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Foreword

The reader holds a reference book in hand, published as a new addition to 
the Smart Materials series, which provides a great overview of recent prog-
ress in this swiftly growing field in the form of chapters, written by well-
known experts in their respective research areas. The volume is edited by 
Professor Ali Eftekhari, a distinguished chemist and materials scientist, and 
a renowned expert in ionic liquids, nanotechnology, electrochemistry and 
electroactive materials.

In order to place the objectives of this monograph, let us first consider mol-
ten salts, low temperature ionic liquids (or “designer” media), and polymeric 
ionic liquids (as functional materials) as different laps in the knowledge and 
technology chain resulting in the current state-of-the-art of the subject dis-
cussed in this book. Ionic compounds that have a low melting point, such as 
(the arbitrarily chosen) 100 °C, are usually classified as ionic liquids. When 
compared with salts like NaCl (with a melting point of 801 °C) the distances 
between oppositely charged ions in the structure of ionic liquids is (substan-
tially) larger, the bonding coordination is poorer, and the charges are delo-
calized. Due to this charge delocalization (in π-electron bonds) and to the 
presence of at least one organic constituent, and related to conformational 
freedom, the formation of stable crystal structures in ionic liquids is often 
prevented. Fine-tuning of the chemical structure of the organic constituents 
allows one to control the properties of ionic liquids, which endows these sys-
tems with a “designer” characteristic. The fine tuning of the structure, and 
thus properties, provides engineered materials with controlled solubility, 
dissolving characteristics, viscosity, vapor pressure, and electrical conductiv-
ity. Rapid growth of research into these low-melting point ionic liquids is also 
related to their manifold applications as dispersing agents (solvents), elec-
trolytes, enhancing agents of chemical process efficiency and process safety, 
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Forewordviii

and adhesive-sealant barriers, the latter being related to their low vapor pres-
sure. But reduced toxicity and non-flammability in combination with low 
vapor pressure further enhance the scope of their applications, e.g. in green 
chemistry. Although ionic liquids were first reported in 1914 by Walden, they 
did not trigger substantial interest until recent decades. This is also due to 
quickly emerging applications, as processes that were feasible only at high 
temperatures have become now accessible due to the use of ionic liquids at 
low temperatures opening new technologies in organic chemistry and energy- 
related fields.

Naturally, the field of ionic liquids has been covered by some excellent 
reviews and books. As a great introduction, the volume published by the 
Royal Society of Chemistry, authored by M. Freemantle, T. Welton, and R. D. 
Rogers, can be mentioned.1 An excellent review published in the scientific 
journal literature by Plechkova and Seddon2 provides great insights into 
“Applications of ionic liquids in the chemical industry” from the historical 
beginnings to recent times.

Incorporation of polymerizable groups in the structures of the ionic liquid 
constituents yields polymerizable ionic liquids, which are the subject of a 
very active area of contemporary materials research. The emergence of poly-
meric ionic liquids – or poly(ionic liquid)s (PILs) – as functional materials has 
opened novel applications in polymer electrolytes, dispersants and solvents, 
microporous membranes, green chemistry, and electroactive polymers. One 
of the early reviews by M. A. Firestone et al. still provides excellent insights 
into the emergence of poly(ionic liquid)s.3

Of course, in physical chemistry of macromolecules, charged polyions 
have been a subject of intensive research, not least due to the charged nature 
of many biological macromolecules. One should however keep in mind that 
in polyelectrolyte systems there is a dissolving liquid and counterions in a 
supporting electrolyte, thus the liquid phase is a solvent–ion-charged poly-
mer system. Strictly, for poly(ionic liquid)s no solvents are needed.

Swift progress in research and applications of poly(ionic liquid)s has more 
than justified the publication of subsequent additional reviews, such as ref. 4 
by M. Antonietti and colleagues.

In this present volume published by the Royal Society of Chemistry, the 
fundamental concepts of and the basic differences between ionic liquids and 
poly(ionic liquid)s, as well as detailed accounts on technological progress, 
are provided in an excellently balanced fashion. Swift progress and growth of 
interest, and the still relatively sparse book literature more than justify the 
publication of the current volume edited by Professor Eftekhari. In this book, 
in eighteen chapters, leading researchers give a comprehensive overview of 
the state-of-the-art (and often even go “beyond the edge”) of the field.

The book begins with a great summary by J. Mays and co-authors discuss-
ing the use of ionic liquids as polymerization media in the “green synthe-
sis” of polymers. The advantages and the reduced environmental footprint 
of the use of designer ionic liquids as solvents are presented. The second 
chapter is also related to materials synthesis, but with a focus on porous, 
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ixForeword

charged materials (with pore sizes across the length scales) using ionic and 
poly(ionic) liquids. The authors, A. Dani, S. Bordiga et al., describe the fun-
damentals of using ionic liquid functionalities in the assembly, charging and 
reorganization of functional materials, and making hybrid and responsive 
functional materials. A nice section in this chapter discusses porosity evalua-
tion approaches and contrasts micro-mesoporous structures. Olga Kuzmina 
in Chapter 3 very nicely describes cationic and anionic polyion-containing 
poly(ionic liquid) structures, and provides very informative tables of the var-
ious poly(ionic liquid) cations–anions, the corresponding counterions, and 
some material properties, like conductivity. The next section by H. Ohno and 
co-author draws the reader’s attention to stimulus responsive PILs, with a 
focus on hydrophobic/hydrophilic transitions and the thermodynamic phase 
behavior of PIL–solvent systems. Structure–property relations and how these 
influence thermodynamic phases (including LCST-type phase transitions) 
are explained. In the next chapter, Mikkola and co-authors continue the dis-
cussion on responsive behavior, in particular regarding polarity-switchable 
media of molecular liquids. Such systems possess great promise in designer 
chemical transformations. Still along the highly promising line of research 
with a focus on electro-responsive fluids with charged constituents, Jianbo 
Yin and co-workers provide a very nice section introducing the principles 
and the potential applications of PILs as novel fluidic systems in electrorhe-
ology, including molecularly aligned anisotropic fluids. Chapter 7 provides 
a discussion on preparing nanogels from PILs, authored by Y. B. Xiong et al.  
A facile one-step cross-linking copolymerization is used here to obtain thermo- 
and multiple-responsive nanogels with potential use e.g. in the capture and 
release of molecular cargos. The next section by H. Randriamahazaka and 
co-authors takes the reader beyond the more conventional stimuli and offers 
a discussion on redox-active PIL functional systems. Regarding applications, 
employing a redox trigger opens the range of uses encompassing devices 
with electrochemical switching, supercapacitors, electrolytes for use in bat-
teries, fuel cells, sensors, and actuators. Next, H. Lin and co-workers focus 
on “doping” of polymers with PILs for morphology control to regulate e.g. 
gas separation of membranes, while Y. J. Li and co-author in the subsequent 
chapter show how polymer/IL “composites” can be used to tailor anti-static 
and dielectric performance. Ionogels and hydrogels have gained widespread 
use as biomaterials. In the next Section S. S. Silva and R. L. Reis focus on 
polymeric hydrogels processed in ionic liquids, and provide examples of bio-
materials obtained via this route. Regarding biomaterials, Kadokawa then 
shows how the functionality of polysaccharides can be enhanced by ionic 
liquids. In this part, the particularly important use of ionic liquids to dis-
solve polymers, including cellulose and chitin that cannot be dissolved, or 
are notoriously difficult to dissolve in other solvents, is nicely documented. 
Torresi et al. return, in their contribution, to the added versatility regard-
ing the functionality of ionic liquids and PILs, with a particular focus on 
electrochromic and gas storage applications. Zopf et al. in Chapter 14 show 
an exciting idea of how ionic liquid gels can be made and used as wearable 
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Forewordx

electrochemical storage devices, such as batteries and supercapacitors. Next, 
McIntosh and co-authors also focus on wearable devices, but the application 
in their case is related to sensors. Here, ionic liquids provide enhanced ana-
lyte sensing specificity, and sensor performance improvement. They point 
out that although a large number of ionic liquids have been explored, there 
is still a lot of space for further research into task-specific selection of ionic 
liquids for particular use in designer sensors. Chapter 16 then provides an 
overview of ionic gels, electrochemical ionic actuators, ionic metal–polymer 
composites, and related responsive materials, authored by A. Maziz, C. Bergaud 
and co-worker. The focus here is primarily on mechanical actuation. The 
penultimate chapter shows yet another exciting application area of using 
PILs to capture CO2, which is a very important focus field in combatting 
climate change. Finally, the last contribution written by C. P. Lee and K. C. Ho 
introduces the reader to the highly interesting potential application of PILs 
as electrolytes in dye-sensitized solar cells. This contribution also offers a 
good general introduction to employing solar radiation as a sustainable 
source of energy.

The unique collection of chapters in this book, showing the state-of-the-
art, from the basics, via sketching the new trends, to introducing emerging 
possibilities of ionic liquids in combination with polymers, or of poly(ionic 
liquid)s, with a very strong focus on responsive materials, is a very essential 
read for chemists, materials scientists, physicists and engineers.

G. J. Vancso
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Preface

Polymerized ionic liquids (PILs) are a new member of the family of ionic 
polymers, and are of both fundamental and practical interest. The classic 
ionic polymers have a partial ionicity, while PILs are entirely ionic. The flag-
ship of ionic liquids is Nafion, which is a commercial product that has been 
widely utilized since the 1970s. Owing to its high cost and reduced flexibil-
ity in design, a simple approach in studies of PILs is to find alternatives to 
Nafion in various applications employing Nafion membranes. However, the 
applicability of PILs goes beyond the conventional applications of ionic poly-
mers, as they have introduced numerous new opportunities.

Despite their potential, PILs have not yet attracted the attention they 
deserve because of the diverse range of research studies, which are not ade-
quately linked. Researchers from quite different disciplines are now tuning 
PILs to meet the requirements of different applications by focusing on var-
ious aspects of PILs, whether as flexible polymers or ionic materials. Even 
the terminology of this field is not straightforward, and it is not easy to find 
all relevant works using common searching methods in the literature data-
bases. The present book aims to provide a convenient collection of different 
research topics in this field. While we attempted to avoid overlap between 
the chapters, each chapter has its own introduction to the field to preserve 
the independence of the individual chapters, since some researchers may be 
interested in specific chapters. On the other hand, many readers will just find 
a particular chapter when browsing online.

My dear friend, Prof. G. Julius Vancso, has provided a good overview of the 
book in his foreword, and I do not repeat it here. Owing to page limits, 
the goal was not to offer a comprehensive volume on PILs, but to highlight 
the emerging potential in this area of research. In fact, we hope to attract the 
attention of researchers from quite different disciplines to strengthen the 
networking connections in this field.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-F
P0

11



Prefacexii

PILs are not just a class of polymers, but also an alternative to ionic liquids 
where the liquidity is not the key factor. In a sister book entitled Ionic Liquid 
Devices, the emerging potential of ILs has been reviewed. There are many 
overlaps between the areas of interest in these two sister books. In other 
words, polymerization is a practical approach for controlling the ionicity of 
ILs. Many obstacles in the practical development of ILs in various applica-
tions are because of the intrinsic ionicity, which is ideally controllable. By 
fixing one side of the IL ionicity as the polymer moiety, it is much easier to 
control the ionicity. Owing to the ionic nature of ILs, PILs can be seen as an 
analog to the lattice structure of ionic solids. Although there is no such unit 
cell, the architecture of this ionic network can be designed. In applications 
involving solid-state diffusion, the similarity is tangible when designing the 
diffusion channels.

The present book is the result of invaluable contributions from the indi-
vidual authors, who closely worked with me to reach a satisfactory integrity 
for such an emerging field. However, the sincere efforts of the people back-
stage should not be forgotten. It would be a long list to provide a formal 
acknowledgement, but I would like to especially thank Dr Leanne Marle 
who was with me throughout this process from the inception of the project. 
When we were facing an obstacle, she always came up with brilliant solutions 
to keep the project going. In addition, I would like to thank Prof. Mohsen 
Shahinpoor, the Editor of RSC Smart Materials, as the present book project 
is actually the outcome of a friendly chat with him. Overall, it was an abso-
lute pleasure for me to closely work with the enthusiastic team at the Royal 
Society of Chemistry.

