polymeric materials with multi-stimuli-responsiveness, 

complicated molecular design is necessary.  Recently, mechanochromic functional 

materials have been utilizing dynamic covalent bonds as detector to various stimuli such 

as stress, heat, and light105-109 while also have self-healing properties.  Introducing host-

guest interactions such as non-covalent bonds might provide an effective approach to 

prepare multifunctional supramolecular materials.  Several supramolecular materials with 

stimuli-responsive properties have been reported previously.110-111 

 

1.6.1. Multifunctional stimuli responsive self-healing materials 

Color changes of supramolecular materials are the easiest way to investigate 

multi-stimuli-responsive materials because they can be visibly observed.112  

Phenolphthalein (PP) was chosen as the guest molecule, and β-CD was chosen as the host 

molecule.113  The inclusion complex between β-CD and PP did not exhibit a purple color 

at pH 10, but when PP was ejected from the β-CD cavity, the color of the gel became 

purple.  In addition to pH stimuli, PP can also respond to thermal stimuli in the presence 

of β-CD.114-115  Multifunctional stimuli-responsive supramolecular materials were 

prepared by radical copolymerization of an inclusion complex mixture with AAm using 

APS as an initiator and TEMED as a co-catalyst, and the resulting gel was dried in 

ambient temperature for 3 days to obtain a β-CD-PP-AAm gel (Figure 1-9).116  

 

 

Figure 1-9.  (a) Color reaction of a β-CD-PP-AAm hydrogel(2,2) triggered by the addition of 

AdCANa and controlled by heating and cooling.  (b)  Mechanism of color change.  Reprinted 

with permission from ref. 116.  Copyright 2017 American Chemical Society. 
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This hydrogel showed pH- and thermoresponsive properties.  The pH-

responsiveness was investigated by immersing the β-CD-PP-AAm gel in KH2PO4/NaOH 

buffer solution (pH=8) in the presence of adamantane carboxylic acid sodium salt 

(AdCANa).  Because the association constant of β-CD with AdCANA is larger than that 

with PP, the included PP unit dissociated from the β-CD cavity, which changed the color 

of gel to purple.  The inclusion complex between β-CD and PP did not exhibit a purple 

color at pH 10, but when competitive guest molecules were added, the color of the 

solution changed.  Regarding its thermoresponsiveness, the colorless gel turned purple 

upon heating to 87 ⁰C in KH2PO4/NaOH buffer solution (pH=8), but the gel returned to 

the colorless state when the temperature decreased.  The thermoresponsiveness results 

indicated that the condition was reversible and that this gel may also show self-healing 

properties.   

With regard to self-healing properties, the gel was prepared using HEA as a side-

chain polymer instead of AAm because HEA is softer than AAm, which allowed self-

healing properties to easily be obtained.  The gel was cut and then re-adhered under dry 

conditions within 24 hours of adhesion time, resulting in a 65% recovery ratio.  

 

1.6.2. Cationic alkyl guest 

The functionality of supramolecular host-guest interactions can be affected by 

formation and dissociation of the cross-links.  However, pseudo[2]rotaxane structure or 

stopper functional unit was used to investigate this condition as in the inclusion complex.  

Assuming that the introduction of second-guest units would affected the hydrogels then 

supramolecular hydrogels should be designed with two chemical guest units.  Viologen 

derivatives are great option as a second unit in the guest molecules.117  Due to electric 

repulsion, viologen derivatives with cationic properties were not included in the CD 

cavity.118  The viologen units at the terminal functionality acted not as a bulky stoppers 

but as electric stoppers which prevent dissociation.  When stress was applied, the CD still 

slid through the viologen-alkyl chain unit, and there was an electric barrier between the 

CD and the viologen unit before complete dissociation.  

The hydrogel was obtained by radical copolymerization of a mixture of inclusion 

complexes of viologen monomer and CD monomer with acrylamide (AAm) using 

ammonium persulfate (APS) as an initiator and tetramethylethylenediamine (TEMED) as 



 

 

16 

 

a co-catalyst (Figure 1-10).   The fracture energy of the hydrogels was investigated and 

that the alkyl chain length and the cationic charge number of the viologen units increased, 

the energy of the obtained hydrogels also increased.  The fracture energy is closely related 

to the dissociation energy between the CD and viologen units.  Changing the size of the 

CD cavity, alkyl chain length, and number of cationic species could also control the 

dissociation energy.  The dependence on the number of cationic species led to the finding 

that the mechanical properties of the hydrogels can be changed by redox stimuli.  The 

mechanical properties changed due to reducing conditions because of the formation of a 

radical cation dimer between the viologen units, which indicated that the host-guest 

inclusion complex and radical cation dimer cooperatively functioned as dual cross-linking 

points. 

 

 

Figure 1-10.  (a) Effect of an electric barrier, the CD cavity size, the length of the guest unit, the 

charge number, and the reduction responsiveness to the mechanical properties of CD-based 

supramolecular hydrogels.  (b) βCD-VC11 gel before and after immersion in a 1M Na2SO4 

aqueous solution.  Reprinted with permission from ref. 117.  Copyright 2017 American Chemical 

Society. 

 

1.7. Supramolecular elastomer 

The host-guest interactions between CD molecules and guest molecules in 

hydrogel state have been well summarized.  However, stress dispersion in hydrogel state 

is not applicable for general purposes where hydrophobic bulk polymers are employed.  

Therefore, elastomers were prepared using CD molecules and guest molecules with 

hydrophobic acrylates as the side-chain polymer.119  Since hydrophilic CD monomers are 

insoluble in hydrophobic acrylates, the CD monomers were modified by Williamson ether 

synthesis or acetylation to transform them into permethylated CD monomers (PMγ-

CDAAmMe) or peracetylated CD monomers (PAcβ-CDAAmMe and PAcγ-CDAAmMe), 

respectively. An elastomer was prepared by mixing the modified CD monomers with a 
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guest monomer [2-ethyladamantyl acrylate (AdEtA) and fluorooctyl acetate (H2F6)] in 

an acrylate monomer [ethyl acrylate (EA) and butyl acrylate (BA)] and then sonicating 

them mixture to form the inclusion complex. The homogenous mixture was bulk-

copolymerized using UV irradiation with a photoinitiator to obtain an elastomer and then 

was dried in a vacuum oven at 80⁰C to remove residual acrylate monomer. The elastomer 

showed tough and flexible properties with self-healing ability (Figure 1-11).  

 

 

Figure 1-11.  (a) Self-healing properties and (b) recycling experiments of supramolecular 

elastomer pEA-PAcγ-CD-Ad(1,1).  Reprinted with permission from ref. 119.  Copyright 2019 

American Chemical Society. 

 

To test the self-healing ability of the elastomer, a dumbbell-shaped sample was 

divided by a knife and then re-joined. The fractured sample completely recovered to 95% 

within only 4 hours of adhesion time at 80 °C. Beside the self-healing ability, 

supramolecular elastomer also can be recycled to recover its mechanical properties.  The 

self-healing ability of the supramolecular elastomer also enabled the, which is useful for 

moulding and shaping by manufacturers. 

 

1.8. Ionic liquids 

 Ionic liquids (ILs), also known as molten salts or liquids that just composed by 

ions, have great physicochemical properties such as great ionic conductivity, negligible 

volatility, non-flammability, and high thermal and electrochemical stability in room 

temperature.120-122  Recently, ILs utilized as electrolyte salts in polymer networks because 

of their low glass transition (Tg) and low melting point (Tm), and capability to form 

(supercooled) liquids at room temperature.  These properties will preserve high ionic 

conductivity, high electrochemical stability, and compatibility with the host polymers.123-
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124  There are many known ILs with formed by various cations and anions structures.  

imidazolium, pyrrolidinium, guanidinium, pyridinium, alkylammonium, 

alkylphosphonium, and alkylpyrrolidinium are several common cations used in IL.  

Anions in IL usually selected from inorganic compound such as halides (Cl‒, Br‒, I‒), 

polyatomic inorganics (PF6
‒, BF4

‒), polyoxometallates, or more topically such as NO3
‒ 

and TFSI‒].  Figure 1-12 shows common IL cations and anions structures with their.125 

The combination of cation and anion affected the properties of ILs such as hydrophobicity, 

conductivity, melting point, solubility, viscosity, etc. 

 

 

Figure 1-12. Common cations and anions compound used as ionic liquids with their in 

hydrophilic–hydrophobic properties.  Reproduced from ref. 125 with permission from The Royal 

Society of Chemistry. 

 

Since ILs have been popular for their properties then recently ILs were considered 

to be applied in electrochemical devices including lithium ion batteries, fuel cells, and 

solar batteries.  However, applying ILs is not a good idea because of their leakage 

possibility during application.  Therefore, ILs are utilized with polymers to form ionic 

liquid gels (IGs) that more preferable for application while still maintaining their 

physicochemical properties. 
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1.9. Scope and outline of this thesis 

 This thesis focus on utilization of ionic liquid in supramolecular materials cross-

linked by host-guest interactions. Host-guest interactions used in this thesis are 

constructed from inclusion complex between CD as host molecules and guest molecules.  

Since ionic liquid utilized then ionic conductivity was expected to be detected in the 

supramolecular materials.  Additionally, supramolecular materials formed by CD as host 

molecules also expected to show good mechanical properties and self-healing properties. 

 In chapter 2, supramolecular polymeric ionic liquid gel (IG) based on host-guest 

interaction was prepared from host-guest inclusion complex between peracetylated γ-CD 

monomer and 2-ethyl-2-adamantane monomer in acrylate (ethyl acrylate or butyl 

acrylate) monomer then followed by immersion in 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIm TFSI) ionic liquid.  The ionic conductivity of 

the supramolecular polymeric IG with host-guest interactions was higher than those of 

the chemically cross-linked IG which showed the importance of host-guest interaction in 

supramolecular polymeric IG.    

 

 

  

In chapter 3, the mechanical and self-recovery properties of supramolecular 

polymeric elastomers immersed in an ionic liquid (IEs) were investigated.  Furthermore, 

the investigation also included relation between ionic liquid content with mechanical 

properties.  The supramolecular polymeric IEs were prepared in the preparation method 

with supramolecular materials in   chapter 2 but more acrylate variation was used (methyl 

acrylate, ethyl acrylate, butyl acrylate, methyl methacrylate).  The supramolecular 

polymeric IEs show a self-recovery capability, which conventional chemically cross-

linked IEs cannot achieve. 
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 In chapter 4, the author prepared cellulose nanofibers (CNFs)-reinforced 

supramolecular materials.  The method was dissolving CNFs in 1-butyl-3-

methylimidazolium chloride (BMIm Cl).  Then, dissolved CNFs were mixed with host-

guest inclusion complex between peracetylated γ-CD monomer and 12-(acrylamide) 

dodecanoic acid monomer in the presence of 2-hydroxyethyl acrylate to obtain CNFs-

reinforced supramolecular materials.  CNFs-reinforced supramolecular materials showed 

higher mechanical properties and self-healing recovery ratio compared to supramolecular 

materials without CNFs.  
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Chapter 2 

Preparation of supramolecular ionic liquid gels based on host-guest 

interactions and their swelling and ionic conductive properties 

 

2.1. Introduction 

  In recent year, various demands for ionic liquid materials have also prompted the 

development of ionic liquid gel with high fracture energy.  Ionic liquid gels (IGs),1-2 which 

was prepared through swelling the polymeric materials in an ionic liquid, have been 

received much attention because of its high ionic conductivity (σ).  These IGs have been 

applied as actuators,3-4 solid electrolytes,5-10 capacitors,11-12 membranes,13-14 dye-

sensitized solar cells,15-17 and so on.18-20  Of course, these applications are basically 

utilized from physicochemical properties of ionic liquids as molten salts.21-23  Ionic liquid 

low glass transition (Tg) and low melting point (Tm) preserve σ and electrochemical 

stability while utilized in polymeric materials,24-25 there were a few reports 

physicochemical properties of ionic liquid gels based on a design of polymer networks.   

Covalently bonded polymers as polymer backbone have been popular to be used as IGs, 

whereas non-covalently bonded polymers in ionic liquid gels have not been brought to 

attentions for materials design because the cationic properties of ionic liquids will be 

inhibit non-covalent interactions (cation-anion, cation-π, π-π, etc).  Ionic liquid gels based 

on supramolecular materials, “supramolecular ionic liquid gels”, were supposed to show 

further high σ and electrochemical stability.   

Recently, there are some report concerning about supramolecular polymeric gels 

cross-linking by non-covalent interaction such as hydrogen bonds,26 π-π stacking,27-28 

electrostatic interactions,29 metal-ligand interactions,30-31 and hydrophobic interactions32.  