Ali Eftekhari
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1.1   Introduction
Most liquids used as solvents are composed of neutral molecules. In con-
trast, ionic liquids (ILs) are salts in the liquid state at ambient or near ambi-
ent temperatures. This room temperature ionic liquid state is often achieved 
by choosing ion pairs where one is organic and has a delocalized charge, 
or by choosing bulky asymmetric substituents. This causes the ions to be 
poorly coordinated, resulting in low melting temperatures. In principle,  
literally millions of ionic liquids with an exceptionally wide range of properties 
can be produced. This has led to ILs being considered as designer solvents or 
task specific solvents, where their extremely low vapor pressures offer poten-
tial to minimize pollution associated with volatile organic compound (VOC) 
solvents through recycling.1

Some examples of common IL cations and anions and their general char-
acteristics are shown in Figure 1.1. Imidazolium- and pyridinium-based 
ILs feature delocalized cations, whereas quaternary ammonium cations 
are asymmetrically substituted. A very wide range of properties, including 
viscosity, hydrophobicity or hydrophilicity, thermal and chemical stability, 

ChApTer 1
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NIkhIL k. SINghAa, kuNLuN hONgb ANd JIMMy W. MAyS*c
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Chapter 12

melting point, flammability and cost, can be tuned by judicious selection of 
the cation and anion.

probably the first room temperature IL, ethylammonium nitrate (m.p. 12 °C), 
was reported by Walden2 in 1914. however, there was little interest in ILs 
until the mid-1970s when they attracted attention as electrolytes for bat-
teries.3,4 Nowadays, ILs are being intensely investigated in a wide range of 
applications, including use as solvents in a wide range of chemical pro-
cesses.5 ILs have been used as solvents for diels–Alder reactions,6 hydro-
genations,7 alkylations,8 Friedel–Crafts reactions,9 heck reactions,10 
Suzuki couplings,11,12 metathesis reactions,13,14 and many others.

To the best of our knowledge, the first polymerization in ILs was reported 
in 1990 by Carlin et al.15 They reported that TiCl4 and AlethylCl2 in AlCl3/1-ethyl- 
3-methylimmidazolium chloride ([eMIM]Cl) could polymerize ethylene in 
low yields. Subsequent work by the same group, where TiCl4 was replaced 
by Cp2TiCl2, gave higher yields.16 This pioneering work, using ILs as a reac-
tion medium for polymerization, has inspired numerous researchers over 
the past quarter of a century to investigate a wide range of different types of 
polymerization in ILs. While much of this work was inspired by the “green” 
aspects of ionic liquids (very low vapor pressure and potential for recycling), 
it quickly became apparent that chemistry could often proceed differently 
(faster polymerization rates, higher molecular weights, enhanced yields, etc.) 
in ILs. providing a review of the field of polymerization in ionic liquids, with 
particular attention to developments over the past several years, is the sub-
ject of this chapter. The reader is referred to earlier reviews in this field for 
additional details on work in this area.17–23

1.2   ILs in Conventional Free Radical Polymerization
Free radical polymerization, because of its compatibility with a wide range 
of monomers having different types of functional groups, is one of the 
most widely used polymerization techniques. Free radical solution polym-
erization is of great commercial importance as dilution of radical polymeri-
zations with a solvent, typically a VOC, is effective in controlling viscosity 

Figure 1.1    Some common IL cations and anions and their properties.
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3Polymerization in Ionic Liquids

and the exotherm accompanying polymerization. hong et al.24 noted large 
increases in the rate of polymerization and much higher molecular weights 
for free radical polymerization of methyl methacrylate (MMA) in [BMIM]pF6 
as compared to polymerizations carried out under identical conditions in 
VOCs. These effects were attributed at least in part to the high viscosity of the 
polymerization medium. A “diffusion-controlled termination” mechanism 
was proposed to explain the decreased rate of chain termination in these vis-
cous systems. A decrease in termination rate could explain a simultaneous 
increase in the rate of polymerization and molecular weight.24 In contrast to 
variations in the rate of polymerization and molecular weight, the polymers 
synthesized in rTILs have similar glass transition temperatures and micro-
structures as compared to those obtained in benzene or in bulk, based upon 
thermal analysis and 13C-NMr experiments.25 Since then, other groups26–28 
have reported similar behavior, high molecular weights and rapid polym-
erization rates, for MMA and other methacrylates in [BMIM]pF6. harrison  
et al.29,30 used pulse laser polymerization (pLp) techniques to polymerize MMA 
in [BMIM]pF6. They found that both the propagation and termination rates, 
kp and kt, respectively, were strongly affected by the presence of [BMIM]pF6. 
They attributed the increase in propagation rate to the high polarity of the 
ionic liquid solution, which reduces the activation energy of propagation via 
charge–transfer interactions. The termination rate decrease was attributed 
to the increased viscosity of the polymerization medium. Both the increase 
of kp and the decrease of kt combine to account for a ten-fold increase in the 
overall rate of polymerization. Subsequent pLp studies31,32 have reported kt to 
be decreased by an order of magnitude and kp to be increased by a factor of 4 
for free radical polymerization in ILs.

polenz and co-workers recently studied the polymerization of MMA co- 
initiated by imine bases and found that the reaction was accelerated greatly 
by even a trace amount of IL.33 They demonstrated that the polymerization 
proceeded via a free radical mechanism, with the addition of IL decreasing 
the activation energy of polymerization and increasing the rate of polymeri-
zation. These effects were attributed to interactions between the IL and the 
imine base. Cheng et al.34 studied free radical polymerization of acryloni-
trile in [BMIM]BF4 using AIBN as an initiator. This team found that ionic 
liquids are excellent media for obtaining high molecular weight polymers. 
They attribute this finding to the low chain transfer constants for ILs and 
their ability to stabilize growing radical chain ends. puttick et al.35 used NMr 
to investigate nanoscale domains formed in dialkylimidazolium ILs. When 
polymerizing MMA in this type of IL, it was shown that the reactants and 
intermediates have different affinities for nanodomains that form within the 
IL. Segregation of different species within these domains accounts for the 
unusually high polymerization rates and increased molecular weights.

Many early studies on free radical polymerization in ILs used [BMIM]pF6 
due to its commercial availability and ease of synthesis. however, [BMIM]pF6 
can hydrolyze to generate toxic hF, and it is desirable to use more benign 
ILs in polymer systems. Zhang and co-workers36 measured the viscosity and 
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Chapter 14

polarity of many different ILs containing a wide range of cations and anions, 
and attempted to correlate these physical properties with their behavior in 
the free radical polymerization of styrene and MMA. This study, which lim-
ited polymer conversion in order to avoid the Trommsdorf effect, showed no 
trends between the viscosity or polarity of the IL and the polymerization rate 
or molecular weight of the polymer. Strehmel and co-workers37 studied free 
radical polymerization of n-butylmethacrylate in a wide range of ILs, imidaz-
olium, pyridinium, and alkyl ammonium salts. They reported that the use of 
ILs results in higher molecular weights, which can even exceed those obtained 
in bulk radical polymerization. They also found increased glass transition 
temperatures (in contrast with prior studies) and reported improved thermal 
stability, although the microstructure (tacticity) reportedly did not change. 
Their results show that increased molecular weight is a general phenomenon 
observed for free radical polymerization in ILs. They also found that high 
molecular weights are favored by use of high viscosity imidazolium salts or by 
conducting polymerizations close to the melting temperature of the IL. They 
hypothesized that this behavior is due to locally ordered structures in the ILs, 
which favor propagation (their hypothesis is supported by later work, ref. 35). 
This team later studied copolymerization of nonpolar and zwitterionic meth-
acrylates in ILs38 as well as the use of 1-alkyl-3-methylimidazolium tosylates 
as solvents for polymerization of n-butylmethacrylate and styrene, where 
high yields and high molecular weights were obtained.39 Styrene polymeriza-
tion by iron-containing imidazolium-based ILs was recently reported.40 The 
ILs showed high catalytic activity, with 2-3 catalytic species being present as 
evidenced by very broad multimodal molecular weight distributions.

IL gels for ionic transport and separations were synthesized by free radi-
cal copolymerization of 2-acrylamido-2-methyl-1-propanesulfonic acid and 
bisacrylamide in 1-ethyl-3-methylimidazolium ethylsulfate.41 Improved 
grafting of polystyrene onto carbon black was reported by in situ free radical 
polymerization of styrene in the presence of carbon black. The improvement 
was believed to be due to the high viscosity of the ionic liquid solvent.42 New 
ILs featuring hydrolytically stable anions have been studied.43 ILs featuring 
four anions, tris(pentafluoroethyl)trifluorophosphate, trifluoromethanesul-
fonate, trifluoroacetate, and tetracyanoborate, were used as solvents in free 
radical polymerization, and the nature of the anion had a significant effect 
on the polymerization process.43 Free radical polymerization of vinyl fluoride 
was recently reported to be enhanced through polymerization in ILs.44 ILs 
containing alkylimidazolium cations and fluorinated anions gave poor con-
versions but polymerization in the presence of the lithium salts of the anions 
gave high conversions and high molecular weights at low pressures.

The use of ILs in free radical photopolymerization has been investigated 
by dietlin and co-workers.45 The efficiency of four Type I photoinitiators 
in ILs was investigated by kinetics, spectroscopic and photolysis studies. 
polymerizations initiated by three of the photoinitiators were faster in ILs, 
but in the fourth case there was a significant decrease in reaction rate. This 
result underlines the need to match the photoinitiator to the ionic liquid.45  
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5Polymerization in Ionic Liquids

Addition of lithium bistriflimide rTIL to 1-vinylimidazole significantly 
improved both the monomer conversion and photopolymerization rate, likely 
due to coordination between the imidazole and the Li+ cation.46 photopoly-
merization of peg-methacrylate was investigated in [BMIM]BF4 and 1-ethyl- 
3-methylimidazolium trifluoroacetate in order to probe the effect of the IL on 
the propagation and termination rates.47 The use of [BMIM]BF4 gave a greater 
increase in kp due to its stronger Coulombic cation–anion attractions and the 
lower h-bond accepting ability of the BF4

− anion. The reductions in kt were 
believed to be caused by the high viscosities of the systems explored.

The insoluble nature of some polymers in ILs creates the opportunity to 
make diblock copolymers by simple sequential monomer addition. Zhang 
and co-workers48 synthesized pS-b-pMMA by sequential addition of styrene, 
then MMA, in [BMIM]pF6 through conventional free radical polymeriza-
tion using benzoyl peroxide (BpO) as an initiator. The pS first block gradu-
ally precipitated out when the conversion reached around 50% due to the 
insolubility of pS in [BMIM]pF6. The collapsed pS coils wrapped around the 
macroradicals, resulting in extended lifetimes due to diminished termina-
tion. unreacted styrene was removed using a high vacuum line. After add-
ing MMA, a diblock copolymer was formed at room temperature, although 
the re-initiation was not 100% (see Figure 1.2). reversing the polymerization 
sequence resulted in a pMMA homopolymer.

The effect of IL solvents on reactivity ratios and sequence length distribu-
tions for statistical free radical copolymerization has been extensively studied. 
The calculated reactivity ratios for St and MMA (rSt = 0.381 ± 0.02 and rMMA = 
0.464 ± 0.02) in [BMIM]pF6 are significantly different from those (rSt = 0.54 ± 
0.04 and rMMA = 0.50 ± 0.04) in benzene at 60 °C49. The “boot-strap” model,50 

Figure 1.2    Size exclusion chromatograms for (a) the polystyrene first block, (b) the 
crude pS-b-pMMA product, and (c) purified pS-b-pMMA after extraction 
with acetonitrile and cyclohexane. reproduced with permission from 
ref. 48. Copyright (2002) American Chemical Society.
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Chapter 16

polarity of the solvents, interaction between solvent and monomers, viscos-
ity, and system heterogeneity all possibly contribute to the different reactiv-
ity ratios observed in ILs.

1.3   ILs in Controlled Free Radical Polymerizations
Over the past 25 years there has been tremendous interest, primarily in aca-
demia, in controlled radical polymerizations. These systems are sometimes 
called “living radical polymerizations”, but they are not truly living systems 
in the manner that some anionic polymerizations are living (the latter can be 
truly termination-free). Controlled radical polymerizations employ an equi-
librium between dormant chain ends and active radical chain ends, with the 
equilibrium heavily in favor of the dormant species, in order to minimize ter-
mination in the system, which occurs through radical coupling and/or dispro-
portionation. The result is the ability to target precise molecular weights and 
obtain polymers with relatively narrow molecular weight distributions, and 
the ability to synthesize block copolymers by sequential monomer addition. 
There are three main ways of achieving this equilibrium, nitroxide mediated 
polymerization (NMp), atom transfer radical polymerization (ATrp), and 
reversible addition–fragmentation chain transfer (rAFT) polymerization. 
These polymerization techniques have been thoroughly reviewed.51

The first study of a controlled radical polymerization was carried out by 
Carmichael and co-workers.52 They conducted ATrp of MMA using ethyl-2- 
bromoisobutyrate as an initiator and CuBr/N-propyl-2-pyridylmethanimine 
as the catalyst in [BMIM]pF6. The reaction was found to be faster as com-
pared to the same reaction carried out in VOCs, with narrow polydispersity 
indices (1.30–1.43). By extraction with toluene, the polymer was separated 
from the polymerization solution. The copper catalyst remained in the IL 
phase, which allowed catalyst recycling. The use of the rTIL medium also 
eliminated the need for post-purification to eliminate residual copper salts, 
which entails passing the polymer solution through purification columns. 
Carmichael and co-workers52 attributed this polymerization behavior to the 
increased polarity of ionic liquids, because a similar increase in the rate has 
been observed with other polar/coordinating solvents.

Biedron and kubisa53 reported ATrp in [BMIM]pF6 for various alkyl acry-
lates (methyl, butyl, hexyl, and dodecyl). The resulting polymers ranged from 
soluble to insoluble in this IL depending on the length of the alkyl substituent. 
For the heterogeneous systems, the alkyl acrylate formed an upper monomer 
phase while the CuBr/pentamethyldiethylenetriamine (pMdeTA) catalyst 
remained in the lower IL phase. Methyl acrylate (MA) and poly(methyl acry-
late) (pMA) are miscible with [BMIM]pF6 and form a homogeneous polym-
erization reaction mixture where all reactions proceed in one phase. For the 
three other acrylates, the growing macromolecular chains react with the 
monomer at the interface but reside predominantly in the monomer phase 
during polymerization. All the polymerizations were reasonably well-con-
trolled. heterogeneous ATrp facilitates easy separation of polyacrylate from 
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7Polymerization in Ionic Liquids

the IL phase after the reaction, with less copper catalyst contamination and 
reduction of side reactions due to the absence of catalyst in the upper mono-
mer phase, as compared to bulk ATrp. It was discovered by this same group 
that a chiral IL (1-(r-(+)-2′-methylbutyl)-3-methylimidazolium hexafluoro-
phosphate) could regulate the stereoregularity of the polymer.54

Sarbu and Matyjaszewski55 used both iron and copper halide catalyst sys-
tems for ATrp in a range of 1-butyl-3-methylimidazolium ionic liquids. In 
iron-mediated ATrp, no added ligand was necessary for controlled polymer-
ization of MMA although both the initiation and polymerization rates were 
low. Systems without organic ligands were effective only in a phosphonate 
ionic liquid for copper-mediated ATrp of MMA, and a ligand was also nec-
essary in ionic liquids with halide or carbonate anions. ATrp in ionic liq-
uids is characterized by low initiation efficiency. This can be attributed to 
the high concentration of the catalyst in the IL phase, thus generating a high 
concentration of free radicals which can undergo termination. The initiator 
efficiency was improved by employing macroinitiators, which show a greatly 
reduced tendency to diffuse into the IL phase. An advantage in these systems 
is that the catalyst can be readily regenerated after polymerization.

rAFT polymerization of MMA in [BMIM]pF6, [BMIM]BF4, and [dMIM]BF4 
(1-dodecyl-3-methylimidazolium tetrafluoroborate) has been reported.56,57 
reverse ATrp of MMA was conducted in [BMIM]pF6 using 2,2′-azobisisobu-
tyronitrile (AIBN)/CuCl2/2,2′-bipyridine initiation, which is a system that 
remains homogeneous throughout the reaction. The high viscosity of the IL 
may lead to a cage effect, causing termination of radicals formed by decom-
position of AIBN before they can initiate polymerization, thus accounting 
for the low initiation efficiency. The Cu catalyst is soluble in the IL, and thus 
less catalyst is needed to effectively mediate the ATrp process in ILs than in 
other solvents.

ILs have proven to be excellent solvents for organotellurium-mediated  
living radical polymerization (Terp) of various monomers.58 polymerization in 
ILs significantly increased the rate of polymerization. For MMA as the mono-
mer, essentially complete polymerization was achieved in <1 h with polydis-
persity indices lower than 1.1. The high level of control was attributed to 
the faster degenerative chain transfer reaction, which critically controls the 
polydispersity in Terp. [BMIM]pF6 was used as a solvent in supplemental 
activator and reducing agent (SArA) for ATrp of methyl acrylate, allowing 
for very fast polymerizations yielding products with very low polydispersities 
and tunable chain end functionalities.59 ILs have also been employed as sol-
vents in ATrp using activators regenerated by electron transfer (ArgeT).60,61

Biedron and kubisa made pBA-b-pMA and pMA-b-pBA block copolymers 
(pBA is poly(butyl acrylate)) with different addition sequences of monomers 
using ATrp in [BMIM]pF6.62 When conversion of the first monomer, methyl 
acrylate, exceeded 70%, the diblock copolymer contained a considerable 
amount of pMA homopolymer. however, when methyl acrylate was added to 
“living” pBA in [BMIM]pF6, a diblock containing no detectable homopolymer 
was formed. Ma et al.56,57 described the synthesis of block copolymers where 
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Chapter 18

styrene was polymerized using chlorine-end-capped pMMA as a macroinitia-
tor through reverse ATrp in [BMIM]pF6, [BMIM]BF4, and [C12MIM]BF4.

Nguyen and Shimm63 reported IL-mediated synthesis and self-assembly 
of poly(ethylene glycol) (peg)–pS diblock copolymers in [BMIM]pF6 using 
ATrp. The same group64 also reported IL-mediated synthesis of poly(2-hy-
droxyethyl methacrylate-block-methyl methacrylate)/Fe3O4 core–shell nano-
composites by surface-initiated ATrp in [BMIM]pF6. A thermally regulated 
phase-separating catalyst system for ATrp has been developed based on a 
thermo-regulated IL65. The system allows the catalyst to be easily recovered 
and re-used multiple times without significant loss of activity.

recently, Wang et al.66 studied photo-induced ATrp of MMA in an IL using 
2-bromoisobutyrate as the initiator, CuBr2/pentamethyldiethylenetriamine 
as the catalyst, and TiO2 as the photocatalyst. Well-controlled polymeriza-
tions were achieved and the resulting pMMA had low polydispersity indices. 
The polymerizations could be manipulated by turning the light on or off. 
A very thorough investigation of photoinduced ATrp of several acrylates in 
a variety of ILs was reported by davis, haddleton, and their co-workers.67 
Many of the polymerizations were well-controlled and gave products of pre-
dictable molecular weights and low polydispersities in quantitative yields 
within 30 min. All of the polymerizations were much faster than the corre-
sponding polymerizations in dMSO, while maintaining high levels of end 
group fidelity.

In terms of NMp in ILs, Zhang et al.68 employed both benzoyl peroxide 
(BpO) + 2,2,6,6-tetramethylpiperidine 1-oxyl (TeMpO) and the universal 
initiator system (2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane 
(TMppAh)) for NMp of MMA and styrene. While polymers were obtained, 
the polymerizations were not controlled with either monomer, possibly due 
to the low diffusion rates of the mediating radicals and/or slow degradation 
of free TeMpO at elevated temperatures in the presence of [BMIM]pF6. ryan 
and co-workers69 demonstrated the first controlled NMp of MA in 50% v/v 
[hMIM]pF6 initiated by AIBN + 4-oxo-2,2,6,6-tetramethyl-1-piperidinyl-N-oxyl 
(4-oxo-TeMpO) at higher temperature (∼150 °C). The polymerization rates in 
the IL were greater than for reactions in anisole. In both studies, thermal 
polymerization occurred because of the high temperatures used. Later, the 
BlocBuilder alkoxyamine was used for NMp of MMA at 90 °C70, with a high 
level of control, and greater overall polymerization rate and conversion. Both 
are consistent with an increase in kp and a decrease in kt.

Other types of controlled free radical polymerization, such as rAFT and 
charge transfer polymerization, have also been reported using ILs as the sol-
vent.71–75 Zhang and Zhu76 recently described the use of ILs as media for the 
preparation of vesicles via polymerization-induced self-assembly. rAFT was 
used in dispersion polymerization with styrene, BMA, and heMA using a 
peg-rAFT agent. The block copolymers produced spontaneously self-assem-
bled into vesicles. Singha et al.77 reported the use of rAFT polymerization 
in IL to prepare tailor-made poly(furfuryl methacrylate). The polymeriza-
tion was extremely fast, yielding well-defined functional polymers that were 
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9Polymerization in Ionic Liquids

capable of reversible crosslinking with maleimide-functionalized pOSS via 
diels–Alder and reverse diels–Alder reactions. The IL was readily recovered 
from the polymerization mixture for recycling (Figure 1.3). use of dispersion 
rAFT polymerization in ILs to prepare block copolymer nano-objects has 
been reported recently.78

1.4   ILs in Ionic Polymerizations and Group Transfer 
Polymerizations

Living anionic polymerization usually gives much narrower molecular weight 
distribution polymers as compared to those obtained by controlled or some-
times called “living” free radical polymerizations. Anionic polymerizations 
can proceed to complete conversion with far fewer side reactions, such as 
termination and chain transfer, as compared to any known radical polymeri-
zation process. The ability to quantitatively introduce terminal functional 
groups by using selective termination agents is an additional advantage of 
anionic polymerization. however, anionic polymerization requires rigorous 
purification of reagents and rigorous synthesis conditions if living polym-
erization is to be achieved.79 In addition, judicious choices of initiators and 
reaction conditions are required.

To date there has been little success in conducting living anionic polymer-
izations in ILs. Biedron and kubisa80 first described anionic polymerization 
of MMA in an IL. Their work involved n-BuLi in [BMIM]BF4 at 0 °C as an initi-
ator, and they obtained low molecular weight polymers with high polydisper-
sity and end-capped with an imidazolium moiety. kokubo and Watanabe81 
investigated n-BuLi and 1,1-diphenylhexyllithium as initiators for MMA 
polymerization in [BMIM]pF6 at 0 °C. As with the prior reaction, low yields 
of polymer with high polydispersity were obtained, likely due to the relatively 
high temperature employed and the reaction of the anionic centers with the 
imidazolium cation. Anionic polymerization of styrene in hydrophobic ionic 
liquids was reported by Vijayaraghavan et al.82 with low to moderate yields 

Figure 1.3    recovery and reuse of the IL used in the rAFT polymerization of furfu-
ryl methacrylate. reproduced from ref. 77 with permission from The 
royal Society of Chemistry.
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Chapter 110

of polydisperse polymers obtained, indicating that the polymerizations were 
not living. diaz de Leon and Cordova83 recently carried out living anionic 
polymerization of butadiene in cyclohexane with IL present at molar ratios 
of 8–20 relative to the n-BuLi initiator. Fairly narrow polydispersity indices 
of ∼1.25 were obtained along with molecular weight control. however, no 
advantage of using the IL was apparent and there was no reported effect on 
polydiene microstructure.

Vijayaraghavan and MacFarlane84 were the first to report cationic polym-
erization in an IL, specifically styrene in N-butyl-N-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)amide ([p14][Tf2N]) using bis(oxalato)boric acid 
as an initiator. The polymerization proceeded in a controlled manner at 60 °C  
to yield products with low molecular weights (1300–1700) and moderate 
polydispersity indices (1.3–1.5). The IL was believed to promote the dissoci-
ation of the acid and initiate polymerization. Biedron and kubisa85 cationi-
cally polymerized styrene in [BMIM]pF6 using 1-phenetyl chloride/TiCl4 as an 
initiator. polymers were obtained but in the presence of chain transfer, thus 
there was limited control over molecular weight and the products exhibited 
broad polydispersity. recently han et al.86 studied cationic polymerization 
in [BMIM]pF6 using cumylchloride as an initiator with various co-initiators. 
Compared with polymerizations in VOC solvents, the polymerization in IL 
proceeded under milder exothermic conditions. The mechanism of styrene 
polymerization in [BMIM]pF6 was discussed. New initiators allowing rapid 
cationic polymerization of styrene in ILs have been reported.87 Cationic 
polymerization of p-methylstyrene in various ILs has been reported very 
recently.88 Controlled polymerization was obtained in [Bmim][NTf2] using a 
CumOh/BF3OeT2 initiator at −25 °C in the presence of 2,6-di-tert-butylpyri-
dine, and the polymerization mechanism was proposed.