Host-guest interactions based on cyclodextrins (CDs) and hydrophobic guest molecules 

will be a breakthrough method because other non-covalent interactions are affected by 

the cationic properties of ionic liquids.  Previously, supramolecular hydrogels and 

elastomers cross-linked by the inclusion complex between CDs and guest molecules on 

polymer main chain have been reported.  The fracture energy of the resulting 

supramolecular materials were higher compared to the chemically cross-linked materials. 
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  Herein, supramolecular elastomers as IGs based on CD and adamantane 

derivatives were employed, [PAcγ-CD-Ad-R IG(x,y)] (Figure 2-1).  The supramolecular 

polymeric IG containing CD as host molecules and Ad as guest molecules was prepared 

by preparing supramolecular elastomer through bulk copolymerization then followed by 

immersion in ionic liquid.  1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIm TFSI) was renowned for its highest σ value 

among other hydrophobic ionic liquid available.2, 33-34  Chemically cross-linked IGs, R 

IG, PAcγ-CD-R IG, and Ad-R IG were also prepared for comparison of the σ and fracture 

energy between PAcγ-CD-Ad-R IG and the chemically cross-linked IGs.  The results 

show that σ of PAcγ-CD-Ad-R IGs are higher than those of the chemically cross-linked 

IGs due to host-guest interactions. 

 

 

Figure 2-1.  Chemical structures of (a) peracetylated 6–acrylamido methylether–γ-CD monomer 

(PAcγ-CD) as host monomer, (b) 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIm TFSI) as an ionic liquid, and (c) ionic liquid gels 

(PAcγ-CD-Ad-R IG, R-IG, PAcγ-CD-R IG, Ad-R IG).  (d) Group of main chain monomers (R).  

The mol% of PAcγ-CD, Ad, and 1,4-butanediol diacrylate (BDA) units were indicated as x, y, 

and z , respectively. 
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2.2. Experimental section 

2.2.1. Materials  

 γ-CD was purchased from Junsei Chemical Co., Ltd.  Ad was purchased from 

Osaka Organic Chemical Industry Ltd.  1-Hydroxy cyclohexyl phenyl ketone 

(IRGACURE 184, Ciba) was obtained from BASF Japan Co., Ltd.  Ethyl acrylate (EA) 

and butyl acrylate (BA) were obtained from Toagosei Co., Ltd.  Acetic anhydride, 1,4-

butanediol diacrylate (BDA), and bromoethane were obtained from Nacalai Tesque Inc. 

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was obtained from Tokyo 

Chemical Industry Co., Ltd.  CDCl3 and pyridine were obtained from Wako Pure 

Chemical Industries, Ltd.  DMSO–d6 was purchased from Merck & Co., Inc. Water used 

for the preparation was purified with a Millipore Elix 5 system.  Other reagents were used 

as received.   

 

2.2.2. Measurements.   

 1H, 13C, and 19F NMR spectra were recorded at 500 MHz with a JEOL-ECA-500 

NMR spectrometer at 25 ⁰C.  Solid–state 1H field gradient magic angle spinning (FGMAS) 

and difussion-ordered spectroscopy (DOSY) NMR spectra were recorded at 400 MHz 

with a JEOL-ECA-400 NMR spectrometer.  FGMAS NMR sample spinning rate was 7 

kHz.  In all NMR measurements, chemical shifts were referenced to the solvent values 

[1H NMR: δ = 0 ppm for tetramethylsilane (TMS) and 2.49 ppm for DMSO–d6, 
13C NMR: 

δ = 0 ppm for TMS and 39.5 ppm for DMSO–d6)].  
19F NMR spectra were calibrated 

using external standard CFCl3 (δ = 0 ppm).  Mass spectrometry was performed using 

Bruker autoflex speed positive-ion matrix-assisted laser desorption/ionization time-of-

flight (MALDI-TOF MS) mass spectrometer using 2,5-dihydroxybenzoic acid as matrix.  

Young’s modulus of ionic liquid gels were measured using universal tensile test machine 

Autograph AG-X plus with a 50 N load cell with deformation rate 1 mm/s until 10% 

strain.  Conductivity of ionic liquid gels were measured by Hewlett-Packard 4284A 

Precision LCR [inductance (L), capacitance (C), and resistance (R)] meter with frequency 

20 Hz–1 MHz using electrode made from stainless steel with sample size 20 mm in 

diameter 
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2.2.3. Preparation of materials 

Preparation of peracetylated 6–acrylamido methylether–γ-CD (PAcγ-CD)35-36 

 

Scheme 2-1.  Preparation of PAcγ-CD. 

 

6–Acrylamido methylether–γ-CD (γ-CDAAmMe) was prepared according to 

previous reports.37  γ-CDAAmMe (20 g, 15 mmol) and acetic anhydride (0.17 kg, 1.7 

mol) were dissolved in pyridine (0.30 L) and stirred at 55 ºC for overnight.  The solution 

was cooled to room temperature and put in ice bath and then methanol (50 mL) was added 

to quench the reaction.  The solution was evaporated until 0.20 L and then precipitated in 

cooled water (1.5 L). Precipitate was filtered and dissolved again in acetone (0.20 L) and 

then precipitated again in cooled water (1.5 L).  After second filtration, the precipitate 

was washed twice with water (0.50 L) and then dried under reduced pressure at 40 ºC for 

48 hours. Yield: 81%. 

1H NMR (500MHz, Chloroform-d) of PAcγ-CD: δ = 6.90 (t, 1H, -CONH-), 6.31 (dd, 1H, 

CH2CH-), 6.13 (d, 1H, CH2CH-), 5.69 (d, 1H, CH2CH-), 5.33 (m, 8H, C(3)H of CD), 5.15 (m, 

8H, C(1)H of CD), 4.91 (dd, 2H,-NHCH2O-), 4.73 (m, 8H, C(2)H of CD), 4.45 (m, 16H, C(6)H 

of CD), 4.00 (m, 8H, C(5)H of CD), 3.69 (m, 8H, C(4)H of CD),  2.11 (m, CH3 of acetyl overlaps 

with HOD). 

13C NMR (125 MHz, Chloroform-d) of PAcγ-CD: δ = 170.7, 170.4, 170.4, 169.4, 169.4, 169.4, 

165.9, 130.6, 127.6, 76.3, 76.2, 75.8, 75.6, 71.4, 71.1, 70.9, 70.8, 70.6, 70.5, 70.4, 70.3, 70.2, 70.0, 

69.8, 69.7, 69.6, 66.3, 62.9, 62.7, 62.5, 62.5, 20.8. 

MALDI TOF MS of PAcγ-CD: Found : m/z = 2368.8, 2384.9. 

Calcd. : [C98H131NO64Na]+ = 2368.7, [C98H131NO64K]+ = 2384.7.  
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Preparation of 1-ethyl-3-methylimidazolium bromide (EMIm Br) 

 

Scheme 2-2.  Preparation of EMIm Br. 

 

1-methyl imidazole (37 g, 0.50 mol) and ethyl bromide (0.15 kg, 1.4 mol) were 

dissolved in cyclohexane (0.20 L) and the solution was stirred at 80 °C for 24 h.  After 

reaction, the mixture separated into 2 layers and then poured into beaker glass to room 

temperature.  Lower layer turned into solid phase and then poured away the liquid phase.  

Solid phase was recrystallized using ethyl acetate : 2-propanol (1:1 by volume).  The 

crystalized sample was melted at 83 °C for 24 h under vacuum to give EMIm Br. Yield: 

91%. 

1H NMR (500 MHz, DMSO-d6) of EMIm Br: δ = 9.37 (s, 1H,-NCHN-), 7.86 (t, J = 1.8 Hz, 

1H,-NCHCH-), 7.76  (t, J = 1.8 Hz, 1H,-NCHCH-), 4.19 (q, J = 7.3 Hz, 2H,-NCH2-), 3.84 (s, 

3H,-NCH3), 1.36 (t, J = 7.3 Hz, 3H, -CH2CH3). 

13C NMR (125 MHz, DMSO-d6) of EMIm Br: δ = 136.8, 124.0, 122.5, 44.6, 36.3, 15.7. 

 

Preparation of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

(EMIm TFSI) 

 

Scheme 2-3.  Preparation of EMIm TFSI. 

 

EMIm Br (5.0 g, 26 mmol) was dissolved in water (10 mL), and then 

bis(trifluoromethylsulfonyl)imide lithium salt (LiTFSI, 8.3 g, 29 mmol) was also 

dissolved in water (10 mL). These solutions were mixed together and stirred at 70 °C for 

24 h.  The mixture separated into 2 layers and poured into separating funnel.  The lower 

layer was washed three times with water.  After washing, it was dried under reduced 

pressure at 120 °C for 72 h to obtain EMIm TFSI ionic liquid. Yield: 84%. 
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19F NMR (470 MHz, DMSO-d6) of EMIm TFSI: δ = -78.80. 

1H NMR (500 MHz, DMSO-d6) of EMIm TFSI: δ = 9.06 (s, 1H,-NCHN-), 7.71 (t, J = 1.8 Hz, 

1H,-NCHCH-), 7.63 (t, J = 1.8 Hz, 1H,-NCHCH-), 4.20 (q, J = 7.3 Hz, 2H,-NCH2-), 3.83 (s, 3H,-

NCH3), 1.42 (t, J = 7.3 Hz, 3H,-CH2CH3). 

13C NMR (125 MHz, DMSO-d6) of EMIm TFSI: δ = 136.76, 124.05, 122.43, 121.31, 118.75, 

44.67, 36.12, 15.42. 

 

Preparation of elastomers  

In order to form the inclusion complexes, host monomers (PAcγ-CD) and guest 

monomers (Ad) were dissolved in acrylate monomers and the solution was sonicated for 

2 h at room temperature.  The monomer solution was polymerized by 1-

hydroxycyclohexyl phenyl ketone (IRGACURE 184) as photo-induced radical initiator 

to give PAcγ-CD-Ad-R(x, y) elastomer.  The reference samples, R(z) elastomers, PAcγ-

CD-R(x, 0.1) elastomers, and Ad-R(y, 0.1) elastomers were prepared by similar methods 

using BDA as chemical cross-linker.  x, y, and z indicate the mol% of PAcγ-CD, Ad, and 

BDA units, respectively. 

 

Table 2-1.  Preparation of PAcγ-CD-Ad-EA(x, y) elastomers. 

 
Molar ratio 

(x, y) 
PAcγ-CD / g Ad / g EA / g IRGACURE 184 / mg 

(0.5, 0.5) 0.59  0.059 5.0 16 

(1, 1) 1.2  0.12 5.0 16 

(2, 2) 2.4  0.24 5.0 16 

 

Table 2-2.  Preparation of PAcγ-CD-Ad-BA(x, y) elastomers. 

 

Molar ratio 

(x, y) 
PAcγ-CD / g Ad /g BA / g IRGACURE 184 / mg 

(0.5, 0.5) 0.46 0.046 5.0 16 

(1, 1) 0.93 0.093 5.0 16 

(2, 2) 1.9 0.19  5.0 16 
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Table 2-3.  Preparation of EA(z) elastomers.   

 

Molar ratio 

(z) 
BDA / g EA / g IRGACURE 184 / mg 

(0.5) 0.050 5.0 16 

(1) 0.10 5.0 16 

(2) 0.20 5.0 16 

 

Table 2-4.  Preparation of BA(z) elastomers.   

 

Molar ratio 

(z) 
BDA / g BA / g IRGACURE 184 / mg 

(0.5) 0.040 5.0 16 

(1) 0.080 5.0 16 

(2) 0.16  5.0 16 

 

Table 2-5.  Preparation of PAcγ-CD-EA(x, 0.1) elastomers. 

 

Molar ratio 

(x, 0.1) 
PAcγ-CD / g BDA / mg EA / g IRGACURE 184 / mg 

 (0.5, 0.1) 0.59   9.9 5.0 16 

    (1, 0.1) 1.2 10 5.0 16 

    (2, 0.1) 2.4 10 5.0 16 

 

Table 2-6.  Preparation of PAcγ-CD-BA(x, 0.1) elastomers.  

  

Molar ratio 

(x, 0.1) 
PAcγ-CD / g BDA / mg BA / g  IRGACURE 184 / mg 

 (0.5, 0.1) 0.46 7.8 5.0 16 

     (1, 0.1) 0.93 7.8 5.0 16 

     (2, 0.1) 1.9 7.9 5.0 16 

 

Table 2-7.  Preparation of Ad-EA(y, 0.1) elastomers. 

 

Molar ratio 

(y, 0.1) 
Ad / g BDA / mg EA / g IRGACURE 184 / mg 

  (0.5, 0.1) 0.059   9.9 5.0 16 

     (1, 0.1) 0.12 10 5.0 16 

     (2, 0.1) 0.24 10 5.0 16 

 

Table 2-8.  Preparation of Ad-BA(y, 0.1) elastomers.   

 

Molar ratio 

(y, 0.1) 
Ad / g BDA / mg BA / g IRGACURE 184 / mg 

  (0.5, 0.1) 0.046 7.8 5.0 16 

     (1, 0.1) 0.093 7.8 5.0 16 

     (2, 0.1) 0.19 7.9 5.0 16 
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2.3. Results and discussion  

2.3.1. Preparation of supramolecular ionic liquid gels 

  Figure 2-2 shows the procedure to prepare PAcγ-CD-Ad-R IG(x,y).  PAcγ-CD 

(Scheme 2-1) as a host monomer and Ad as a guest monomer were sonicated in acrylate 

monomer (EA or BA) to form inclusion complex.  The mixture was added with 

IRGACURE 184 as a photo radical initiator then irradiated with ultraviolet (UV) light (λ 

= 365 nm) to form supramolecular elastomer (PAcγ-CD-Ad-R elastomer) (Figure 2-2a, 

Tables 2-1 and 2-2).   

  EMIm TFSI was prepared through two steps,2 first step is quaternization of 1-

methyl imidazole by bromoethane to obtain white crystalline hygroscopic 1-ethyl-3-

methyl imidazolium (EMIm Br), then second step is heating EMIm Br with equimolar 

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) to EMIm TFS.  The PAcγ-CD-Ad-

R elastomer was immersed in the EMIm TFSI to obtain the PAcγ-CD-Ad-R IG (Schemes 

2-2 and 2-3, Figure 2-2b).  R IG, PAcγ-CD-R IG, and Ad-R IG (Fig. 1c), were prepared 

by similar methods as reference samples, instead BDA was used as chemical cross-linker 

(Tables 2-3 –2-8).   

  x, y, and z indicate the mol% of the PAcγ-CD, Ad, and BDA units in IGs [PAcγ-

CD-Ad-R IG(x,y), R IG(z), PAcγ-CD-R IG(x,0.1), and Ad-R IG(y,0.1)].  The notation 0.1 

indicates the 0.1 mol% of BDA units at PAcγ-CD-R IG(x,0.1) and Ad-R IG(y,0.1). 

  Solid–state 1H field gradient magic angle spinning (FGMAS) NMR was used to 

characterize PAcγ-CD-Ad-R elastomer and PAcγ-CD-Ad-R IG (Figures 2-3 – 2-6).  

Young’s modulus of IGs were measured to confirm the host-guest cross-linking point at 

PAcγ-CD-Ad-R IG (Figure 2-7).   
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Figure 2-2. (a) Preparation of the PAcγ-CD-Ad-R elastomer(x,y) by bulk polymerization.  (b) 

Immersion of PAcγ-CD-Ad-R elastomer(x,y) in the EMIm TFSI to obtain PAcγ-CD-Ad-R IG(x,y).   

 

 

 

Figure 2-3.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-EA elastomer(1,1) (TMS 

for standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 7.05 (-NH-), 5.38-5.29 (C(3)H of CD), 5.17-5.10 

(C(1)H of CD), 4.52-4.27 (C(2,6)H of CD), 4.16-4.04 (-CH2CH3 of EA), 3.80-3.68 (C(4,5)H of 

CD), 2.35-2.29 (-CH3 of acetyl), 2.15-2.03 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.97-1.41       (-

CH2CH- of main chain), 1.30-1.23 (-CH3 of EA), 0.82-0.78 (-CH3 of Ad). 
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Figure 2-4.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-EA IG(1,1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 8.47 (-NCHN- of EMIm TFSI), 7.38 (-NCHCH- of 

EMIm TFSI), 7.31 (-NCHCH- of EMIm TFSI), 5.31-4.70 (C(1,2,3,6)H of CD), 4.14 (-NCH2- of 

EMIm TFSI), 3.99-3.95 (-CH2CH3 of EA), 3.80 (-NCH3 of EMIm TFSI), 2.59 (-CH3 of acetyl), 

2.24 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.95-1.61 (-CH2CH- of main chain), 1.39        (-CH2CH3 

of EMIm TFSI), 1.12 (-CH3 of EA), 0.68 (-CH3 of Ad). 

 

 
Figure 2-5.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-BA elastomer(1,1) (TMS 

for standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 7.03 (-NH-), 5.38-5.32 (C(3)H of CD), 5.18-5.10 

(C(1)H of CD), 4.50-4.16 (C(2,6)H of CD), 4.09-3.98 (-CH2CH2- of BA), 3.76-3.69 (C(4,5)H of 

CD), 2.28-2.26 (-CH3 of acetyl), 2.15-1.70 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.66-1.26       (-

CH2CH- of main chain), 0.95-0.92 (-CH3 of BA), 0.79 (-CH3 of Ad). 
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Figure 2-6.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-BA IG(1,1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 

 
1H NMR (400 MHz, Chloroform-d): δ = 8.63-8.50 (-NCHN- of EMIm TFSI), 7.50-7.31            (-

NCHCH- of EMIm TFSI), 5.80-4.71 (C(1,2,3,6)H of CD) 4.14 (-NCH2- of EMIm TFSI),  3.88-

3.80 (-CH2CH2- of BA, C(4,5)H of CD, and -NCH2- of EMIm TFSI), 2.64 (-CH3 of acetyl), 2.25 

(-CH-, -CH2-, and -CH2CH3 of Ad), 1.92 (-CH2CH- of main chain), 1.39 (-CH2CH3 of EMIm 

TFSI), 0.91-0.70 (-CH3 of BA and -CH3 of Ad). 

 

 
Figure 2-7. Young’s modulus of ionic liquid gels. 
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2.3.2. Swelling ratio of ionic liquid gels  

 After immersion in the EMIm TFSI for 24 hours, swelling ratio of the elastomers 

(PAcγ-CD-Ad-R, PAcγ-CD-R, Ad-R, and R elastomers) were investigated by the 

following equation: 

Swelling ratio of elastomer = 
𝑊IG-𝑊elastomer

𝑊elastomer
×100% 

where Welastomer is weight of elastomers (before immersion in EMIm TFSI) and WIG is 

weight of IGs (after immersion in EMIm TFSI).   

  Elastomers based on EA main chain polymer showed higher swelling ratios higher than 

those of the elastomers based on the BA main chain polymer because the EMIm TFSI is more 

compatible with EA main chain polymer (Figure 2-8a).  The swelling ratio of the PAcγ-CD-Ad-

EA elastomer(1,1) was larger than chemical cross-linked EA elastomer(1).  Also, PAcγ-CD-Ad-

EA elastomer(1,1) showed higher swelling ratio than those of the PAcγ-CD-EA elastomer(1,0.1) 

and the Ad-EA elastomer(1,0.1) even though the concentration of the cross-linking unit in PAcγ-

CD-Ad-EA elastomer(1,1) was 10 times higher.  This caused by relaxed cross-linking points of 

host-guest interaction in the PAcγ-CD-Ad-EA elastomer(1,1) during immersion in the EMIm 

TFSI. The ionic liquid content also closely related with in the swelling ratio in elastomer, higher 

ionic liquid content resulted in larger swelling ratio (Figure 2-9).    

Ionic liquid content (%) = 
WIG-Welastomer

WIG

 × 100% 

where Welastomer is weight of elastomer (before immersion in EMIm TFSI) and WIG is weight of 

IGs (after elastomer immersion in EMIm TFSI).   

 Swelling ratio of IGs also correlated with cross-link density in IGs which can be determined 

through Young’s modulus (Figure 2-8b).  PAcγ-CD-Ad-EA IG(1,1) showed lowest Young’s 

modulus compared to EA IG(1,1), Ad-EA IG(1,0.1), and PAcγ-CD-EA IG(1,0.1) because of the 

flexible and reversible interactions between CD and Ad units.   
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Figure 2-8.  (a) Swelling ratio and (b) Young’s modulus of ionic liquid gels. 

 

 
 

Figure 2-9.  Ionic liquid content of ionic liquid gels. 
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2.3.3. Conductivity of ionic liquid gels 

 σ was measured using LCR meter with frequency 20 Hz-1 MHz.  Measurement was 

conducted at constant temperature 25 oC.  Data acquired from LCR Meter then calculated as using 

equation to obtain conductivity in AC current (σac) as follows: 

𝜎𝑎𝑐 = 𝜔𝜀0𝜀′tan⁡(𝛿)      where     tan(δ) =
ε''

ε'
 

σac is conductivity of AC current.  ω is angular frequency.  ε0 is vacuum permittivity with value 

8.85 × 10-12 F m-1.  ε’ is dielectric constant and ε” is dielectric loss factor. Then, the result of σac  

was plotted with frequency (f) in log graph to obtain graph that accordance to Jonscher’s 

Universal Power Law38 shows According to Jonscher’s Universal Power Law, “plateau region” 

in plotted graph means conductivity that independent to frequency (σdc) (Figure 2-10a).   

 Figure 2-10b shows the sample calculation for conductivity of EMIm TFSI.39  The plotted 

graph for EMIm TFSI showed that the frequency response of conductivity from EMIm TFSI exist 

in two different regions: electrode polarization region led to independent ionic motion and plateau 

region as frequency-dependent ionic transport in high frequency.  

 

 
Figure 2-10. (a) Jonscher’s Universal Power Law graph.  (b) Plotted graph for ionic conductivity 

calculation of EMIm TFSI. 

 

  Figure 2-11a shows the illustration of ionic conductive measurement system.  The 

σ of EMIm TFSI as native ionic liquid and IGs showed as Figure 2-11b.  The σ of EMIm 

TFSI native ionic liquid was 9.0 mS/cm.  The σ values of EA main chain polymer based 

IGs were higher than those of on BA main chain polymer based IGs.  The σ of IGs either 

based EA main chain polymer or BA main chain polymer was lower than that of EMIm 

TFSI due to suppression while dispersed of in the polymer networks.  The self-diffusion 
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coefficient will be discussed later in the section 2.3.4 to explain dispersion properties of 

EMIm TFSI.  

  The σ of PAcγ-CD-Ad-EA IG(1,1) (8.0 mS/cm) was higher than those of the EA 

IG(1) (0.54 mS/cm), Ad-EA IG(1,0.1) (0.50 mS/cm), and PAcγ-CD-EA IG(1,0.1) (1.6 

mS/cm).  The σ of PAcγ-CD-Ad-EA IG(1,1) (8.0 mS/cm) showed similar result with 

EMIm TFSI (9.0 mS/cm).  These results showed that host-guest interaction raises the σ 

of IGs.  Although the σ of BA main chain polymer based IGs were low, the trend was 

similar to EA main chain polymer based IGs (Figure 2-11b).  The σ of IGs slightly 

depended on the molar ratio of cross-linkers (0.5-2 mol%), however it did not make any 

significant difference on σ (Figure 2-12).   

  Figure 2-11c compares the σ of similar ionic liquid content of EA main chain 

polymer based IGs.  The σ of the PAcγ-CD-Ad-EA IG(0.5,0.5) (8.0 mS/cm) was 13 times 

higher than that of the EA IG(0.5) (0.61 mS/cm).  The σ of the PAcγ-CD-Ad-EA 

IG(0.5,0.5) was also 13 and 4 times higher than those of Ad-EA IG(0.5,0.1) and PAcγ-

CD-EA IG(0.5,0.1), respectively.  Therefore, the host-guest interactions working as cross-

linking point in supramolecular polymeric IGs is an effective network structure to 

increase the σ. 

 

 
Figure 2-11. (a) Measurement apparatus for ionic conductivity. (b) Ionic conductivity of EMIm 

TFSI as native ionic liquid and ionic liquid gels [R IG(1), Ad-R IG(1,0.1), PAcγ-CD-R IG(1,0.1), 

and PAcγ-CD-Ad-R IG(1,1)].  
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Figure 2-12. Ionic conductivity of EMIm TFSI and ionic liquid gels  

 

 

2.3.4. Self-diffusion coefficient of ionic liquid gels 

  High σ of IGs is correlated with high mobility of the constituent ionic liquid.  

Higher σ in the IGs affected by fast mobility of ionic liquid constituent.  The self-diffusion 

coefficient (D) of the EMIm TFSI was determined from mobility of ionic liquid 

constituent which measured by diffusion-ordered spectroscopy (DOSY) NMR, (Figures 

2-21 – 2-29).  DOSY NMR results show EMIm peaks from EMIm TFSI and acrylate 

peaks (Peaks from PAcγ-CD and Ad are very weak so that they can’t be seen from DOSY 

NMR).  Since the diffusion of the TFSI substituent was slower than EMIm substituent 

therefore D of IGs was determined only from EMIm substituent.2 
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Figure 2-13.  2D DOSY NMR spectrum of EMIm constituent in EMIm TFSI ionic liquid 

(DMSO-d6 for standard, 400 MHz, 25 ⁰C). 

 

 
Figure 2-14.  2D DOSY NMR spectrum of EMIm constituent in supramolecular ionic liquid gel 

with ethyl acrylate main chain polymer [PAcγ-CD-Ad-EA IG(1,1)] (DMSO-d6 for standard, 400 

MHz, 25 ⁰C). 
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Figure 2-15.  2D DOSY NMR spectrum of EMIm constituent in supramolecular ionic liquid gel 

with butyl acrylate main chain polymer [PAcγ-CD-Ad-BA IG(1,1)]  (DMSO-d6 for standard, 400 

MHz, 25 ⁰C). 

 

 Figure 2-16a shows the D of the EMIm substituent in the IGs.  PAcγ-CD-Ad-EA 

IG(1,1)  (Figures 2-14) showed faster D than the PAcγ-CD-Ad-EA IG(1,1)  (Figures 2-

15) because EA main chain polymer based IGs has shorter main chain compare with BA 

main chain polymer based IGs.  The D of PAcγ-CD-Ad-EA IG(1,1) (2.30×10-9 cm2/s) was 

faster than those of the EA IG(1) (7.99×10-10 cm2/s), Ad-EA IG(1,0.1) (2.49×10-10 cm2/s), 

or PAcγ-CD-EA IG(1,0.1) (1.09×10-9 cm2/s).  The D of PAcγ-CD-Ad-EA IG(1,1) 

(2.30×10-9 cm2/s) showed similar result with EMIm TFSI (2.83×10-9 cm2/s, Figure 2-13).  