Cationic polymerization of isobutyl vinyl ether in ILs has also been 
reported recently by two groups.89,90 Wu et al.89 studied polymerization in 
[Omim][BF4] using various co-initiators with IBVe-hCl as an initiator. The 
polymerizations were faster than in VOCs under similar conditions, resulting 
in higher molecular weights and conversions. however, the polymerizations 
in [Omim][BF4] were not well-controlled due to beta proton elimination. 
yoshimitsu et al.,90 using [Omim][NTf2] as the IL, 1-(isobutoxy)ethyl acetate/
TiCl4 as an initiator, and 2,6-di-tert-butylpyridine as a proton trap, achieved 
controlled polymerization of IBVe and polymers with fairly low polydisper-
sity indices. polymerization was much faster than in Ch2Cl2. group transfer 
polymerization in ILs has also been reported.91,92

1.5   Ring Opening Polymerization
A very useful ring-opening metathesis polymerization of norbornene in a 
biphasic medium (1-butyl-2,3-dimethylimidazolium hexafluorophosphate 
([BdMIM]pF6)/toluene) has been reported.93 The catalyst resides in the IL 
phase, and the toluene phase dissolves the polymer product. The IL and cat-
alyst could be recycled six times giving quantitative conversion and without 
significant loss of catalytic activity. Biedron et al.94 reported cationic ring 
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11Polymerization in Ionic Liquids

opening polymerization of 3-ethyl-3-hydroxymethyloxetane in [BMIM][BF4] 
using BF3–et2O initiation. The use of an IL has the advantage of allowing 
high reaction temperatures (up to 180 °C), reducing intermolecular hydro-
gen bonding that leads to the formation of aggregates. Conversely, the use of 
ILs can facilitate reduced reaction temperature, avoiding side reactions that 
occur at higher temperatures. polycarbonate made by ring opening polym-
erization of ethylene carbonate undergoes decarboxylation at high tempera-
tures of 180–200 °C95. In acidic ILs, however, the reaction can take place at 
much lower temperatures of 100–120 °C depending on the IL used.

ILs have been used in the microwave-assisted polymerization of ε-capro-
lactone.96 phosphonium-based ILs containing different ions were used to 
modify layered double hydroxides (Ldhs) followed by microwave irradiation. 
Ldhs with intercalated IL anions were exfoliated due to caprolactone polym-
erization within 3 min. Imidazolium IL alcohols have been employed as initi-
ators for ring opening polymerization of ε-caprolactone, as well as formation 
of its block copolymers.97

1.6   Transition Metal-catalyzed Polymerizations
poly(phenyl acetylene) (ppA) has been obtained by rh(i)-catalyzed pheny-
lacetylene polymerization in ILs including n-butylpyridinium tetrafluorobo-
rate ([bupy]BF4) and [BMIM]pF4.98 The catalyst was (diene)rh(acac) or [(diene)
rhCl2]2, while the co-catalyst was triethylamine. The polymer was separated 
from the IL by extraction with toluene or by filtration after adding methanol 
into the IL to form a suspension of ppA. The ppA obtained had a molecular 
weight of 55 000 to 200 000. rogers et al.99 used a mixed solvent, 1-hexylpyr-
idinium bis(trifluoromethanesulfonyl) imide ([C6pyr][NTf2])/methanol, for 
palladium-catalyzed alternating copolymerization of carbon monoxide and 
styrene. The IL and catalyst could be recycled, and the yields and molecular 
weights were higher than those when the reaction was carried out in metha-
nol alone. Catalyst stability and propagation rate were improved due to the 
inhibited chain transfer and catalyst decomposition in the IL. Biphasic IL 
systems for metallocene-catalyzed polymerization of ethylene have been 
described.100,101

Ionic liquid-modified silica has been used in combination with metallo-
cenes for ethylene polymerization.102 yim et al.103 reported metallocene cat-
alysts supported on aminosilane and IL-functionalized silica for ethylene 
polymerization. ethylene polymerization using vanadium catalysts sup-
ported on silica in the presence of pyridinium ILs has also been reported.104 
The resulting pe was a linear polymer of very high molecular weight.

Metathesis step-growth polymerization in ILs was carried out, where the 
high boiling point of the IL allowed low pressures to be achieved at high 
temperatures.105 Short reaction times yielded high molecular weight poly-
mers. Acyclic diene metathesis polymerization (AdMeT) and Suzuki cou-
pling polymerization have also been performed in ILs.106,107 A short review 
on transition metal-catalyzed oligomerization and polymerization in ILs has 
recently been published.108
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Chapter 112

1.7   Electrochemical Polymerization
electrochemical polymerization is a major method employed in the synthe-
sis of conducting polymers for applications in energy storage, electrochromic 
devices, and light-emitting diodes. This process has advantages over chemical 
synthesis, including faster reaction times, generation of the polymer in the 
doped state, and facile control over film thickness. Naudin et al.109 have 
used ILs in electrochemical polymerization of poly(3-(4-fluorophenyl)thio-
phene) (pFpT). The electrochemical behavior was similar to that observed 
in common non-aqueous electrolytes, however some IL residue remained in 
the formed film. ILs were used as solvents in electrochemical synthesis of 
poly(3-octyl thiophene), resulting in an excellent yield of 99%.110 Other kinds 
of conjugated polymers, such as polypyrrole, polyaniline, and unsubstituted 
polythiophene, have also been synthesized in ILs.111–123

1.8   Step-growth Polymerization
Most step-growth polymerizations are carried out in solvent-free or near 
solvent-free systems because of their sluggish polymerization kinetics and 
the need to go to elevated temperatures in order to achieve high conversions 
and high molecular weights. however, polyimides and polyamides, import-
ant materials due to their exceptional thermal and mechanical properties, 
are sometimes synthesized in solution at high temperatures. Vygodskii and 
co-workers124 studied their step-growth polymerization in various ILs, and 
high molecular weight polyimides and polyamides were obtained without 
the addition of a catalyst. Subsequently, ILs have been shown to be effec-
tive solvents and catalysts for a wide range of step growth polymerizations, 
including polyamides,125,126 polyesters,127,128 polyethers,129–131 poly(ether 
ketones),132 poly(ether sulfones),133 polyurethanes,134 poly(amino acids),135 
and poly(amide imides).136,137 recently a sustainable process for preparation 
of high-performance thin film composite aromatic polyamide membranes, 
using ILs as the reaction medium, was reported.138

1.9   Enzymatic Polymerization
enzymatic polymerization in IL media has attracted increasing atten-
tion in recent years due to the growing interest in polymers from renew-
able resources. The first such report was Candida Antarctica lipase (lipase 
CA)-catalyzed formation of biodegradable polyesters in [BMIM]pF6 and 
[BMIM]BF4.139 ring-opening polymerization of ε-caprolactone and polycon-
densation of dicarboxylic acid diesters with 1,4-butanediol were explored. 
The resulting higher molecular weight products and improved conversions 
show the potential for green polymer chemistry via a combination of non-
toxic enzyme catalysts, mild reaction conditions, and potentially environ-
mentally benign IL solvents. Further studies on enzymatic polymerization 
in ILs have been applied to lactones,140–143 lactides,140,144 and water soluble 
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13Polymerization in Ionic Liquids

polyanilines.145 Very recently the enzymatic polymerization of phenols cata-
lyzed by chloroperoxidase in the presence of ILs has been described.146 The 
results show that the presence of even low levels of IL improved the efficiency 
of the process, and a mechanism for the polymerization was also proposed.

1.10   ILs as Solvents for Grafting from Biopolymers
Because of their ability to dissolve cellulose and other biopolymers, ILs have 
enjoyed extensive recent utilization in the synthesis of graft copolymers based 
on cellulose,147–158 chitosan,159–161 soy protein isolate,162 xylan,163–165 and bio-
mass.166 A very wide range of grafting chemistries have been employed and 
some recent short reviews of these developments are available.167,168 IL tech-
nology also enables facile synthesis of familiar cellulose derivatives, such as 
cellulose acetate.169

1.11   Other Applications of ILs in Polymerization
Very recently, the use of ILs in emulsion polymerization processes has been 
explored. polyaniline doped with decylbenzenesulfonic acid having differ-
ent morphologies and compositions was made by inverse emulsion polym-
erization.170 polymerization was carried out in toluene using ammonium 
peroxydisulfate in the presence of imidazolium ILs. The influence of ILs on 
the morphology and particle size was investigated by dynamic light scatter-
ing and scanning electron microscopy. The presence of certain ILs has been 
shown to have a strong effect on the polymerization rate in conventional 
emulsion polymerization.171 Addition of [Omim]pF6 had a marked effect 
on the reaction rate at low levels when AINB was used as an initiator, but 
not when hydrogen peroxide was used. The use of ILs in microemulsions as 
templates for the synthesis of nanostructured polymer materials has been 
reviewed.172

Molecularly imprinted polymers with increased affinity for oleanic acid 
were prepared using IL as a pyrogen.173 The type of macromolecular crowd-
ing agent used and the nature of the IL had a strong impact on the imprint-
ing properties of the molecularly imprinted polymers. The resulting template 
could purify oleanic acid from crude extracts efficiently with 72% recovery.

Jet fuel paraffins have been produced by low temperature polymerization 
of gaseous olefins using ILs.174 paraffins with the desired 8–15 carbons were 
produced using [Bmim][Al2Cl7] at ambient pressure. The influence of the 
reaction conditions on the polymerization was investigated.

ILs have been employed for depolymerization as well. Mouawia and 
co-workers175 described the use of olefin metathesis reactions in ILs to con-
trollably depolymerize natural rubber with low polydispersity telechelic 
polymers as the product. The process (Figure 1.4) was successfully applied 
to waste automobile tires and is thus extremely promising for utilization 
of a major polymer waste product. Iannone et al.176 employed ILs and ZnO 
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nanoparticles in the presence of various nucleophiles (amines, alcohols, 
water, etc.) to depolymerize polycarbonate, leading to complete recovery of 
the bisphenol A (BpA) monomer. When polycarbonate was treated with glyc-
erol, only BpA and glycerol carbonate, useful as a fuel additive and industrial 
solvent, were obtained.

The combination of ILs and microwave irradiation as tools in polymer syn-
thesis has been reviewed recently by Tarasova et al.177 These processes were 
demonstrated to exhibit high resource efficiency and show great promise 
as energy efficient processes for polymer synthesis in the future. The use of 
ILs to incorporate novel multi-responsive character into polymer systems by 
doping, grafting, and polymerization has been reviewed.178,179

1.12   Conclusions and Future Prospects
The use of ILs as media for polymerization has seen tremendous growth over 
the past 15 or so years. ILs have now been employed advantageously in nearly 
every major type of polymerization. While initial interest in using ILs as sol-
vents was to replace VOC solvents and reduce pollution, their capacity for 
altering the fundamental chemistry of various reactions is now obvious. ILs 
have been shown to give a combination of very fast polymerization and very 
high molecular weight products in conventional free radical polymerization. 
ILs have also been demonstrated to accelerate controlled radical polymeriza-
tions and emulsion polymerizations. The use of ILs to create trapped radicals 
has facilitated simple production of block copolymers using conventional 

Figure 1.4    recovery of oligomeric polyisoprene from tire waste by using a grubbs 
catalyst in an IL. reproduced with permission from ref. 175. Copyright 
(2017) American Chemical Society.
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free radical polymerization. ILs have shown their utility even in step-growth 
polymerizations by allowing reactions to be carried out at high temperatures 
due to their very low vapor pressures. ILs also provide the capacity for incor-
porating biological species (proteins, enzymes, etc.) into polymer systems in 
a non-denaturing environment. essentially all types of polymer production 
processing have now been advantageously affected by the use of ILs. ILs are 
now also showing their potential as media for the recycling of polymer waste 
via depolymerization processes. In particular, their use in the recycling of 
automobile tire waste is tackling a critical environmental need.
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2.1   Introduction
The development of novel synthetic routes for the design of new porous 
materials is probably one of the most relevant achievements in chemistry 
and materials science of the last few decades. As a matter of fact, from their 
first synthetic attempts, porous materials became a hot research topic. The 
design at the nanoscale level of these materials gives rise to a high surface/
weight ratio, opening up a route to a wide variety of potential applications in 
the fields of gas storage, adsorption and catalysis. In fact, the increased spe-
cific surface area of a porous system multiplies the interaction possibilities 
between the material surface and the possible guest molecules, increasing 
the fraction of available active sites and so enhancing the adsorption/catalytic 
properties with respect to the equivalent non-porous counterpart. Moreover, 
the theoretically unlimited combinations of available chemical structures 
allows materials to be tailored for many different well-defined applications. 
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nowadays, several methodologies are available to create porous materials, 
each of them suitable for generating a tailored porous structure in terms of 
pore size and volume. The present goal in the field of porous materials is 
to introduce, inside the porous structure, functional groups that make the 
material able to meet the requirements of a desired application. Ionic liquids 
(Ils) are functional molecules that have already proved to have a broad range 
of applications in different fields, mainly due to the huge number of avail-
able chemical structures and the possibility to combine different anions and 
cations. Therefore, the combination of ionic liquids and porous materials 
gave rise to several novel Il-functionalized porous materials, with a broad 
range of chemical structures, porosity features and potential applications.