These results showed that flexible and reversible host-guest interaction makes the ionic 

liquid easier to mobile in the polymer structure.  EMIm substituent mobile faster in PAcγ-

CD-Ad-R IG compared to EMIm substituent in chemically cross-linked IGs.  

 Figure 2-16b schematically illustrates the mobility of ionic liquid constituent in 

the IGs.  Ionic liquid constituent almost static in the chemically cross-linked IGs due to 

anchored network, whereas in the PAcγ-CD-Ad-R IGs shows high mobility of ionic liquid 

constituent due the flexible and reversible host-guest cross-linking point.  Therefore, the 

supramolecular polymeric ionic liquid gels has faster ionic mobility than those in 

chemically cross-linked ionic liquid gels. 
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Figure 2-16.  (a) Self-diffusion coefficient of EMIm constituent from EMIm and ionic liquid gels 

[R IG(1), Ad-R IG(1,0.1), PAcγ-CD-R IG(1,0.1), and PAcγ-CD-Ad-R IG(1,1)].  (b) Schematic 

illustration for EMIm TFSI constituent mobility in IGs. 

 

2.3.5. Mobility and number of ions in the ionic liquid gels 

 From previous section, D of ionic liquid gels were successfully measured then the 

mobility of EMIm substituent (μ) can be proved by solving Einstein-Smoluchowski 

equation: 

𝜇 =
𝐷 · 𝑞

𝑘𝐵 · 𝑇
 

also number of ion carriers in IGs (n) can be calculated through Nernst-Einstein equation: 

𝑛 =
𝑞 · 𝜇

𝜎
 

where q is electrical charge of a particle in this case is EMIm substituent which is 1, D is 

self-diffusion coefficient which obtained from previous section,  kB is Boltzmann’s 

constant (1.38 × 10-23
 J/K), T is temperature which is constant 25⁰C (298 K), and σ is ionic 

conductivity which can be value obtained from ionic conductivity section.  Table 2-9 

summarizes the μ and n of ionic liquid gels. 

 The μ of PAcγ-CD-Ad-EA IG(1,1) as faster those that of the EA IG(1), Ad-EA 

IG(1,0.1), or PAcγ-CD-EA IG(1,0.1) which is consequence with D results.  The trend also 

similar in BA main chain polymer.  Since the mobility of PAcγ-CD-Ad-EA IG(1,1) is high 

therefore the number of ions in PAcγ-CD-Ad-EA IG(1,1) is the lowest compared to other 

IGs. 
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Table 2-9.  Mobility and number of EMIm constituent from ionic liquid gels [R IG(1), Ad-R 

IG(1,0.1), PAcγ-CD-R IG(1,0.1), and PAcγ-CD-Ad-R IG(1,1)].   

 

Chemical structures μ × 106/ m2·V-1·s-1 n × 107 

EA IG(1) 20 36 

Ad-EA IG(1,0.1) 6.1 16 

PAcγ-CD-EA IG(1,0.1) 26 12 

PAcγ-CD-Ad-EA IG(1) 55 7.3 

BA IG(1) 4.5 2400 

Ad-BA IG(1,0.1) 1.3 2300 

PAcγ-CD-BA IG(1,0.1) 6 100 

PAcγ-CD-Ad-BA IG(1) 13 34 

 

2.3.6. Correlation between ionic conductivity and Young’s modulus 

 Panzer et al.40 reported relationship between σ and Young’s modulus.  They 

demonstrated that materials with low Young’s modulus expected to show high σ.  

However, preparing materials less than 50 kPa is big challenge because this kind of 

materials will be soft and brittle.  Herein, supramolecular polymeric IGs (PAcγ-CD-Ad-

R IGs) solved this problem with lower Young’s modulus and also high σ.  Figure 2-17a 

and 2-17b summarize the correlation between Young’s modulus and σ of IGs.  The σ of 

PAcγ-CD-Ad-R IG was higher than those of R IG, Ad-R IG, and PAcγ-CD-R IG although 

it showed low Young’s modulus.  These results successfully shown that host-guest 

interactions with low cross-linking density still showed high σ. 

 

 
Figure 2-17.  Correlation between ionic conductivity and Young’s modulus for (a) EA main chain 

polymer based IGs and (b) BA main chain polymer based IGs.  [□: R IG(z), ○: Ad-R IG(y,0.1), 

△: PAcγ-CD-R IG(x,0.1), ◇: PAcγ-CD-Ad-R IG(x,y); Black, blue, and red color for 0.5, 1, and 2 

mol%, respectively]. 
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2.4. Conclusion 

 Supramolecular polymeric IGs were prepared from immersion of elastomer made 

from bulk copolymerization between PAcγ-CD and Ad containing acrylate monomers in 

EMIm TFSI.  The PAcγ-CD-Ad-R elastomer showed largest swelling ratio compared the 

other chemically cross-linked elastomers.   This caused by during immersion in EMIm 

TFSI, host-guest cross-linking point in PAcγ-CD-Ad-R elastomer relaxed which made 

EMIm TFSI easier to penetrate to PAcγ-CD-Ad-R elastomer compared to the chemically 

cross-linked elastomers.  The σ of IGs is in consequence with Young’s modulus and D of 

EMIm substituent from EMIm TFSI in the IGs.  The PAcγ-CD-Ad-R IGs showed lower 

Young’s modulus than those of the chemically cross-linked IGs, indicating that the cross-

linking density of the PAcγ-CD-Ad-R IGs was the lowest.  This low cross-linking density 

of PAcγ-CD-Ad-R IG made EMIm substituent from EMIm TFSI easier to mobile 

compared to the chemically cross-linked IGs which resulted into higher σ. The σ and D 

of PAcγ-CD-Ad-EA IG were almost similar with EMIm TFSI as native ionic liquid. In 

conclusion, host-guest interaction in the supramolecular polymeric IGs is an important 

part for preparing low cross-linking density materials which show high σ.  This 

supramolecular polymeric IGs based on host-guest interaction also expectable to be 

applied as electrochemical materials in the future because minimum σ required to prepare 

electrochemical materials is equal or over 0.1 mS/cm.41 
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Chapter 3 

Mechanical and self-recovery properties of supramolecular ionic liquid 

elastomers based on host-guest interaction and correlation with ionic 

liquid content 

 

3.1. Introduction 

Supramolecular materials1-3 based on noncovalent interactions, including 

hydrophobic interactions,4 π-π stacking,5-6 metal-ligand interactions,7-8 electrostatic 

interactions,9 and hydrogen bonds,10 have attracted attention for their mechanical 

properties. Host-guest interactions are noncovalent interactions that can easily be 

introduced into self-healing materials.11-12 Crown ethers, 13-14 calixarenes,15-16 

cucurbiturils,17-19 pillararenes,20-21 and cyclodextrins (CDs)22-24 are common macrocylic 

molecules that act as host molecules. Previously,25 by polymerizing CD and guest 

monomers, supramolecular materials were prepared with enhanced mechanical properties 

compared to covalently cross-linked materials. 

Recently, ionic liquids have been utilized in polymer networks because of their 

great physicochemical properties, such as negligible volatility, high thermal and 

electrochemical stability, non-flammability, and great ionic conductivity at room 

temperature.26-28 The purpose of utilizing in polymer networks was to prevent leakage of 

ionic liquids during practical application.29 There are several methods used to incorporate 

ionic liquids into polymer networks, such as polymerizing the monomers,30-31 using as 

polymerization solvents,32-36 and swelling the elastomeric films.37-43 

Several types of ionic gels with high ionic conductivity (σ) have been reported.44-

49 Previously,50-51 supramolecular materials with self-healing and tough materialwere 

reported but these materials were in a hydrogel state therefore it is hard to be used in 

electrochemical application.  Herein, supramolecular polymeric ionic liquid elastomers 

[PAcγ-CD-Ad-Acrylate IE(x)] were prepared using peracetylated acrylamide-methyl 

ether-modified γ-CD host molecules (PAcγ-CD, Figure 3-1a) and 2-ethyl-2-adamanthyl 

acrylate (Ad) guest molecules in the presence of various acrylates [methyl acrylate (MA), 

ethyl acrylate (EA), n-butyl acrylate (BA), and methyl methacrylate (MMA)] to form 
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supramolecular polymeric materials. The acrylates as the side chains tethered the host and 

guest units.  The supramolecular polymeric materials were swelled in 1-ethyl-3-

methylimidazolium bis(trifluoro-methylsulfonyl)imide (EMIm TFSI) ionic liquid (Figure 

3-1b).  The PAcγ-CD-Ad-Acrylate IE(x) higher fracture energy than chemically cross-

linked IEs although in low cross-linking density (low Young’s modulus).  In addition, the 

PAcγ-CD-Ad-Acrylate IE(x) can be self-recovered which chemically cross-linked IEs 

cannot achieve.   

 

 

Figure 3-1. Chemical structures of (a) the host monomer: peracetylated 6-acrylamido 

methylether-γ-CD (PAcγ-CD), (b) ionic liquid: 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide (EMIm TFSI), and (c) supramolecular polymeric elastomer 

swollen with EMIm TFSI [PAcγ-CD-Ad-Acylate IE(x)] and chemically cross-linked elastomer 

swollen with EMIm TFSI [Acrylate IE(y)].  (d) Group of side chain monomers (Acrylate): methyl 

acrylate (MA), ethyl acrylate (EA), butyl acrylate (BA), and methyl methacrylate (MMA).  The 

mol% content of cross-linking unit of the host-guest inclusion complex (PAcγ-CD and Ad) and 

BDA units indicated as x and y, respectively.  
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3.2. Experimental section 

3.2.1. Materials 

γ-CD was purchased from Junsei Chemical Co., Ltd.  MA, EA, BA, and MMA 

were obtained from Toagosei Co., Ltd.  1-Hydroxy cyclohexyl phenyl ketone 

(IRGACURE 184, Ciba) was purchased from BASF Japan Co., Ltd.  Ad was purchased 

from Osaka Organic Chemical Industry Ltd.  Acetic anhydride, 1,4-butanediol diacrylate 

(BDA), and bromoethane were obtained from Nacalai Tesque Inc.  Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) was obtained from Tokyo Chemical 

Industry Co., Ltd.  PAcγ-CD was prepared according to Scheme 2-1 in chapter 2.  EMIm 

TFSI was also prepared according to Schemes 2-2 – 2-3 in chapter 2.  CDCl3 and pyridine 

were obtained from Wako Pure Chemical Industries, Ltd.  DMSO–d6 was obtained from 

Merck & Co., Inc.  Water used for the preparation of the aqueous solutions was purified 

with a Millipore Elix 5 system.  Other reagents were used without further purification.  

 

3.2.2. Characterization 

1H, 13C, and 19F nuclear magnetic resonance (NMR) spectra were recorded with 

JEOL-ECA-500 spectrometer at 25 °C. at 500 MHz (for 1H), 125 MHz (for 13C), and 470 

MHz (for 19F),     Solid–state 1H field gradient magic angle spinning (FGMAS) NMR 

spectra was recorded at 400 MHz with a JEOL JNM–ECA 400 NMR spectrometer with 

a sample spinning rate of 7 kHz.  In all the solid-state NMR measurements, the chemical 

shifts were referenced to residual protons values of the deuterated solvent [1H NMR: δ = 

0 ppm for tetramethylsilane (TMS) and 2.49 ppm for DMSO-d6; 
13C NMR: δ = 0 ppm for 

TMS and 39.52 ppm for DMSO-d6].   
19F NMR spectra were calibrated using the external 

standard CFCl3 (δ = 0 ppm).  Mass spectrometry was performed using Bruker autoflex 

speed positive-ion matrix-assisted laser desorption/ionization time-of-flight (MALDI-

TOF MS) mass spectrometer using 2,5-dihydroxybenzoic acid as matrix.  The mechanical 

properties of the IEs were measured using universal tensile test machine Autograph AG-

X plus with 50 N load cell at deformation rate 1.0 mm/s.  The conductivity of the IEs was 

measured by a Hewlett-Packard 4284A Precision LCR [inductance (L), capacitance (C), 

and resistance (R)] meter at a frequency of 20 Hz-1 MHz using electrode made from 

stainless steel with sample size 20 mm in diameter. 
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3.3. Results and discussion 

3.3.1. Preparation of the supramolecular ionic liquid elastomer 

The supramolecular polymeric IEs based on inclusion complex between CD with 

guest unit [PAcγ-CD-Ad-Acrylate IE(x)] with similar procedure as in chapter 2 (Scheme 

3-1).53 PAcγ-CD as a host monomer and Ad as a guest monomer were sonicated in an 

acrylate monomer (MA, EA, BA, or MMA) to form inclusion complex.  To produce the 

supramolecular elastomer, IRGACURE 184 was added to perform bulk radical 

copolymerization with irradiation of UV 365 nm.  Then, supramolecular elastomer was 

swollen in the EMIm TFSI to obtain PAcγ-CD-Ad-Acrylate IE(x) (Tables 3-1 – 3-4).  

Chemically cross-linked IEs [Acrylate IE (y), Figure 3-1c and Tables 3-5 – 3-8] were 

prepared for a comparison of the mechanical properties with similar methods using BDA 

as chemical cross-linker. 

Solid–state 1H field gradient magic angle spinning (FGMAS) NMR was used to 

characterize PAcγ-CD-Ad-Acrylate elastomer(x) and PAcγ-CD-Ad-Acrylate IE(x) 

(Figures 3-2 – 3-9).   

 
 

 

Scheme 3-1. Preparation of the PAcγ-CD-Ad-Acrylate IE(x).  x indicate the mol% of cross-linker 

from host guest inclusion complex between PAcγ-CD and Ad units.  Group of side chain 

monomers (Acrylate): methyl acrylate (MA), ethyl acrylate (EA), butyl acrylate (BA), and methyl 

methacrylate (MMA). 
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Table 3-1.  Preparation of PAcγ-CD-Ad-MA elastomer(x). 

 

x PAcγ-CD / g Ad / g 1 / g IRGACURE 184 / g 

0.5 0.69 0.07 5.00 0.02 

1 1.38 0.14 5.00 0.02 

2 2.78 0.28 5.00 0.02 

 

Table 3-2.  Preparation of PAcγ-CD-Ad-EA elastomer(x). 

 

x PAcγ-CD / g Ad / g 2 / g IRGACURE 184 / g 

0.5 0.59  0.06  5.00 0.02 

1 1.20  0.12 5.00 0.02 

2 2.44  0.24 5.00 0.02 

 

Table 3-3.  Preparation of PAcγ-CD-Ad-BA elastomer(x). 

 

x PAcγ-CD / g Ad /g 3 / g IRGACURE 184 / g 

0.5 0.46 0.05 5.00 0.02 

1 0.93 0.09 5.00 0.02 

2 1.91 0.19  5.00 0.02 

 

Table 3-4.  Preparation of PAcγ-CD-Ad-MMA elastomer(x). 

 

x PAcγ-CD / g Ad /g 4 / g IRGACURE 184 / g 

0.5 0.59 0.06 5.00 0.02 

1 1.20 0.12 5.00 0.02 

2 2.44 0.24 5.00 0.02 
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Table 3-5.  Preparation of MA elastomer(y). 

 

y BDA / g 1 / g IRGACURE 184 / g 

0.5 0.06 5.00 0.02 

1 0.12 5.00 0.02 

2 0.23 5.00 0.02 

 

Table 3-6.  Preparation of EA elastomer(y). 

 

y BDA / g 2 / g IRGACURE 184 / g 

0.5 0.05 5.00 0.02 

1 0.10 5.00 0.02 

2 0.20  5.00 0.02 

 

Table 3-7.  Preparation of BA elastomer(y). 

 

y BDA / g 3 / g IRGACURE 184 / g 

0.5 0.04 5.00 0.02 

1 0.08 5.00 0.02 

2 0.16  5.00 0.02 

 

Table 3-8.  Preparation of MMA elastomer(y). 

 

y BDA / g 4 / g IRGACURE 184 / g 

0.5 0.05 5.00 0.02 

1 0.10 5.00 0.02 

2 0.20 5.00 0.02 
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Figure 3-2.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-MA elastomer(1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 

 

1H NMR (400 MHz, Chloroform-d): δ = 7.05 (-NH-), 5.42-5.28 (C(3)H of CD), 5.19-5.11 

(C(1)H of CD), 4.81-4.66 (C(2)H of CD), 4.50-4.29 (C(6)H of CD), 4.13-4.01 (C(5)H of CD), 

3.85-3.50 (-CH3 of MA and C(4)H of CD), 2.45-2.20 (-CH3 of acetyl), 2.15-1.88 (-CH-, -CH2-, 

and -CH2CH3 of Ad), 1.78-1.17 (-CH2CH- of side chain), 0.83-0.73 (-CH3 of Ad). 

 

 
Figure 3-3.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-MA IE(1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = δ 8.58 (-NCHN+- of EMIm TFSI), 7.49 (-NCHCH- of 

EMIm TFSI), 7.40 (-N+CHCH- of EMIm TFSI), 5.42-4.29 (C(1,2,3,6)H of CD), 4.22 (-N+CH2- 

of EMIm TFSI), 3.90 (-NCH3 of EMIm TFSI),  3.70-3.43 (-CH3 of MA and C(4)H of CD), 2.79-

2.55 (-CH3 of acetyl), 2.51-2.13 (-CH-, -CH2-, and -CH2CH3 of Ad), 2.10-1.59 2.02 (-CH2CH- of 

side chain), 1.48 (-CH2CH3 of EMIm TFSI), 0.88-0.68 (-CH3 of Ad). 
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Figure 3-4.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-EA elastomer(1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 7.05 (-NH-), 5.38-5.29 (C(3)H of CD), 5.17-5.10 

(C(1)H of CD), 4.52-4.27 (C(2,6)H of CD), 4.16-4.04 (-CH2CH3 of EA), 3.80-3.68 (C(4,5)H of 

CD), 2.35-2.29 (-CH3 of acetyl), 2.15-2.03 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.97-1.41 (-

CH2CH- of side chain), 1.30-1.23 (-CH3 of EA), 0.82-0.78 (-CH3 of Ad). 

 

 
Figure 3-5.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-EA IE(1) (TMS for standard, 

400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 8.47 (-NCHN+- of EMIm TFSI), 7.38 (-NCHCH- of 

EMIm TFSI), 7.31 (-N+CHCH- of EMIm TFSI), 5.31-4.70 (C(1,2,3,6)H of CD), 4.14 (-N+CH2- 

of EMIm TFSI), 3.99-3.95 (-CH2CH3 of EA), 3.80 (-NCH3 of EMIm TFSI), 2.59 (-CH3 of acetyl), 

2.24 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.95-1.61 (-CH2CH- of side chain), 1.39 (-CH2CH3 of 

EMIm TFSI), 1.12 (-CH3 of EA), 0.68 (-CH3 of Ad). 
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Figure 3-6.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-BA elastomer(1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 7.03 (-NH-), 5.38-5.32 (C(3)H of CD), 5.18-5.10 

(C(1)H of CD), 4.50-4.16 (C(2,6)H of CD), 4.09-3.98 (-CH2CH2- of BA), 3.76-3.69 (C(4,5)H of 

CD), 2.28-2.26 (-CH3 of acetyl), 2.15-1.70 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.66-1.26 (-

CH2CH- of side chain), 0.95-0.92 (-CH3 of BA), 0.79 (-CH3 of Ad). 

 

 
Figure 3-7.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-BA IE(1) (TMS for standard, 

400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 8.63-8.50 (-NCHN+- of EMIm TFSI), 7.50-7.31 (-

NCHCHN+- of EMIm TFSI), 5.80-4.71 (C(1,2,3,6)H of CD), 4.14 (-N+CH2- of EMIm TFSI),  

3.88-3.80 (-CH2CH2- of BA, C(4,5)H of CD, and -NCH2- of EMIm TFSI), 2.64 (-CH3 of acetyl), 

2.25 (-CH-, -CH2-, and -CH2CH3 of Ad), 1.92 (-CH2CH- of side chain), 1.39 (-CH2CH3 of EMIm 

TFSI), 0.91-0.70 (-CH3 of BA and -CH3 of Ad). 
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Figure 3-8.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-MMA elastomer(1) (TMS 

for standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 
 

1H NMR (400 MHz, Chloroform-d): δ = 7.05 (-NH-),  5.42-5.29 (C(3)H of CD), 5.24-5.10 

(C(1)H of CD), 4.80-4.71 (C(2)H of CD), 4.56-4.23 (C(6)H of CD), 4.15-4.04 (C(5)H of CD), 

3.80-3.57 (-CH3 of methyl in MMA and C(4)H of CD), 2.43-2.18 (-CH3 of acetyl),  2.18 – 1.83 

(-CH-, -CH2-, -CH2CH3 of Ad, and -CH3 of methacrylate in MMA ), 1.80-1.19 (-CH2CH- of side 

chain), 0.85-0.74 (-CH3 of Ad). 

 

 
Figure 3-9.  Solid-state 1H FGMAS NMR spectrum of PAcγ-CD-Ad-MMA IE(1) (TMS for 

standard, 400 MHz, 25 ⁰C, rotation frequency = 7 kHz). 

 

1H NMR (400 MHz, Chloroform-d):  δ = δ 8.78 (-NCHN+- of EMIm TFSI), 7.48 (-NCHCH- of 

EMIm TFSI), 7.42 (-N+CHCH- of EMIm TFSI), 7.32 (-NH-), 6.39-27 (C(3)H of CD), 6.22-6.06 

(C(1)H of CD), 4.77-4.64 (C(2)H of CD), 4.69-4.18 (C(6)H of CD), 3.97 (-N+CH2- of EMIm 

TFSI), 3.76 (-NCH3 of EMIm TFSI), 3.69-3.37 (-CH3 of methyl in MMA and C(4,5)H of CD), 

2.42-2.26 (-CH3 of acetyl), 2.19-1.88 (-CH-, -CH2-, -CH2CH3 of Ad, and -CH3 of methacrylate in 

MMA ), 1.68 (-CH2CH3 of EMIm TFSI), 1.50-0.94 (-CH2CH- of side chain), 0.92-0.74 (-CH3 of 

Ad). 
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3.3.2. Mechanical properties of the ionic liquid elastomers 

The mechanical properties of the PAcγ-CD-Ad-Acrylate IE(x) were investigated 

and compared with the Acrylate IE(y).  The stress and strain curves of the PAcγ-CD-Ad-

Acrylate IE(x) and Acrylate IE(y) were evaluated while using tensile speed of 1.0 mm/s.  

Then from these strain-stress curves, mechanical properties such as ultimate strength, 

Young’s modulus and fracture energy were measured and summarized as Table 3-9 and 

Figures 3-10 – 3-11.  Every acrylate groups showed different ultimate strength.  The PAcγ-

CD-Ad-MMA IE(1) showed ultimate strength (8 MPa) which similar to the chemically 

cross-linked MMA IE(1) (8 MPa).  However, PAcγ-CD-Ad-EA IE(1) showed more elastic 

properties with lower ultimate strength (0.1 MPa) compared to the chemically cross-

linked EA IE(1) (0.18 MPa).   

PAcγ-CD-Ad-MMA IE(1) also showed lower Young’s modulus (34 MPa) 

compared to chemically cross-linked MMA IE(1) (66 MPa).  PAcγ-CD-Ad-EA IE(1) with 

more elastic properties also showed lower Young’s modulus: 0.01 MPa compared to 

chemically cross-linked EA IE(1) (0.81 MPa).  These results are caused by the cross-

linking points between CD and Ad units in PAcγ-CD-Ad-Acrylate IE(x) can associate and 

dissociate freely. 

The fracture energy for the PAcγ-CD-Ad-Acrylate IE(1) and Acrylate IE(1) also 

investigated.  The PAcγ-CD-Ad-MMA IE(1) showed fracture energy values comparable 

with the chemically cross-linked MMA IE(1).  As for fracture energy, the PAcγ-CD-Ad-

BA IE(1) showed a higher fracture energy (3200 kJ/m2) compared to the chemically cross-

linked BA IE(1) (43 kJ/m2).  PAcγ-CD-Ad-MA IE(1) and PAcγ-CD-Ad-EA IE(1) also 

showed same trends.  These results showed that to increase the fracture energy of the IEs 

the host-guest interaction is important.  
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Figure 3-10.  Young’s modulus of elastomers swollen by EMIm TFSI. 

Chemical structures Strength / MPa 
Young’s 

modulus / MPa 
Fracture energy / 

kJ·m-2 

PAcγ-CD-Ad-MA IE(1) 0.060 0.08 180 

PAcγ-CD-Ad-EA IE(1) 0.10 0.01 310 

PAcγ-CD-Ad-BA IE(1) 0.50 0.01 3200 

PAcγ-CD-Ad-MMA IE(1) 8.0 34 870 

MA IE(1) 0.40 1.4 98 

EA IE(1) 0.20 0.80 22 

BA IE(1) 0.20 0.90 43 

MMA IE(1) 8.0 66 750 

 

Table 3-9 Mechanical properties of supramolecular ionic liquid elastomer [PAcγ-CD-Ad-

Acrylate IE(1)] and chemically cross-linked elastomer [Acrylate IE(1)].  Acrylate: methyl 

acrylate (MA), ethyl acrylate (EA), butyl acrylate (BA), and methyl methacrylate (MMA). 
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Figure 3-11.  Fracture energy of elastomers swollen by EMIm TFSI. 

 

EMIm TFSI content also show relationship with the fracture energy [Figure 3-12a 

for PAcγ-CD-Ad-Acrylate IE(x) and Figure 3-12b for Acrylate IE(y)].  EMIm TFSI 

content in IE was controlled by first calculating to mass of elastomer (WE) and then EMIm 

TFSI that required for immersion (WIL) was calculated to obtain controlled EMIm TFSI 

content in the sample.   