The aim of the present chapter is to give the reader a thorough overview of 
all the different families of ionic liquid-functionalized porous materials, with 
remarkable properties from a scientific point of view. In particular, the present 
chapter includes a description of the porous poly(ionic liquid)s, which, thanks 
to their fully organic structure, can be obtained by means of all the common 
methodologies to make porous polymers. This chapter also describes the 
materials obtained by supporting ionic liquid moieties on pre-formed porous 
structures of various kinds. A section is also devoted to a new concept of hybrid 
materials, where the ionic liquid moiety is an integrated part of a metal–organic 
framework (MoF) or an ordered mesoporous silica. These hybrid materials 
have a well-defined structure with long-range order. In the case of ionic liquid 
metal–organic frameworks (MoF–Ils), the material usually exhibits a microp-
orous structure, whereas silica–Ils are generally mesoporous and, for this rea-
son, they are also called periodic mesoporous organosilica (pMos).

This chapter considers all kinds of Ils, in particular imidazolium, pyridin-
ium and phosphonium Ils, the most common cations used for the devel-
opment of porous materials; however, other examples of cations are also 
reported.

A general overview regarding the state-of-the-art of the various method-
ologies to create ionic liquid-functionalized porous materials will be pre-
sented to the reader. Many synthesis examples will be reported along with 
some information on the porous structure of the resulting material and its 
potential applications. Furthermore, combining information from different 
studies, it will allow the definition of general principles suitable for the vari-
ous classes of materials, and it will give the reader a more conscious view of 
the potential of porous ionic liquids, and the synthetic strategies to adopt 
in order to obtain a porous ionic liquid that meets the requirements of the 
desired application.1,2

2.1.1   General Definition of Porosity
porosity may generally be defined as the fraction of the apparent specific vol-
ume of the sample that is attributed to the pores. porosity is a highly valued 
structural trait of solid materials for applications such as gas storage and 
separation or catalysis.
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nanoporous materials refer to a class of porous materials having pore 
diameters from 100 nm down to around 1 nm. The International union of 
pure and Applied Chemistry (IupAC) classifies pores according to their size 
(IupAC recommendation, 1985 3: (i) pores with widths exceeding about 50 nm 
are called macropores; (ii) pores of widths between 2 nm and 50 nm are 
called mesopores; (iii) pores with widths not exceeding about 2 nm are called 
micropores). In the range of micropores, it is useful to distinguish between 
narrow micropores (ultramicropores) of approximate width <0.7 nm and 
wide micropores (supermicropores).

In the characterization of porous materials, inert gas (commonly n2) 
physical adsorption is very useful and efficient in measuring pore-related 
information such as specific surface area (ssA), pore volume, and pore size 
distribution. Adsorption isotherms are the main tool for the study of adsorp-
tion in solid adsorbents.

physical adsorption isotherms can be classified into six types (Figure 2.1) 
according to the IupAC definition. Type I isotherms (I(a) and I(b)) are given by 
microporous solids with small external surfaces. In this type of isotherm, the 
adsorbed amount of n2 approaches a limiting value governed by the acces-
sible micropore volume rather than by the internal surface area. Micropore 
filling and therefore high uptakes are observed at relatively low pressures, 
because of the narrow pore width and the high adsorption potential. Type II 
isotherms are obtained in the case of nonporous or macroporous adsorbent, 

Figure 2.1    Classification of adsorption isotherms.
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where unrestricted monolayer–multilayer adsorption occurs. The inflection 
point or knee of the isotherm is called point B and usually corresponds to 
the completion of the monolayer. Type III isotherms do not exhibit a point 
B and therefore there is no identifiable monolayer formation. This indicates 
that the attractive adsorbate–adsorbent interactions are relatively weak and 
that the adsorbate–adsorbate interactions play an important role. Type IV 
isotherms (IV(a) and IV(b)) are typical for mesoporous materials. In this case, 
the initial monolayer–multilayer adsorption is followed by pore condensation 
or capillary condensation (i.e. the phenomenon in which a gas condenses to 
a liquid-like phase in a pore at a pressure lower than the saturation pressure 
of the liquid itself), which can be accompanied by hysteresis, when the pore 
width is above a specific width, depending on the adsorbate and on the tem-
perature (for example, in the case of nitrogen adsorption in cylindrical 
pores at 77 K, hysteresis can appear for pores wider than 4 nm). At least six 
different main shapes of hysteresis loops are recognized as reported in ref. 4. 
each of these six hysteresis loops is related to particular features of the pore 
structure. Type V isotherms exhibit pore condensation and hysteresis but, in 
this case, weak adsorbent–adsorbate attractive interactions are responsible 
for the shape of the isotherm in the low p/p0 range (as for Type III isotherms). 
Finally, the peculiar stepwise Type VI isotherms are representative of layer-
by-layer adsorption on a highly-uniform nonporous surface.

The application of the BeT equation is the most popular approach for 
the calculation of the specific surface area (ssA) of a solid material. This 
method is based on an over-simplified model of physisorption (the theory 
of multilayer adsorption).5 In specific controlled conditions, the BeT area 
of a nonporous, macroporous or mesoporous solid can be considered as the 
“probe accessible area”, i.e. the area available for the adsorption of the spec-
ified adsorbate. The BeT method is usually applied to materials possessing 
well-defined Type II and Type IV isotherms. In the case of microporous sys-
tems (i.e., with Type I isotherms or combinations of Type I and II or Type 
I and IV isotherms) extreme caution is needed. In fact, in the presence of 
microporous solids, the range of linearity of the BeT plot may be very diffi-
cult to identify due to the difficulty in separating the processes of monolayer/
multilayer adsorption and micropore filling. For this reason, the BeT area 
derived from a Type I isotherm must not be considered as a realistic “probe 
accessible surface area” but as an apparent surface area.

In the case of microporous materials with physisorption isotherms of Type 
I that can be described by the langmuir equation,5 which was developed on 
the assumption that adsorption was limited to at most one monolayer, the 
langmuir equation is often applied for the determination of the specific 
surface area. however, despite the often-observed good fit of the langmuir 
equation to the experimental data, the obtained surface area results do not 
reflect a true surface area.

At the beginning of this chapter, it is important to recall a specific feature 
of porous polymer networks. These “soft” materials often present peculiar 
adsorption/desorption isotherms with respect to stiff microporous inorganic 
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materials like, for example, zeolites, as reported in Figure 2.2. In fact, the 
softness of polymeric materials in comparison to inorganic materials can 
lead to swelling effects.

In particular, the adsorption/desorption isotherms of polymeric materials 
exhibit two distinct characteristics derived from swelling effects: (i) the n2 
loading does not reach a plateau after micropore filling, and (ii) a signifi-
cant hysteresis is present at low relative pressures, in which the desorption 
branch of the isotherm does not close to the adsorption branch. Both of these 
effects are derived from the elastic deformations of the polymeric matrix due 
to polymer relaxations occurring during nitrogen adsorption that increase 
the amount of available free volume.6–8 The swelling effect typical of porous 
polymers can be described taking into account a similar process, observed 
in ordinary (i.e. nonporous) polymer films and membranes in high-pressure 
gas permeation experiments, called dual-mode adsorption. The dual-mode 
adsorption model assumes the existence of a fractional free volume of pores 
within polymer films, which can be filled by gas molecules at first (pocket 
filling), and of an additional henry adsorption within the film, which is 
instead proportional to the gas pressure (swelling).6,9

The deformation–relaxation phenomenon is schematically depicted in 
Figure 2.3: part (I) represents the as-made polymeric networks containing 
residual solvent or gas molecules, part (II) displays the networks after evacu-
ation and removal of the solvent/gas molecules that appear contracted due to 
the deformation of chains and bonds and part (III) represents the polymeric 
network that can relax again by the uptake of gas molecules (pI1), as long as 
this process is not restricted by intermolecular interactions such as hydrogen 
bonding (pA1).6

Figure 2.2    Typical low temperature n2 adsorption/desorption isotherms of micro-
porous materials possessing swelling capacity.
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due to the relaxation of the polymer altering the local structure and free vol-
ume within the framework during gas adsorption, the porosity of these mate-
rials can be better described by the desorption branches of the isotherms.  
In fact, a fraction of pores is available for n2 adsorption only at high values 
of relative pressure, being the swelling proportional to the gas pressure.

Although nitrogen adsorption is, in general, an extremely versatile tool 
in the analysis of rigid and well-defined porous structures (such as MoFs, 
zeolites, and porous silica) nitrogen suffers from several drawbacks when 
employed as an adsorbate for the analysis of the textural properties of micro-
porous organic materials. In fact, precisely due to the possible swelling 
effects, it is questionable whether the n2 isotherms really reflect the equilib-
rium state.

The textural properties of this type of material can be derived from Co2 
adsorption at 273 K. At this temperature, the mobility of the chains would 
allow the micropores to open at lower partial pressure.

2.2   Porosity and Ionic Liquids
The field of porous ionic liquids can be divided into three main classes, 
depending on the material structures. The first class arises from the direct 
synthesis of fully organic porous polymer networks, which is pursued by 
means of various stratagems and techniques. The second class includes 
polymer-supported ionic liquid moieties on pre-formed porous mate-
rials, i.e. porous silica or metal–organic frameworks (MoFs). The third 
class, instead, can be considered as a combination of the first and second 
ones, where the organic ionic liquid moieties become a structural part 

Figure 2.3    schematic drawing of the suggested deformation–relaxation process 
during evacuation and gas adsorption. reproduced with permission 
from ref. 6, Copyright 2008, American Chemical society.
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of the organic–inorganic hybrid porous ionic materials. In this section, 
we describe the most common synthetic methods employed to develop 
porous ionic liquids belonging to all three classes, and we briefly describe 
the structural and chemical properties of the resulting porous ionic 
liquids.

As expected, the three classes of porous ionic liquids have different advan-
tages and drawbacks. since these three material classes are very broad, it is 
difficult to extrapolate common behaviours to compare them. The materials 
belonging to the first class are created by polymer synthesis, which is intrin-
sically more tunable. depending on the synthetic method, materials with 
different pore sizes and ssAs can be achieved ranging from microporous to 
macroporous. The materials belonging to the second and third classes are 
modifications of previously synthesized porous materials, bearing ionic liq-
uid moieties along the structures. In these cases, the pore size and ssA of the 
resulting porous ionic liquids are strictly related to those of the supporting 
porous materials or their non-ionic analogue; thus, the final porous ionic 
liquids can be either micro-, meso- or macroporous.

The chemical properties of porous ionic liquids mainly depend on the type 
of ionic liquid moiety employed, whereas they are not directly related to the 
“class” to which they belong, which only determines the porous structure of 
the system and the accessibility of the ionic liquid sites.