IL=
WIE-WE

WIE
×100%      where       WIE = 𝑊𝐼𝐿 + 𝑊𝐸 

IL=
(WIL + WE)-WE

(WIL + WE)
×100% 

IL is EMIm TFSI content in weight percent.  WIE is weight of elastomers after immersion 

in EMIm TFSI.  WE is weight of elastomers.  WIL is the weight of EMIm TFSI required 

for immersion.  By solving the equation, WIL required for the controlled EMIm TFSI 

content can be obtained. 

The higher EMIm TFSI content often decreasing mechanical property values, 

however at a certain point around 20-60%, local maxima of the fracture energy were 

observed. The fracture energy of PAcγ-CD-Ad-MA IE(1)and PAcγ-CD-Ad-BA IE(1) 

decreased during the addition of ionic liquid content, but the fracture energy increased 

again to show peaks at a 41% and a 24% EMIm TFSI content, respectively.  The PAcγ-

CD-Ad-MMA IE(1) also showed a local peak of the fracture energy at a 5% EMIm TFSI 

content.  Figure 3-12a and 3-12b also compares that in every EMIm TFSI content, PAcγ-
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CD-Ad-Acrylate IE(x) shows higher fracture energy than Acrylate IE(y).  These results 

indicate that at certain amounts of EMIm TFSI affecting the association and dissociation 

host-guest interactions in PAcγ-CD-Ad-Acrylate IE(x).  

 

 

Figure 3-12.  Relationship between the fracture energy and ionic liquid (EMIm TFSI) content for 

(a) supramolecular ionic liquid elastomer   [PAcγ-CD-Ad-acrylate IE(1)] and (b) chemically 

cross-linked ionic liquid elastomer [Acrylate IE(1)].  [■: Methyl acrylate (MA), ◆: ethyl acrylate 

(EA), ▲: butyl acrylate (BA), and ▼: methyl methacrylate (MMA)].  

 

3.3.3. Stress relaxation behavior of the ionic liquid elastomers 

The stress relaxation test was used to the proof the behavior of the CD/Ad host-

guest interactions in the IEs, the test was done for both PAcγ-CD-Ad-Acrylate IE(1) and 

Acrylate IE(1) in their maximum EMIm TFSI content.  In the stress relaxation test, the 

IEs were stretched to a 5% strain using a universal test machine and keep the 5% strain 

for 1 hour then the stress was observed.  Data acquired from universal tensile test machine 

then fitted with Maxwell method curve fitting.  The stress-relaxation curves of 

supramolecular polymeric ionic liquid elastomers [PAcγ-CD-Ad-Acrylate IE(1)] were 

fitted with two-order exponential equation (τ’ and τ) whereas chemically cross-linked 

ionic liquid elastomers [Acrylate IE(1)] were fitted with one-order exponential equation 

(τ) whereas  

Fitting equation: 

PAcγ-CD-Ad-Acrylate IE(1) 𝜎𝑡 = 𝜎0 + 𝐺1𝑒
−(

𝑡

𝜏
) + 𝐺2𝑒

−(
𝑡

𝜏′
)
 

Acrylate IE(1) 𝜎𝑡 = 𝜎0 + 𝐺1𝑒
−(

𝑡

𝜏
)
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σt is the stress at a certain time t; σ0 is the peak stress; Gi is constant; τ is slow relaxation 

time constant for PAcγ-CD-Ad-Acrylate IE(1) and Acrylate IE(1), respectively; τ’ is rapid 

relaxation time constant for PAcγ-CD-Ad-Acrylate IE(1).  All stress values were 

normalized with initial stress normalized as 1 and plotted (Figure 3-13a). 

The stress relaxation time constants were obtained from the curve fitting of the 

stress relaxation curve profile with exponential decreasing model. The PAcγ-CD-Ad-

Acrylate IE(x) showed two relaxation modes (slow and rapid relaxation mode).  On the 

other hand, Acrylate IE(y) showed single relaxation mode (slow relaxation mode).  Figure 

3-13b summarizes the stress relaxation time constants for slow relaxation mode (τ).  The 

τ of PAcγ-CD-Ad-Acrylate IE(1) [PAcγ-CD-Ad-MA IE(1): 120 s, PAcγ-CD-Ad-EA IE(1): 

160 s, PAcγ-CD-Ad-BA IE(1): 180 s, and PAcγ-CD-Ad-MMA IE(1): 170 s] were 

approximately one order higher than those of the chemically cross-linked Acrylate IE(1) 

[MA IE(1): 9.2 s, EA IE(1): 17 s, BA IE(1): 62 s, and MMA IE(1): 38 s].  Higher τ values 

suggest the presence of host-guest interactions in PAcγ-CD-Ad-Acrylate IE(x) due to 

slower molecular motions.  The results also suggested longer size of side chain like PAcγ-

CD-Ad-BA IE(1) and bulky size of side chain like PAcγ-CD-Ad-MMA IE(1) showed 

slower stress relaxation compared to smaller size of side chain such as PAcγ-CD-Ad-MA 

IE(1) and PAcγ-CD-Ad-EA IE(1).  

The stress relaxation time constants for rapid relaxation mode (τ’) only achieved 

PAcγ-CD-Ad-Acrylate IE(x) (Figure 3-13c).  This because host-guest interactions 

between PAcγCD and Ad in the IEs PAcγ-CD-Ad-Acrylate IE(x) suggested fast 

association and dissociation which contribute to the effective stress dispersion mechanism 

of the PAcγ-CD-Ad-Acrylate IE(x). 
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Figure 3-13. (a) Stress relaxation behavior of the supramolecular ionic liquid elastomer [PAcγ-

CD-Acrylate IE(1), solid lines] and chemically cross-linked ionic liquid elastomer [Acrylate IE(1), 

dashed lines) in their maximum EMIm TFSI content stretched until 5% strain for 1 hour.  (b) 

Slow relaxation time constant and (c) rapid relaxation time constant of the PAcγ-CD-Ad-Acrylate 

IE(1) and Acrylate IE (1).  
 

3.3.4. Correlation between EMIm TFSI content and ionic conductivity of the ionic 

liquid elastomers 

Utilizing an ionic liquid in the materials mean utilizing the ionic conductivity 

properties.  The ionic conductivity (σ) was measured with same method as in chapter 2.  

The σ of EMIm TFSI, the PAcγ-CD-Ad-Acrylate IE(x), and the Acrylate IE(y) are shown 

at Figure 3-14.  In this chapter, the relation of EMIm TFSI content with the σ in the PAcγ-

CD-Ad-Acrylate IE(1) was observed (Figure 3-15).  The results showed at approximately 

60% of the EMIm TFSI content, the σ values supramolecular polymeric IEs in drastically 

increases.  However, chemically cross-linked IEs did not show any significant increase 

of σ.  Some chemically cross-linked IEs cannot even contain EMIm TFSI at high content 

(<60%).  EMIm TFSI could penetrate through the PAcγ-CD-Ad-MA IE(1) and PAcγ-CD-

Ad-EA IE(1) with a maximum content of over 60%, which makes PAcγ-CD-Ad-MA IE(1) 

and PAcγ-CD-Ad-EA IE(1) show high σ values, whereas the PAcγ-CD-Ad-BA IE(1) and 

PAcγ-CD-Ad-MMA IE(1) could only contain maximum of 53% and 25% of EMIm TFSI, 

respectively.  Therefore, the PAcγ-CD-Ad-BA IE(1) and PAcγ-CD-Ad-MMA IE(1)  

showed lower σ values.  
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Figure 3-14. Ionic conductivity of EMIm TFSI and elastomers swollen in EMIm TFSI. 

  

Figure 3-15 also shows the σ at similar EMIm TFSI between PAcγ-CD-Ad-

Acrylate IE(1) and Acrylate IE(1).  At 65% EMIm TFSI content, PAcγ-CD-Ad-MA IE(1) 

(σ=2.1 mS/cm) showed higher σ than MA IE(1) (σ=0.40 mS/cm) and also for around 75% 

EMIm TFSI content PAcγ-CD-Ad-EA IE(1) (σ=4.1 mS/cm) showed higher σ than EA 

IE(1) (σ=0.50 mS/cm).  This result proved that reversible and elastic cross-linker in 

supramolecular IEs PAcγ-CD-Ad-MA IE(1) and PAcγ-CD-Ad-EA IE(1) makes mobility 

of substituents of EMIm TFSI are faster compared to mobility of substituents of EMIm 

TFSI inside the chemically cross-linked IE MA IE(1) and EA IE(1) which resulted into 

higher σ.  

 

 
Figure 3-15. Relationship between the ionic conductivity (σ) and ionic liquid (EMIm TFSI) 

content for supramolecular ionic liquid elastomer   [PAcγ-CD-Ad-Acrylate IE(1)] and chemically 

cross-linked ionic liquid elastomer [Acrylate IE (1)].  [■: Methyl acrylate (MA), ◆: ethyl acrylate 

(EA), ▲: butyl acrylate (BA), and ▼: methyl methacrylate (MMA)]. 
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3.3.5. Self-recovery properties of supramolecular ionic liquid elastomers  

Host-guest interactions are closely related to their self-recovery capability.  The 

self-recovery of the PAcγ-CD-Ad-Acrylate IE(1) also investigated. Calculation of 

recovery ratio provided as Figure 3-16 and 3-17.     

 

 

Figure 3-16.  Recovery ratio calculation procedure  
 

 

Figure 3-17.  Cyclic test for first cycle / initial state (black line) and after 12 h rest (red line) at 

room temperature (upper figure) and 80 ⁰C (lower figure): (a) PAcγ-CD-Ad-MA IE(1), (b) PAcγ-

CD-Ad-EA IE(1), (c) PAcγ-CD-Ad-BA IE(1), and (d) PAcγ-CD-Ad-MMA IE(1). 
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 Figure 3-18a shows the self-recovery properties test procedure using a protocol 

from previous report.56  The PAcγ-CD-Ad-Acrylate IE(1) was stretched into half of the 

plastic deformable region and then rested to the initial state.  Then, the PAcγ-CD-Ad-

Acrylate IE(1) was rested either at room temperature (RT) or 80 °C to investigate the 

temperature dependency on the self-recovery.  After 12 hours, the PAcγ-CD-Ad-Acrylate 

IE(1) was stretched again with the same strain value.   

Recovery ratio of supramolecular polymeric IE were calculated using hysteresis 

curve.  First, supramolecular polymeric IE samples were stretched until half of the plastic 

deformable region then let it back to initial state. From this first cycle hysteresis curve 

was obtained and calculated to measure the area under the curve.  Then, supramolecular 

polymeric IE samples were held either at RT or 80 ⁰C for 12 hours (different sample for 

both temperature).  After 12 hours, similar procedure was performed again as same as 

first cycle to obtain second cycle’s hysteresis curve and the area under the curve also 

calculated.  Last, the result of second cycle hysteresis area was divided with first cycle 

hysteresis area and times it with 100% to obtain recovery ratio. 

Figure 3-18b shows the recovery ratio of the PAcγ-CD-Ad-Acrylate IE(1) after 

two cycles at room temperature (RT) or 80 °C.  The PAcγ-CD-Ad-MA IE(1) and PAcγ-

CD-Ad-EA IE(1) showed full recovery results (100% and 99%, respectively) after 12 

hours at room temperature and at 80 °C, but the PAcγ-CD-Ad-BA IE(1) and PAcγ-CD-

Ad-MMA IE(1)  were almost fully recovered (98% and 80%, respectively) only at 80 °C.  

These results show that PAcγ-CD-Ad-MA IE(1) and PAcγ-CD-Ad-EA IE(1) with smaller 

size of the side chain acrylate show faster stress relaxation compared to PAcγ-CD-Ad-BA 

IE(1) and PAcγ-CD-Ad-MMA IE(1), respectively.  This phenomena is caused by longer 

size of side chain like BA and bulky size of side chain like MMA make the inclusion 

complex of PAcγCD and Ad units harder to re-join again after dissociation. 

Figure 3-18c schematically illustrates mechanism of the self-recovery.  Several 

host-guest interactions were dissociated when the PAcγ-CD-Ad-Acrylate IE(1) materials 

were stretched.  This dissociate behavior contributes to the high fracture energy because 

of the stress dispersion of the material.  Those host and guest units re-joined again through 

host-guest interactions to recover the cross-linking.  Thus, the self-recovery properties 

can be shown through this the material. 
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Figure 3-18. (a) Procedure for the self-recovery calculation.  (b) Recovery ratio for 

supramolecular ionic liquid elastomer [PAcγ-CD-Ad-Acrylate IE(1)] in their maximum EMIm 

TFSI content after 12 h at room temperature and 80 °C. (c) Schematic illustration of the self-

recovery mechanism.  

 

PAcγ-CD-Ad-MA IE(1) interestingly showed more than 100% recovery ratio after 

rested at 80 ⁰C, because MA is the smallest size of side chain which make self-recovery 

easier than longer or bulkier side chain.  This result was also supported by Young’s 

modulus of PAcγ-CD-Ad-MA IE(1) during self-recovery test (Figure 3-19).  PAcγ-CD-

Ad-MA IE(1) sample rested in RT showed similar Young’s modulus value with after first 

cycle (0.07 MPa).  However, when the PAcγ-CD-Ad-MA IE(1) sample rested at 80 ⁰C, it 

showed higher Young’s modulus (0.08 MPa) than the first cycle.  These results confirmed 

that the PAcγ-CD-Ad-Acrylate IE(1) shows self-recovery properties. 
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Figure 3-19.  Young’s modulus for self-recovery for PAcγ-CD-Ad-MA IE(1), PAcγ-CD-Ad-EA 

IE(1), PAcγ-CD-Ad-BA IE(1), and PAcγ-CD-Ad-MMA IE(1).   
 

3.4. Conclusions 

Supramolecular elastomer swollen by ionic liquid were successfully prepared.  

This materials were immersion of host-guest elastomer containing PAcγ-CD and Ad in 

EMIm TFSI.  The PAcγ-CD-Ad-Acrylate IE(x) have a flexible cross-linking points which 

resulted to lower Young’s modulus compared to the chemically cross-linked IEs.  Usually 

materials with low Young’s modulus materials are soft and brittle.  Even though the PAcγ-

CD-Ad-Acrylate IE(x) have low Young’s modulus, the fracture energy is higher compared 

to the chemically cross-linked IEs.  PAcγ-CD-Ad-MA IE(1) and PAcγ-CD-Ad-EA IE(1) 

also showed full recovery results both at 12 hours at room temperature and 80 °C.  In 

conclusion, supramolecular polymeric IEs with high fracture energy and self-recovery 

properties are successfully prepared by using host-guest interactions.  In the near future, 

supramolecular polymeric IEs based on host-guest interactions are promising for 

applications in self-recoverable electrochemical materials. 
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Chapter 4 

Self-healable cellulose nanofiber reinforced supramolecular polymeric 

materials based on host-guest interactions 

 

4.1. Introduction 

 Designing materials that can be both strong and tough is challenging because 

those properties are contradict to each other.1  Materials with less-strength will tend to be 

tougher because they are easier to dissipate the stress for enduring the deformation.2  

Many research effort has been done to prepare materials with higher strength and 

toughness.3-4 Breakthrough approach comes up by reinforcing fiber into the materials to 

increase mechanical properties.  By adding small amount of fiber into the materials, the 

mechanical properties of materials like plastics can be increased.  Several materials such 

as carbon fibers,5-7 carbon nanotubes,8-10 and graphene11-12 have been reported as fiber-

reinforced composites.  However, this fiber-reinforced composites have minus point in 

high production cost and recycling difficulty.  This difficulties have prompted researchers 

to use bio-based materials from renewable biomass to devise the idea of low cost and 

sustainable materials.  

In 2015, Hu et al. reported a nature inspired toughening mechanisms by using 

cellulose.13 Hu et al. used cellulose-based nanopaper and found that cellulose 

simultaneously increased both the strength and toughness.  Cellulose is the most abundant 

biomass and have been favorably utilized due to its renewability, nontoxicity, and 

chemical stability.14-15  One kind of high-value-added cellulose is cellulose nanofibers 

(CNFs).16  CNFs are wide available17-18 and biocompatible,19 as well as show excellent 

mechanical properties such as high elastic modulus (29-36 GPa)20 and tensile strength (1-

3 GPa)21 with relatively low density (~1.5 g/cm3).   

Various CNFs reinforced materials have been reported by benefiting these 

excellent mechanical properties.22-25  Recently, CNFs also introduced to reinforce 

supramolecular polymeric materials.26-29   Supramolecular polymeric materials are 

popular for their self-healing ability.30-39  Development of self-healing materials will 

reduce the waste from man-made polymers that threaten human health, wildlife, the 

oceans, and landfills.  Based on these problems, the idea about collaborating 



 

 

72 

 

biocompatible CNFs with self-healable supramolecular polymeric materials came up and 

somehow will actualize polymer researchers about preparing maintenance free materials 

with high mechanical properties.   

In this study, citric acid modified cellulose nanofiber (CAC) were introduced to 

reinforce supramolecular polymeric materials using host-guest interactions from 

peracetylated 6–acrylamido methylether–γ-CD (PAcγ-CD) and alkyl chain derivatives 

(Dod) with 2-hydroxyethyl acrylate (HEA) as main chain polymer [PAcγ-CD-Dod-HEA-

CAC(1,x)].  Previously, that host-guest interactions were reported as the easiest 

supramolecular chemistry to introduce in materials and their flexible polymer network 

will help local stress dissipation by while also giving self-healing properties.40-41  These 

properties are important in PAcγ-CD-Dod-HEA-CAC(1, x).  The PAcγ-CD-Dod-HEA-

CAC(1,x) was prepared by radical copolymerization of host-guest inclusion complex 

mixture containing CAC mixture.  As a reference, supramolecular polymeric materials 

without CAC also prepared [PAcγ-CD-Dod-HEA(1)].  The results showed that CAC in 

PAcγ-CD-Dod-HEA-CAC(1, x) increased the fracture energy with also showed higher 

self-healing ratio than supramolecular polymeric materials without CAC. 

 

4.2. Experimental section 

4.2.1. Materials  

 HEA, 12-aminolauric acid, and acryloyl chloride were purchased from Tokyo 

Chemical Industry Co., Ltd.   γ-Cyclodextrin (γ-CD) was purchased from Junsei Chemical 

Co. Ltd. IRGACURE 184 was purchased from BASF Japan Co., Ltd.  1,4-dioxane, ethyl 

acetate, sodium hydroxide (NaOH), hydrochloric acid (HCl), sodium sulfate (Na2SO4) 

were purchased from Nacalai Tesque Inc.  1-Butyl-3-methylimildazolium chloride 

(BMIm Cl) was purchased from Sigma Aldrich.  Pyridine were purchased from Wako 

Pure Chemical Industries, Ltd.  DMSO–d6 was obtained from Merck & Co., Inc. Water 

used for the preparation of the aqueous solutions was purified with a Millipore Elix 5 

system.  Other reagents were used without further purification.  PAcγ-CD as prepared 

according to Scheme 2-1 in chapter 2.  CAC was kindly provided by Prof. Hiroshi Uyama 

in Division of Applied Chemistry, Graduate School of Engineering, Osaka University. 
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4.2.2. Measurements.   

 1H and 13C spectra were recorded at 500 MHz with a JEOL-ECA-500 NMR 

spectrometer at 25 ⁰C.  In all NMR measurements, chemical shifts were referenced to the 

solvent values [1H NMR: δ = 0 ppm for tetramethylsilane (TMS) and 2.49 ppm for 

DMSO–d6, 
13C NM : δ = 0 ppm for TMS and 39.5 ppm for DMSO–d6).  Attenuated total 

reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) were recorded using a 

JASCO FT/IR-6100 spectrometer in the wavenumber range from 4000 to 400 cm-1 in 

ATR method.  Scanning electron microscope (SEM) images of surfaces were examined 

by JEOL JSM-7600F with accelerating voltage 2 kV.  Mechanical properties (fracture 

energy and Young’s modulus) of CAC reinforced supramolecular polymeric materials 

were measured using Autograph AG-X plus using a 50 N load cell with specific 

deformation rate 1 mm/s.   

 

4.2.3. Preparation of materials 

Preparation of 12-acrylamido dodecanoic acid (Dod) 

 

Scheme 4-1.  Preparation of 12-acrylamido dodecanoic acid (Dod). 

 

12-aminolauric acid (5 g, 323 mmol) and 2M NaOH (2.32 g NaOH in 29 mL water) 

were dissolved in 1,4-dioxane (0.10 L) and put in ice bath.  After the solution was cooled, 

acryloyl chloride (3.15 g, 35 mmol) was added dropwise.  The solution was stirred 

overnight in room temperature. Next day, HCl was added to solution until pH 2-3 and 

then the solution was extracted with ethyl acetate.  After extraction, the organic phase was 

filtrated to remove the salt and then extracted again with ethyl acetate.  Then, the solution 

was evaporated and dried at 40 ºC for 24 hours. Yield: 90%. 
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1H NMR (500 MHz, DMSO-d6) of Dod: δ = 11.92 (s, 1H, -NH), 7.99 (t, J = 5.6 Hz, 1H, -COOH), 

6.16 (dd, J = 17.1, 10.1 Hz, 1H, CH2CH-), 6.02 (dd, J = 17.1, 2.3 Hz, 1H, CH2CH-), 5.51 (dd, J 

= 10.1, 2.3 Hz, 1H, CH2CH-), 3.06 (td, J = 7.1, 5.7 Hz, 2H, -NHCH2CH2-), 2.14 (t, J = 7.4 Hz, 

2H, -CH2CH2COOH-), 1.44 (t, J = 7.3 Hz, 2H,-CH2(CH2)11CH2COOH), 1.37 (q, J = 6.8 Hz, 2H,-

CH2(CH2)11CH2COOH), 1.21 (t, J = 2.7 Hz, 14H,-CH2(CH2)11CH2COOH). 

 

4.3. Results and discussion  

4.3.1. Preparation of CNFs-reinforced supramolecular polymeric materials 

  Figure 4-2 shows the preparation method for the PAcγ-CD-Dod-HEA-CAC(1,x).  

Prior to mix with host-guest inclusion complex mixture, CAC was dissolved in BMIm Cl 

with 7.5wt% concentration at 100 ⁰C for 3 days (Figure 4-2a).  Host-guest inclusion 

complex mixture were formed from peracetylated 6-monoacrylamide-methyl ether-

modified monomer (PAcγ-CD; Scheme 2-1 in chapter 2) as a host monomer with 12-

(acrylamido) dodecanoic acid (Dod; Scheme 4-1) as a guest monomer in 2-hydroxyethyl 

acrylate monomer (HEA) (Figure 4-2b) and sonication for 90 minutes.   Radical 

copolymerization was carried by mixing CAC mixture into host-guest inclusion complex 

mixture using 1-hydroxycyclohexyl phenyl ketone (IRGACURE 184) as a photo induce 

radical initiator, successfully giving CAC reinforced supramolecular polymeric materials 

that still containing BMIm Cl. Then to remove BMIm Cl, CAC reinforced supramolecular 

polymeric materials was washed (with acetone and water) and dried to obtain PAcγ-CD-

Dod-HEA-CAC(1,x) (Figure 4-2c).  The notation 1 at PAcγ-CD-Dod-HEA-CAC (1,x) 

indicates mol% of host guest inclusion complex between PAcγ-CD and Dod units and x 

indicates the wt% of CAC (Table 4-1). 
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Figure 4-2. (a) Dissolving citric acid modified cellulose nanofibers (CAC) in 1-butyl-3-

methylimidazolium chloride (BMIm Cl) ionic liquid.  (b) Host-guest inclusion complex of 

peracetylated cyclodextrin (PAγcCD) and 12-(acrylamide) dodecanoic acid (Dod) in 2-

hydroxyethyl acrylate (HEA).  (c) Preparation of PAcγ-CD-Dod-HEA-CAC(1,x).  Notation 1 

indicates the mol% of host-guest interactions between PAcγ-CD and Dod, respectively and x 

indicates the wt% of CAC. 
 

Table 4-1.  Preparation of PAcγ-CD-Dod-HEA-CAC(1,x). 

(1,x) PAcγ-CD / g Dod / g HEA / g CAC / g IRGACURE 184 / mg 

(1,0) 0.4 0.05 2 0 7 

(1,1) 0.4 0.05 2 0.02 7 

(1,3) 0.4 0.05 2 0.7 7 

(1,5) 0.4 0.05 2 0.1 7 
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4.3.2. Characterization 

 Figure 4-3 shows the characterization of PAcγ-CD-Dod-HEA-CAC(1,x) using 

ATR-FTIR.  BMIm Cl and water removal was confirmed by no detection of imidazole 

absorption (3054 and 1565 cm-1) and –OH absorption from water at around 1640 cm-1.  

The reinforcement of CAC into supramolecular polymeric materials also successfully 

done by confirmation of C-O-C asymmetric bridge and glicosidic deformation absorption 

peak from CAC at 1159 and 1027 cm-1 attached with C-O-C stretching of acetoxy group 

from PAcγ-CD at 1430 and 1370 cm-1.  The absorbance intensity of C-O-C vibration also 

enhanced with increasing CAC (x) in PAcγ-CD-Dod-HEA-CAC(1,x).   