There are a variety of synthetic strategies used to fabricate a desired 
porous structure using ionic liquids, and they all have some common 
parameters to take into account in order to achieve a stable porous struc-
ture. A porous material can be created using a single linear polymer, how-
ever these structures are not stable and the pore structure can immediately 
collapse.10,11 In this case, the simple addition of a solvent is sufficient to 
dissolve the linear polymer and permanently break the pore structure. In 
order to stabilize the porous structure, it is then strictly necessary to use 
a cross-linking agent or to perform post-functionalization on linear ionic 
polymers to introduce electrostatic or covalent cross-links upon pore struc-
ture formation. In addition, the structural rigidity of the ionic liquid build-
ing block, and of the material structure in general, is crucial to determine 
the pore size and the ssA of the resulting material. If the ionic moiety bears 
one methylene bridge (–Ch2–) along the alkyl chain or other flexible parts, 
this confers some degree of rotation to the ionic liquid moieties or to the 
polymeric chains, leading to a partial collapse of the porous structure. 
The ionic liquid moieties of the polymer chains are permanently charged 
entities; therefore, they are subject to mutual columbic attraction between 
the cations and the anions of different chains, which, in the case of chain 
mobility, induces the collapse of the polymeric chains to a bulky structure. 
As a general rule, if there are flexible linkages in the ionic porous struc-
ture, the ssA of the resulting porous material is usually below 200 m2 g−1 
and only meso/macro-porous structures are obtained. In contrast, if the 
ionic liquid moiety does not have methylene bridges along its alkyl chain 
or other flexible bonds, but instead possesses a rather stiff structure (such 
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as a fully conjugated system), microporous materials with ssAs in the range 
of 200–1000 m2 g−1 can be obtained. The rigidity of the monomer does not 
affect the materials of the “second class” where the ionic liquid is sup-
ported on a pre-formed porous material. In such a case, the ssA and the 
pore size are strictly related to the supporting material, and only the size of 
the supported ionic liquid affects the structural properties of the final ionic 
material, regardless of its structural flexibility.

2.2.1   Porous Poly(Ionic Liquid)s
The “first class” of porous ionic liquids involves the generation of polym-
erized ionic liquids, also known as poly(ionic liquid)s (pIls). These poly-
mers, bearing ionic liquid functionalities, have many useful properties, 
which have been discovered in the last few decades.12–14 Although pIls 
bear permanent charges along the polymeric backbone, they can be pro-
cessed and polymerized as normal non-ionic polymers. This fact allows 
the creation of porous pIls by means of the common techniques used to 
introduce porosity into non-ionic polymers. porous pIls can be obtained 
by means of two main methodologies. The first one makes use of a tem-
plating agent, both hard and soft. The second one (called a templat-
ing-free methodology) allows a porous polymer to be obtained directly by 
means of free-radical polymerization or other direct synthesis techniques 
that make use of various C–C bond couplings. A further templating-free 
methodology for the generation of porous pIls involves the electrostatic 
cross-linking of a pre-formed pIl using inter-polyelectrolyte complex-
ation. In this process, simultaneous phase separation and cross-linking 
generate porosity in the system while stabilizing the final structure of the 
material.

Table 2.1 lists the main advantages and drawbacks of the more common 
synthetic routes that lead to porous pIls. All these techniques will be exten-
sively described in the following sections.

2.2.1.1  Templating Methodologies
Templating methodologies for creating porous pIls are essentially mold-
ing or casting techniques that lead to the inverse replication of the template 
structure.15,16 This structure can be pre-formed, as in the case of hard tem-
plating (also called direct templating), or generated in situ during the synthe-
sis of the porous pIls, as in the case of soft templating (also called indirect 
templating).

A further distinction can be made according to the raw material, which 
can be either a polymer or a monomer. The former is infiltrated into the void 
of the template or coated onto its surface, whereas the latter is polymerized 
directly inside the template.1 Both these raw materials can be employed in 
the hard templating route, whereas soft templating is usually performed 
starting from monomers.
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obviously, the starting template structure affects the final pore structure 
of the resulting pIl. A template with a well-defined porous structure is rec-
ommended in order to precisely tune the pIl replica porous structure. Tem-
plating methodologies allow macroporous and mesoporous materials to be 
achieved, but they do not allow microporous materials to be obtained. Micro-
porosity, in fact, arises from inefficient packing of the polymer chains and, 
therefore, a good template for micropores in pIls should be small enough 
to intercalate between the polymers chains; for that reason, it should have 
molecular dimensions. In this specific case, porosity can be generated by a 
porogenic solvent. We will further discuss this concept in section 2.2.1.2.1: 
Free radical polymerization.

The choice of an appropriate templating methodology to create porous 
pIls implies some important preliminary considerations. First, a good 

Table 2.1    list of the main methodologies to generate porous pIls, and their advan-
tages and drawbacks.

Methodologies Advantages drawbacks

Templating methodologies

hard (direct) easy synthesis of mesoporous 
and macroporous net-
works with well-defined 
pore size

difficulty in removing the 
sacrificial template

no microporous struc-
tures are achievable

 
soft (indirect) Mesoporous structures with 

a well-defined architecture 
can be obtained

difficult control of 
monomer–template 
interactions

no microporous struc-
tures are achievable

Templating-free methodologies

direct synthesis high ssA and microporous 
structures are achievable

An ordered crystalline net-
work is achievable with 
peculiar reactions

Monomers with strict 
defined requirements 
need to be synthesized

Challenging synthesis of 
the network

Free radical 
polymerization

simple synthetic strategy 
leading to polymers with a 
broad range of porosity

difficulty in fine tuning 
the porous properties

upscale is possible
 
polyelectrolyte 

complexation
simple synthetic strategy 

for meso/macroporous 
materials

Materials not stable in 
high ionic strength 
environments

The tuning of the pore size is 
possible by changing the 
polyelectrolyte

no micropores are 
achievable

porous membranes are 
achievable
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compatibility between the raw material (either the monomer or the polymer) 
and the template is necessary to achieve a good interaction and, as a conse-
quence, proper filling of the template voids with the raw material itself. In 
some cases of hard templating synthesis, the surface of the template needs 
to be modified to make it compatible with the raw material, or to introduce 
reaction sites for the growth of the pIls. The template structure should be sta-
ble enough to tolerate the polymerization conditions and it should be easily 
removed after the reaction by means of solvent extraction or chemical etch-
ing, avoiding critical conditions that could damage the just formed porous 
pIls. Cross-linked pIls are more likely to survive the template removal pro-
cess and avoid pore collapse because their robust structure is able to con-
trast the high interfacial energy and strong capillary action involved during 
template removal.

2.2.1.1.1  Hard Templating.  In hard templating methodologies, the selected 
templating structure is pre-formed and it is usually constituted by nanostruc-
tured porous silicas. The general synthetic route is as follows: a cross-linker 
monomer, liquid or in solution, and a polymerization initiator (if required) 
are infiltrated into the voids of the solid template, and then polymerization 
is triggered and subsequently the template is removed by chemical etching 
to produce the final porous pIls. This very intuitive technique has been used 
to obtain porous pIls with different pore sizes and shapes depending, obvi-
ously, on the employed templating agent. To the best of our knowledge, hard 
templating synthesis using pIls as a raw material has never been reported in 
the literature, whereas many studies describe the use of this technique for the 
synthesis of porous pIls starting from cross-linked ionic liquid monomers.

only two types of hard templating agent have been used to produce porous 
pIls: silica and iron oxide. silica is easy to obtain in different nanostructured 
shapes and, thanks to its polar surface, it can easily interact with the charged 
ionic liquid moiety, permitting good permeation of the monomer within 
the nanostructured silica. Furthermore, silica is easy to remove by means 
of an etching step with diluted hF solution or naoh solution. Imidazolium 
and pyridinium pIls are rather stable in both basic and acidic conditions, 
unless the naoh concentration does not exceed 1 M. An issue can arise during 
silica etching with hF solutions because the reaction of hF with the siliceous 
framework produces [siF6]2− anions, which can partially substitute the Il 
anions and remain as a leftover byproduct in the final material.

The first attempt to synthesize porous pIls via hard templating was per-
formed by li and co-workers.17 They used uniform silica nanoparticles assem-
bled into monodisperse spherical colloidal crystals as a template, in order 
to get inverse opal porous pIls. The resulting materials showed remarkable 
optical properties, which depended on the pIl anion. Following the same 
methodology, and by applying some variations to the silica nanoparticles 
employed as the template and to the pIls, li’s group were able to obtain 
porous pIls applicable as films for electro-optic switching and optical sen-
sors for different anions and environmental humidity.17–19
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highly-ordered mesoporous sBA-15 has also been used as a templating 
agent to produce porous pIls (see Figure 2.4a).20 In this case, divinylbenzene 
was used as a cross-linker for 1-benzyl-3-vinylimidazolium bromide in order 
to stabilize the final nanorod structure. since divinylbenzene is strongly 
hydrophobic, the hydroxyl groups at the surface of the silica were protected 
by trimethylsilyl groups in order to facilitate the diffusion of the monomer 
inside the sBA-15 channels. Thanks to the resulting ordered porous structure 
of the pIl, the BeT ssA is as high as 289 m2 g−1, and the pore size distribu-
tion shows a narrow maximum at 2.4 nm, which matches the wall thickness 
of sBA-15.20 randomly ordered silica nanoparticles were also reported as a 
porous pIl templating agent. In this case, the silica particles are not effi-
ciently packed together, minimizing the empty spaces; therefore, it is import-
ant to tune the template/pIl ratio in order to obtain a porous structure with 
fully interconnected pores, thus allowing easy accessibility of guest mole-
cules to all the available surface area. In this work, two different porous pIls 
were obtained. The first one was synthesized by free radical polymerization 
of a cross-linker ionic monomer, and the resulting mesoporous material 
exhibited remarkable Co2 adsorption properties.21 The second porous pIl 
was obtained by condensation polymerization of a trivalent alkyl bromide 
monomer and a series of bipyridine monomers. The condensation polym-
erization led to a mesoporous pyridinium pIl useful for supporting gold 
nanoparticles for catalytic applications.22

recently, Fe3o4 nanoparticles were also used as a novel templating agent to 
introduce macroporosity into pIls. Fe3o4 nanoparticles are cheap and easy 
to synthesize, but it is necessary to functionalize their surface with 3-(trime-
thoxysilyl)propyl methacrylate monomer in order to favour the growth of the 
pIl on their surface. This templating agent can be easily removed by means 
of hCl/h2o/ethanol solutions and ultrasonic treatment. The resulting mac-
roporous pIl was exploited for biodiesel production, taking advantage of the 
combination of the sulfonic acid group on the imidazolium alkyl chain and 
the hydrogen sulfate anion of the pIl.

2.2.1.1.2  Soft Templating.  soft templating methodologies rely on the use 
of soft matter, mainly in the form of self-assembled block copolymers, as a 
templating agent. Briefly, self-assembly occurs when supramolecular orga-
nization takes place in a dispersion of a block-copolymer consisting of two 
or more chemically immiscible homopolymers that are covalently linked 
together. The phase separation of this block-copolymer from the solvent gen-
erates an ordered aggregate, which minimizes the contact energy between 
the segments of different polarity. The phase separation is restricted to the 
nanometer scale because there is a covalent bond between the two chain seg-
ments leading to the creation of a nanostructured template.

The self-assembly of the templating agent takes place inside the polymer-
ization mixture. For this reason, it is crucial to balance the interaction forces 
between the templating agent and the monomer to drive the polymerization 
around the template avoiding close conjunction of the organic compounds 
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Figure 2.4    section (a): synthesis scheme of a porous pIl starting from the co-polymerization of an imidazolium monomer and dVB, 
using sBA-15 as a hard templating agent. reproduced from B. Karimi, M. r. Marefat, M. hasannia, p. F. Akhavan, F. Mansouri, 
Z. Artelli, F. Mohammadi, h. Vali, ChemCatChem, John Wiley and sons, Copyright © 2016 WIleY-VCh Verlag Gmbh & Co. 
KGaA, Weinheim.20 section (b): synthesis of a porous pIl starting from a cross-linker imidazolium monomer using p123 as a 
soft templating agent. reproduced from ref. 23 with permission from The royal society of Chemistry.
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and so permitting the removal of the template by means of solvent extraction, 
without causing the porous structure to collapse. The self-assembled tem-
plate structure also needs to be strong enough to support the stiffening 
induced by the cross-linking polymerization. The most common block-co-
polymers used as templates to generate porous material are commercially 
known as p123 (eo20–po70–eo20) and F127 (eo106–po70–eo106), which, due to 
the different lengths of their poly(ethylene glycol) and poly(propylene glycol) 
chains, are able to generate different micelle arrangements. porous materials 
generated via soft templating techniques usually possess an ordered meso-
porous structure.

A soft templating methodology has been exploited to create porous pIls 
using p123 as a templating agent and 1-allyl-3-vinylimidazolium chloride as 
a cross-linking monomer via free radical polymerization (see Figure 2.4b).23 
After the polymerization, extraction with ethanol leads to the formation of a 
hierarchically structured meso-macroporous pIl with a BeT ssA as high as 
144 m2 g−1. The hierarchical porosity arises from the broad range of dimen-
sions of the templating micelles. The size of the pores and the continuous 
pore structure of this material permit anion exchange of the pIl with the 
phosphotungstic anion making the material exploitable as a heterogenous 
catalyst in the h2o2-mediated epoxidation of cis-cyclooctene.23

2.2.1.2  Templating-free Methodologies
Templating free methodologies allow porous polymers to be achieved 
without the use of sacrificial templates. The three main templating-free 
techniques are (i) free radical polymerization, (ii) direct synthesis and (iii) 
polyelectrolyte complexation. The first two are classical polymerization tech-
niques to obtain cross-linked polymer networks that, thanks to particular 
strategies, lead to the generation of porous structures. In principle, in both 
of these methods the raw monomer needs to be carefully designed to be able 
to create a porous polymer network. The monomer should be multitopic in 
order to cross-link the network, and stiff enough to sustain the high capillary 
force of both micro- and mesopores and to avoid the collapse of the network 
into a bulky structure. In particular, the monomer must possess a rigid and 
sterically hindered structure that helps the inefficient packing of the polymer 
chains leading to the formation of micropores. The main advantage of these 
two polymerization techniques is that they allow the generation of micropo-
rous and mesoporous materials with rather high specific surface areas.

In the case of free radical polymerization, the starting monomers are usually 
cheap and easy to synthesize. Moreover, the polymer synthesis is usually 
easy to upscale. In contrast, in the case of direct synthesis, the monomers 
require more tricky synthesis steps, due to the need to generate a multitopic 
molecule that can react in carbon coupling reactions to create a network. 
however, an additional advantage of the direct synthesis route is that good 
design of the starting monomers leads to fine tuning of the polymer porous 
structure in terms of pore size and distribution.
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polyelectrolyte complexation uses a completely different approach. In this 
synthetic route, a linear pIl is electrostatically cross-linked with another 
polyelectrolyte or a small organic molecule. In this way, macroporosity, and 
sometimes mesoporosity, can be introduced by processing a pre-existing 
polymer. An important advantage of this technique is its extreme flexibility, 
due to the possibility to work with several different pIls and cross-linking 
agents. By means of this route, it is possible to obtain pIl membranes useful 
for various applications. The main drawback of this technique is the impos-
sibility to generate microporosity because the phase separation mechanism 
that induces the porosity only works in the meso/macro scale range.

2.2.1.2.1  Free Radical Polymerization.  Free radical polymerization is one 
of the most common and versatile techniques to obtain polymers, and by 
means of some proper modifications and expedients, this synthetic route 
can be employed to produce porous polymers.1 In accordance with all the 
other methodologies, the structure of the resulting porous polymer must be 
stabilized by means of an appropriate cross-linking agent, which is able to 
generate a polymer network.

Free radical polymerization derives from the chain reaction of vinyl groups 
to generate an alkyl chain, which is intrinsically very flexible. using this 
polymerization technique, the porosity of the polymer arises from both a 
microphase separation mechanism of the polymer chains from the reaction 
mixture, and from inefficient packing of the polymer chains due to the steric 
hindrance of the rigid monomers. The employed solvent can also act as a 
porogenic agent, inducing pore creation from the phase separation occur-
ring during the polymerization process. This situation occurs if the solvent 
is, at the same time, a rather good solvent for the raw monomers and a poor 
solvent for the polymer chains. This polymerization methodology is rather 
flexible and leads to pIls with various porous structures and pore size distri-
butions ranging from micro- to macropores.

pIl porosity is mostly governed by the chemical structure of the starting  
Il monomer and its interaction with the reaction solvent. In order to 
obtain a cross-linked polymer network, a starting monomer possessing at 
least two double bonds needs to be employed, which can be an Il cross-
linker or even a non-ionic one. The first studies on porous pIls involved 
the co-polymerization of various Il monomers using divinylbenzene (dVB) 
as a non-ionic cross-linker. dVB is a rather usual cross-linker, commonly 
used for the production of porous polystyrene–divinylbenzene (ps–dVB) 
resins. The structural rigidity of dVB leads to inefficient packing of the 
polymeric chains, opening up a route to generate microporosity by means 
of free-radical polymerization.

ding et al. reported the first study in this field, working on the co-polym-
erization of 3-butyl-1-vinylimidazolium chloride with dVB.24 The reaction 
was performed in chloroform, which acts as the only porogenic solvent. seM 
images revealed a rough surface of the pIl microparticles; however, no direct 
evidence was provided to estimate the ssA. This material was employed to 
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catalyze the coupling between carbon dioxide and various epoxides in order 
to form cyclic carbonates.24

Two subsequent studies, performed using dVB as a cross-linker for pIls, 
extensively investigated the effect of imidazolium alkyl chains of different 
length, the employed solvents and the reaction temperature on the resulting 
porous pIls, with the aim to acquire information on the porous structure. 
The co-polymerization reaction of different imidazolium monomers was 
run both under reflux and in an autoclave, in the latter case exceeding the 
boiling point of the reaction solvent and generating micro-mesoporous pIl 
monoliths with a BeT ssA ranging from 100 to 900 m2 g−1, depending on the 
reaction parameters (see Figure 2.5a).25,26 An analogous synthetic pathway 
involves the synthesis of the corresponding non-ionic copolymer between 
1-vinylimidazole and dVB. subsequently, the polymer is alkylated to intro-
duce the imidazolium moiety into the porous structure. The final results 
in terms of ssA and pore size were similar to those of the pIls made from 
ionic liquid monomers. however, this synthetic strategy allows the proper-
ties of the non-ionic porous polymer to be compared directly with those of 
the porous pIl, revealing the specific influence of the ionic liquid moiety in 
various catalytic reactions (see Figure 2.5b).27–29

A step forward in this field was the employment of Il cross-linkers, instead 
of non-ionic cross-linkers such as dVB, which are functional and structural 
at the same time. For this purpose, bis-vinylimidazolium salt monomers 
with alkyl chains of different lengths and 1,3-bis(4-vinylbenzyl)imidazolium 
chloride were exploited in an attempt to obtain porous pIls from free-radical 
polymerization.30 The syntheses performed with Il cross-linker monomers 
clearly evidence that the first mandatory condition to obtain porous pIls 
is the rigidity of the monomer structure, and if this condition is satisfied,  
the synthesis parameters have a minor influence on the porosity of the final 
material. For this reason, careful choice of the starting monomer and 
fine-tuning of the synthesis conditions are very important. The polymeriza-
tion of 1,3-bis(4-vinylbenzyl)imidazolium chloride (see the structure in Fig-
ure 2.6, part b), performed in reflux of ethanol, leads to pIl microparticles 
of less than 200 nm and a BeT ssA of only 24 m2 g−1, probably arising from 
the inter-particle voids.30 In this case, even if the monomer has two relatively 
rigid styrene groups, the methylene bridges of the monomer give enough 
flexibility to the resulting polymer chains to cause the collapse of the network 
into bulky nanoparticles.

Better results in terms of ssA were obtained in the case of bis-vinylimid-
azolium salt monomers with variable lengths of the alkyl chain connecting 
the two imidazolium moieties (see the general structure in Figure 2.6, part a). 
In particular, two studies deal with bis-vinylimidazolium salt polymeriza-
tion under ionothermal conditions in the presence of various ionic liquids 
as solvents and possibly water as a co-solvent.31,32 The Il employed as a sol-
vent can act as porogenic agent and, thanks to the high affinity between the 
Il solvent and the Il monomer, very small pores can be obtained.31 on the 
other hand, if water is used as a co-solvent, it supposedly forces the Il solvent 
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Figure 2.5    section (a): scheme of the solvothermal synthesis of various porous 
pIls performed in an autoclave using an imidazolium starting mono-
mer and dVB as a cross-linking agent. reprinted from Polymer, 55 
(16), d. Kuzmicz, p. Coupillaud, Y. Men, J. Vignolle, G. Vendraminetto, 
M. Ambrodhi, d. Taton, J. Yuan, Functional mesoporous poly(ionic 
liquid)-based copolymer monoliths: From synthesis to catalysis and 
microporous carbon production, 3423–3430, Copyright 2014 with per-
mission from elsevier.25 section (b): synthesis scheme of a porous poly-
mer obtained from imidazole and dVB and its following alkylation step 
that leads to various porous pIls. These porous polymers were used 
to host pd nanoparticles in order to study how the ionic environment 
influences the catalytic properties. reproduced with permission from 
ref. 28 (Copyright 2015, American Chemical society).
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to aggregate in an ordered fashion creating a nano-structural organization, 
which is able to act as a soft templating agent for mesopore formation, rather 
than being just a porogenic solvent.32 The bis-vinylimidazolium salt mono-
mers with two or four carbons in the alkyl chain usually generate porous net-
works with ssAs below 90 m2 g−1, mainly due to the flexibility of the resulting 
polymer structures. The best results were obtained in the case of bis-vinylim-
idazolium with an alkyl chain of only one methylene group. In such a case, 
the structure of the monomer is very rigid, and by means of an appropriate 
Il/water solvent mixture, a hierarchically structured meso-macroporous pIl 
monolith with a BeT ssA as high as 205 m2 g−1 is formed.32

Very recently, 1,3-diallylimidazolium salts (see the structure in Figure 2.6, 
part c) were co-polymerized with tris(4-vinylphenyl)phosphine. Both of these 
monomers can act as a cross-linker and by means of hydrothermal free-rad-
ical polymerization in dMF they were able to form a micro-mesoporous pIl 
with a ssA as high as 591 m2 g−1, arising from the very rigid structure of the 
phosphine monomer.33

Yan and Texter reported a synthetic strategy for obtaining pIl copoly-
mers that can be tuned between a hydrogel and a porous structure by sim-
ply changing the anions of the ionic liquid moiety. The starting monomer, 
1-(2-acryloyloxyun-decyl)-3-methylimidazolium tetrafluoroborate, is a sur-
factant and was polymerized in a h2o/1-propanol/methyl methacrylate 
mixture, with a variable percentage of ethylene glycol dimethacrylate as a 
cross-linking agent. When the co-polymer is exchanged to a pF6

− anion, the 
structure can switch from a bulky morphology, if the material is immersed 
in aqueous dMso, to a porous morphology of highly interconnected macro-
pores, if the co-polymer is immersed in pure water. This morphology shift 

Figure 2.6    structures of the most common ionic liquid monomers employed for 
the synthesis of pIls.
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is ascribable to the swelling and deswelling of the co-polymer depending on 
the solvent polarity.34

2.2.1.2.2  Direct  Synthesis  of  Polymeric  Networks.  The direct synthesis 
of porous pIls is a flourishing method in the field of porous pIl synthesis, 
since it opens up a route to obtain microporous materials, avoiding the use 
of a templating agent (with its challenging etching step) and directly generat-
ing the porous network, usually in just one step. In order to introduce micro-
porosity into organic materials, it is important to prevent efficient packing of 
the polymer chains that irremediably leads to a bulky non-porous material. 
This is generally true for all polymers, but it is particularly relevant in the 
case of charged polymer backbones, because their coulombic interactions 
cause the collapse of the polymer chains together. As in the case of free rad-
ical polymerization, the resulting polymer network should be stiff enough 
to avoid the collapse of the pores, which arises from bending and twisting 
chains, and to counteract the high capillary pressure and surface energy 
present in the microporous network. A contorted polymer chain with a high 
degree of cross-linking or connectivity is then helpful to stabilize the micro-
pore structure and to minimize the swelling of the material in the presence 
of solvents or gas molecules. In contrast with the free radical polymeriza-
tion technique, direct synthesis mainly uses condensation polymerization, 
or other C–C coupling methods, to build up the network between tritopic 
or tetratopic monomers, which are sterically hindered in order to introduce 
inefficient packing of the resulting polymer chains. It is worth noting that, 
due to the difficulty in finely controlling the ionic network synthesis, a small 
fraction of mesopores is usually present in addition to a large fraction of 
micropores. The removal of the solvent is generally the critical step of the 
direct synthesis route. In fact, the solvent is able to keep the polymer struc-
ture in a swollen state with open pores and, during its removal, the residual 
mobility of the polymer chain can lead to the collapse of the pore network. 
hence, to avoid this possibility, solvent removal is usually performed via 
sublimation employing supercritical carbon dioxide drying or freezer drying 
from water. In this way, thanks to the low temperature of these processes, 
the mobility of the polymer chains is limited and the porous structure is 
preserved.