 The most important characterization was confirmation of inter molecular 

hydrogen bond between CAC and supramolecular polymer in PAcγ-CD-Dod-HEA-

CAC(1,x).   Intra and inter molecular hydrogen bond could be observed from two 

separated peaks in broad –OH stretching absorption around 3600-3200 cm-1, 

unfortunately these two peaks were not separated in PAcγ-CD-Dod-HEA-CAC(1,x) 

absorption. Therefore, it was not possible to identify the difference between intra and 

inter molecular hydrogen bond.  The only information that could be observed from this 

broad –OH stretching absorption just the vibration enhanced by increasing x in PAcγ-CD-

Dod-HEA-CAC(1,x).  Thus, the important characterization of inter hydrogen bond 

between CAC and supramolecular polymer could be revealed from carbonyl group (C=O) 

absorption peak.  The absorption of C=O was found at 1735 cm-1 from PAcγ-CD-Dod-

HEA(1) and 1712 cm-1 from CAC. When CAC reinforced to supramolecular polymer, 

the wavenumber of C=O absorption was blue-shifted which confirmed the inter molecular 

hydrogen bond.43  In addition, by increasing the x in PAcγ-CD-Dod-HEA-CAC(1,x), C=O 

stretching absorption also slightly blue-shifted [PAcγ-CD-Dod-HEA-CAC(1,1): 1725 

cm-1, PAcγ-CD-Dod-HEA-CAC(1,3): 1724 cm-1, PAcγ-CD-Dod-HEA-CAC(1,5): 1723 

cm-1]. 
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Figure 4-3.  ATR-FTIR spectra of BMIm Cl, CAC, PAcγ-CD-Dod-HEA(1), PAcγ-CD-Dod-

HEA-CAC(1,1), PAcγ-CD-Dod-HEA-CAC(1,3), and PAcγ-CD-Dod-HEA-CAC(1,5). 

  

 Figure 4-4 shows the surface SEM images of PAcγ-CD-Dod-HEA(1), PAcγ-CD-Dod-

HEA-CAC(1,1), and PAcγ-CD-Dod-HEA-CAC(1,5).  SEM image of PAcγ-CD-Dod-

HEA(1) shows a flat surface without any fiber formation (Figure 4-4a) while PAcγ-CD-

Dod-HEA-CAC(1,1) (Figure 4-4b) and PAcγ-CD-Dod-HEA-CAC(1,5) (Figure 4-4c) 

shows entangled formation of fiber.   The tubular shape of fiber structure and bonding 

formation can be seen from SEM image of PAcγ-CD-Dod-HEA-CAC(1,x) (Figure 4-5).  

SEM image of PAcγ-CD-Dod-HEA-CAC(1,1) showed more separated fiber structure due 

to low content of CAC.  SEM image of PAcγ-CD-Dod-HEA-CAC(1,5) showed more 

crowded fiber formation due to higher content of CAC (Figure 4-6).  These SEM images 

proved that CAC successfully reinforced into supramolecular polymer.  
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Figure 4-4.  Surface SEM images of (a) PAcγ-CD-Dod-HEA(1), (b) PAcγ-CD-Dod-HEA-

CAC(1,1), and (c) PAcγ-CD-Dod-HEA-CAC(1,5). 
 

 

Figure 4-5.  Surface SEM images of PAcγ-CD-Dod-HEA-CAC(1,1). 

 

 
Figure 4-6.  Surface SEM images of PAcγ-CD-Dod-HEA-CAC(1,5). 

 

4.3.3. Mechanical properties 

Mechanical properties of PAcγ-CD-Dod-HEA(1) and PAcγ-CD-Dod-HEA-

CAC(1,x) were evaluated by tensile test as shown in Figure 4-7.   PAcγ-CD-Dod-HEA(1) 

and PAcγ-CD-Dod-HEA-CAC(1,x) both showed high elongation (>1000%) (Figure 4-7).  

This result is interesting for PAcγ-CD-Dod-HEA-CAC(1,x) as usually fiber reinforced 

materials showed low elongation.  This high elongation due to flexible polymer network 

in host-guest interactions.   
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Figure 4-7.  Stress-strain curve of PAcγ-CD-Dod-HEA(1), PAcγ-CD-Dod-HEA-CAC(1,1), PAcγ-

CD-Dod-HEA-CAC(1,3), PAcγ-CD-Dod-HEA-CAC(1,5).  
 

This condition was proven by preparing CAC reinforced supramolecular polymer 

materials without host-guest interactions as reference samples (Figure 4-8).   Reference 

samples that not having host-guest interactions showed elongation break less than 1000% 

which proved the existence of flexible polymer network in host-guest interactions.  

 

 

Figure 4-8.  Stress-strain curve of HEA(1), PAcγ-CD-HEA-CAC(1,5), Dod-HEA-CAC(1,5), 

PAcγ-CD-Dod-HEA-CAC(1,5).   
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Figure 4-9 shows fracture energy and Young’s modulus which measured from 

stress-strain curve.  PAcγ-CD-Dod-HEA-CAC(1,1) (49 MJ/m3)  with low content CAC 

showed slightly higher fracture energy compared to PAcγ-CD-Dod-HEA(1) (41 MJ/m3).  

For higher CAC content [PAcγ-CD-Dod-HEA-CAC(1,3): 110 MJ/m3 and PAcγ-CD-Dod-

HEA-CAC(1,5): 152 MJ/m3], the fracture energy increased drastically (Figure 4-9a).  In 

addition, the CAC also increased the Young’s modulus (Figure 4-9b).   PAcγ-CD-Dod-

HEA(1) showed Young’s modulus 1.3 MPa, when CAC reinforced with supramolecular 

polymer the Young’s modulus increased [PAcγ-CD-Dod-HEA-CAC(1,1): 4.6 MPa, 

PAcγ-CD-Dod-HEA-CAC(1,3): 8.1 MPa, and PAcγ-CD-Dod-HEA-CAC(1,5): 14.5 

MPa].  These results confirmed that reinforcement of CAC increased the mechanical 

properties of supramolecular polymeric materials.   

 

 

Figure 4-9.  Mechanical properties of PAcγ-CD-Dod-HEA(1) and PAcγ-CD-Dod-HEA-

CAC(1,x): (a) fracture energy and (b) Young’s modulus.  Notation 1 indicates the mol% of host-

guest interactions between PAcγ-CD and Dod, respectively and x indicates the wt% of CAC. 

 

The mechanical properties increased because of inter molecular hydrogen bond 

between CAC with the supramolecular polymer.  Then, to prove this theory CAC 

reinforced supramolecular polymeric materials with several reference samples were 

prepared with omitting the hydroxyl group and the result showed heterogeneous or even 

phase-separated materials (Figure 4-10). 
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Figure 4-10.  Hydrogen bond importance check by changing the guest or side chain polymer: (a) 

PAcγ-CD-DodAA-HEA-CAC(1,5), (b) PAcγ-CD-Dod-EA-CAC(1,5), (c) PAcγ-CD-DodAA-EA-

CAC(1,5). Guest substitute: dodecyl acrylate (DodAA) and side chain polymer substitute: ethyl 

acrylate (EA). 
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4.3.4. Self-healing properties 

Reversible bond in host-guest interactions always popular for their capability as 

self-healing material.  Herein, self-healing properties were showed through measurement 

of fracture energy after recovery.  Figure 4-11a shows the procedure of self-healing 

experiments.  The initial tensile test was measured for PAcγ-CD-Dod-HEA(1) and PAcγ-

CD-Dod-HEA-CAC(1,x) with 1 mm/s tensile velocity and fracture energy (Finitial) was 

calculated.  After fracturing another samples of PAcγCD-Dod-HEA(1) and PAcγCD-Dod-

HEA-CAC(1,x), samples rejoined for 12 hours in room temperature (RT) or 70⁰C.  Then 

recovered samples were measured again with tensile test and fracture energy was 

calculated again (Frecovery).  Self-healing ratio was calculated as: 

Recovery⁡ratio =
Frecovery

Finitial
× 100% 

Figure 4-11b shows the recovery ratio for the self-healing experiments of PAcγ-

CD-Dod-HEA(1) and PAcγ-CD-Dod-HEA-CAC(1,x).  Recovery ratio in RT of PAcγ-CD-

Dod-HEA-CAC(1,x) [PAcγ-CD-Dod-HEA-CAC(1,1): 20%, PAcγ-CD-Dod-HEA-

CAC(1,3): 32%, and (c) PAcγ-CD-Dod-HEA-CAC(1,5): 36%] are higher than PAcγ-CD-

Dod-HEA(1): 14%.  These results showed that the self-healing mechanism not only from 

reversible host-guest interactions but also inter molecular hydrogen bond.  While the 

sample put in 70⁰C, the recovery ratio showed more than doubled value with PAcγ-CD-

Dod-HEA-CAC(1,x) [PAcγ-CD-Dod-HEA-CAC(1,1): 56%, PAcγ-CD-Dod-HEA-

CAC(1,3): 57%, and (c) PAcγ-CD-Dod-HEA-CAC(1,5): 86%] and PAcγ-CD-Dod-

HEA(1): 35% with PAcγ-CD-Dod-HEA-CAC(1,x) recovery ratio still higher than PAcγ-

CD-Dod-HEA(1).  These results indicate that higher temperature affected molecular 

mobility in polymer which supported faster self-healing mechanism.  

Figure 4-11c shows the mechanism of self-healing.  When PAcγ-CD-Dod-HEA-

CAC(1,x) was cut, the hydrogen bond from Dod in host-guest interactions dissociated 

then followed by host-guest interactions dissociation.  Since the host-guest dissociated, 

several hydrogen bonds also dissociated.  During reattachment, first the host-guest 

interactions re-joined again then followed by hydrogen bonds as support. 
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Figure 4-11.  (a) Self-healing procedure and (b) recovery ratio of PAcγ-CD-Dod-HEA(1) and 

PAcγ-CD-Dod-HEA-CAC(1,x).  (c) Self-healing mechanism of PAcγ-CD-Dod-HEA-CAC(1,x).  

Notation 1 indicates the mol% of host-guest interactions between PAcγ-C and Dod, respectively 

and x indicates the wt% of CAC. 

 

4.4. Conclusions 

CNFs reinforced supramolecular polymeric materials were successfully prepared 

from the radical copolymerization of host-guest inclusion complex mixture containing 

PAcγ-CD and Dod with CAC mixture.  PAcγ-CD-Dod-HEA-CAC(1,x) showed  higher 

those of the usual fiber reinforced materials, indicating the importance of host-guest 

interactions as flexible cross-linking points.  The fracture energy and Young’s modulus 

of PAcγ-CD-Dod-HEA-CAC(1,x) were higher than PAcγ-CD-Dod-HEA(1).  PAcγ-CD-

Dod-HEA-CAC(1,x) also showed higher self-healing recovery ratio than PAcγ-CD-Dod-

HEA(1) after 12 hours at room temperature and 70 ⁰C.  In conclusion, host-guest 

interactions and inter molecular hydrogen bond are important part to prepare CAC 

reinforced supramolecular polymeric materials.    
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Summary of this thesis 

 

 In this thesis, ionic liquid was utilized in supramolecular materials cross-linked 

by host-guest interactions.  Host-guest interactions was formed between CD as host 

molecules and guest molecules in acrylate monomers. 

 In Chapter 2, the author developed supramolecular polymeric ionic liquid gel (IG) 

based on host-guest interaction and the importance of host-guest interactions for its ionic 

conductivity properties.  Supramolecular polymeric ionic liquid gel was prepared from 

immersion of bulk copolymerization of the host-guest complex between peracetylated γ-

CD monomer and 2-ethyl-2-adamantane monomer with acrylate (ethyl acrylate or butyl 

acrylate) monomer in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

(EMIm TFSI) ionic liquid.  The ionic conductivity and self-diffusion coefficient of 

supramolecular polymeric IGs were higher than chemically cross-linked IGs and 

comparable with EMIm TFSI as native ionic liquid. The author concluded that host-guest 

interaction is an important part to increase ionic conductivity for supramolecular 

polymeric IGs.   In the near future, this supramolecular polymeric IG based on host-guest 

interaction expectable to be use as electrochemical materials 

 In Chapter 3, the author investigated the mechanical properties of supramolecular 

elastomer swollen in ionic liquid (IE).  Preparation of materials similar to chapter 2 

instead more acrylate variations was used (methyl acrylate, ethyl acrylate, butyl acrylate, 

and methyl methacrylate).  Supramolecular IE showed lower Young’s moduli compared 

to the chemically cross-linked IE because of the flexible cross-linking points.  Usually, 

low Young’s modulus materials are generally soft and brittle however the fracture energy 

of the supramolecular IE is higher than that of the chemically cross-linked IE.  

Supramolecular IE also show full recovery results after 12 hours at room temperature and 

at 80 °C which cannot be achieved by chemically cross-linked IE.    

 In Chapter 4, the author prepared self-healable cellulose nanofiber (CNF) 

supramolecular polymeric materials.  Citric acid modified cellulose nanofiber (CAC) was 

first dissolved in 1-butyl-3-methylimidazolium chloride (BMIm Cl).  Dissolved CAC 

then mixed with host-guest inclusion complex mixture between peracetylated γ-CD 

monomer and 12-(acrylamido) dodecanoic acid monomer in the presence of 2-
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hydroxyethyl acrylate. The solution mixture then radical copolymerized to obtain 

polymer sheet. Then, polymer sheet was washed (with ethanol and water) and dried to 

obtain CAC reinforced supramolecular polymeric materials.  The fracture energy, 

Young’s modulus, and self-healing ratio of CAC reinforced polymeric supramolecular 

materials were higher than supramolecular materials without fiber addition. These 

mechanical properties are due to host-guest interactions and intra molecular hydrogen 

bond in the CAC reinforced supramolecular polymeric materials.  
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