According to their definition, pIls are polymers obtained from the polym-
erization of ionic liquid monomers. This definition is in good agreement 
with free radical polymerization, but does not match the direct synthesis 
of porous pIls. In fact, in the direct synthesis route, the ionic liquid moi-
ety can be directly generated during the formation of the polymer network, 
without passing through an isolable ionic liquid. Thus, the porous ionic 
liquids obtained from direct synthesis are rarely indicated as pIls, whereas 
they are more properly termed porous cationic/anionic polymers. despite 
their official definition, it is worth including these materials in this chapter, 
because they still have the ionic liquid moiety in their structure (giving them 
the chemical properties of porous pIls), combined with the advantage of a 
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microporous texture. A wide variety of direct synthesis approaches have been 
reported in the literature, and, therefore, it is very difficult to find some com-
mon character among all the different syntheses. In order to give a brief sche-
matic overview, we will initially discuss the ionic polymers obtained starting 
from a pre-formed ionic monomer, and then the materials generated starting 
from a non-ionic monomer and in which the ionic moiety is generated in situ 
during the synthesis of the polymer network.

direct synthesis starting from an ionic monomer requires the synthesis 
of a rigid multitopic salt based on B−, p+ or n+ ions. A polymer network is 
obtained by connecting the ionic monomers by means of various kinds of 
bond formation, such as Yamamoto-type ullmann cross-coupling, sonogas-
hira–hagihara cross-coupling, schiff base reaction or Friedel–Crafts reaction. 
sometimes, it is also necessary to employ a non-ionic multitopic monomer 
to obtain the cross-links necessary for the creation of the polymer network.

The first microporous anionic borate network was prepared by taking advan-
tage of the sonogashira–hagihara coupling of tetrakis(4-bromo-2,3,5,6-tetra-
fluorophenyl)borate salt with 1,3,5-triethynylbenzene. The resulting anionic 
network shows a BeT ssA of 761 m2 g−1 and a pore volume of 0.54 cm3 g−1.35 
similar borate microporous networks were also obtained starting from anal-
ogous multitopic ethynyl tectons and tetrakis(4-bromophenyl)borate salts.36 
phosphonium microporous polymer networks were obtained for the first 
time starting from tetrakis(4-chlorophenyl)phosphonium bromide, self-
cross-linked by means of a Yamamoto-type cross-coupling. The resulting 
materials exhibit BeT ssAs ranging from 650 to 980 m2 g−1, depending on 
the halogen anion.37 Friedel–Crafts catalysis was also used to react various 
phenyl phosphonium salts in the presence of benzene, in order to obtain 
hypercross-linked meso/microporous polymers with BeT ssAs ranging from 
770 to 1168 m2 g−1, depending on the starting phosphonium salt.38

Various rigid imidazolium ditopic salts were synthesized by means of the 
debus–radziszewski imidazolium synthesis, which leads to an imidazolium 
ring directly conjugated to a functionalized phenyl ring. The imidazolium 
monomers formed with this synthesis only possess a double functionality; 
therefore, in order to generate a network, they need to react with a multi-
topic monomer. son and co-workers report the first example of this polymer 
synthesis taking advantage of the sonogashira coupling of 1,3-bis(2,6-diiso-
propyl-4-iodophenyl)imidazolium chloride and tetrakis(4-ethynylphenyl)
methane, obtaining a microporous material with a BeT ssA of 620 m2 g−1 
(see Figure 2.7a).39 using the same concept, but through suzuki–Miyaura 
cross-coupling and Yamamoto reaction, similar microporous imidazolium 
networks were also obtained (see Figure 2.7b and c).40,41

A ditopic pyridinium ionic monomer was also obtained from the qua-
ternarization of 4,4′-bipyridine. subsequently, a microporous cationic 
polymer was generated by the sonogashira–hagihara cross-coupling of the 
just formed 1,1′-bis-(4-iodophenyl)-[4,4′-bipyridine]-1,1′diium salts with dif-
ferent anions (Cl−, BF4

− and pF6
−) and tetrakis(4-ethynylphenyl)methane (see 

Figure 2.8a). The resulting microporous polymers exhibit BeT ssAs in the  
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Figure 2.7    Main strategies for the direct synthesis of porous pIls starting from bifunctional imidazolium ionic liquid monomers. 
The materials are obtained by means of sonogashira coupling (section a), suzuki–Miyaura cross-coupling (section b) 
and Yamamoto reaction (section c). Adapted from ref. 39, ref. 40 and ref. 41 with permission from The royal society of 
Chemistry.
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Figure 2.8    section (a): direct formation of porous pIls by means of sonogashira coupling starting form a pyridinium bifunctional 
monomer. The ssA of the sample is inversely proportional to the size of the anion, as clearly visible from the n2 adsorp-
tion isotherms at 77 K. Adapted from ref. 42 with permission from The royal society of Chemistry. section (b): forma-
tion of porous pIls by ionothermal cyclotrimerization reaction of imidazolium nitrile moieties. Also in this case, the 
n2 adsorption isotherms at 77 K show that the ssA inversely depends on the size of the anion. Adapted with permission 
from ref. 43, Copyright 2009, American Chemical society.
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433–755 m2 g−1 range, depending on the nature of the anion.42 By means of 
an innovative approach, dai et al. used the ionothermal cyclotrimerization 
reaction of nitrile to cross-link a cyano-functionalized imidazolium ionic liq-
uid and connect the cations forming a polymer network based on 1,3,5-tri-
azine (see Figure 2.8b).43 The negligible vapor pressure of the ionic liquid was 
the key point for the development of the porous network, since the cyclotri-
merization reaction was performed at 400 °C. The results reported in this 
study claim that the anion of the ionic liquid can act as a templating agent. 
In fact, different anions lead to porous pIls with very different BeT ssAs, 
ranging from 2 m2 g−1 in the presence of chloride to 814 m2 g−1 in the case of 
bis(pentafluoroethylsulfonyl)imide.43

Another example of a quaternary ammonium network comes from the 
schiff base reaction between ethidium bromide and 1,3,5-triformylphlo-
roglucinol (see Figure 2.9).44 The schiff base reaction, under proper con-
ditions, is reversible, and long reaction times lead to the thermodynamic 
equilibrium structure of the porous polymer network, i.e. an ordered porous 

Figure 2.9    section (a): the synthesis scheme of a porous covalent organic frame-
work obtained from the schiff base reaction of ethidium bromide 
(bearing a quaternary nitrogen) and 1,3,5-triformylphloroglucinol. The 
obtained material structure is ordered as illustrated in the pictures in 
sections (b) and (c). reproduced with permission from ref. 44, Copy-
right 2016, American Chemical society.
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structure. This peculiar ordered porous structure makes this polymer defin-
able as a covalent organic framework (CoF). If this material is obtained 
bearing fluorine as the anion, the BeT ssA shows a value of 1002 m2 g−1, pro-
gressively decreasing in the case of materials bearing other halide anions  
(Cl−, Br− or I−) to values of 954, 774 and 616 m2 g−1, respectively.44 Two different 
CoF ionic polymers were obtained using triaminoguanidinium halides and 
1,1-bis(4-formylphenyl)-4,4′-bipyridinium dichloride as starting quaternary 
ammonium sources.45,46

porous ionic networks may also be synthesized starting from non-ionic 
monomers, by creating the ionic moiety and the porous network simultane-
ously. A recent example, reported by dani et al., takes advantage of the click-
based debus– radziszewski imidazolium synthesis to directly cross-link the 
amino group of tetrakis(4-aminophenyl)methane (see Figure 2.10a).47 This 
reaction generates an imidazolium moiety that connects the tectons together. 
The resulting cationic polymer bears the acetate anion, which was subse-
quently exchanged with other anions, such as pF6

−, Tf2n−, BF4
− and Tfo−. All 

the synthesized polymers are microporous and their BeT ssAs range from 
176 to 426 m2 g−1, depending on the anion present in the network.47 All the 
porous ionic networks synthesized by dani et al. exhibit peculiar isotherms 
for both n2 adsorption at 77 K and Co2 adsorption at 298 K (see Figure 2.10b 
and c, respectively), in which the desorption branch of the isotherms is not 
close to the adsorption branch even at low relative pressures. As reported in 
the introduction section of this chapter, these particular adsorption/desorp-
tion isotherms are indicative of swelling effects, derived from the elastic 
deformations of the polymeric network during the gas adsorption process. 
The ssA strictly depends on the size of the anion as evidenced by the n2 iso-
therms at 77 K (see Figure 2.10b). The presence of the imidazolium ionic 
liquid moiety, together with the microporous structure, makes these pIls 
promising materials for Co2 capture. In fact, they exhibit excellent behavior 
towards carbon dioxide adsorption, either at 298 K and 1 bar, with a Co2 
loading above 1 mmol g−1 (see Figure 2.10c), or even more at 273 K and 1 bar, 
where the loading was 2 mmol g−1. To the best of our knowledge, the above 
reported values are the highest in the field of imidazolium pIls.

Two similar microporous pIls were obtained via a two-step synthesis of 
the imidazolium ring, passing through the polymer bearing the diimine and 
closing the imidazolium ring just in a successive step.48,49

Another way to directly create porous ionic polymers, starting from a 
non-ionic monomer, is the alkylation of a multifunctional nitrogen mono-
mer using a multivalent alkylating agent to generate the porous network, as 
reported by Chen et al.50 This method was employed to alkylate the free elec-
tronic doublet of nitrogen present in various organic linkers, based either on 
imidazole, pyridine, amines or 1,4-diazabicyclo[2.2.2]octane. All these mole-
cules are ditopic and they are alkylated using octakis(chloromethyl)silsesqui-
oxane, which is a multitopic monomer. The present study is a clear example 
of how the rigidity of the ionic liquid moiety affects the BeT ssA of the final 
polymer network. In fact, the higher the flexibility of the linker structure, 
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Figure 2.10    section (a): synthesis scheme of porous pIls obtained by debus–radziszewski click reaction to directly create the imid-
azolium moiety during the synthesis of the porous network. The porous pIls are obtained with different anions and the 
carbene moiety was also introduced on the imidazolium ring. section (b): n2 adsorption/desorption isotherms at 77 K. 
section (c): carbon dioxide adsorption isotherms at 298 K. Adapted from ref. 47 with permission from The royal society of 
Chemistry.
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the lower the surface area of the final material, ranging from 1025 m2 g−1 for 
the 4,4′-bipyridine linker to 26 m2 g−1 for the 1,3-bis(4-pyridyl)propane linker, 
which possesses a propyl alkyl chain within its structure.50

nitrogen alkylation was also performed on N-methylimidazole using 
various bifunctional benzyl halides via a one pot synthesis, in which the 
so-formed ionic molecules were directly hypercross-linked using the Frie-
del–Craft reaction. The obtained porous cationic polymers exhibit mostly 
microporous structures, with also a small fraction of both meso- and macro-
pores. The BeT ssAs are rather high, ranging from 530 to 926 m2 g−1, depend-
ing on the starting benzyl halide.51 Zhu and co-workers recently reported an 
innovative porous cationic polymer created by the condensation of 4-pyridin-
ylboronic acid and cyanuric chloride (see Figure 2.11).52 In this synthesis, 
the quaternarization of the pyridine moiety to form a pyridinium salt and 
the trimerization of the boronic acid occur simultaneously, generating a 

Figure 2.11    synthesis scheme of a porous pIl obtained starting from neutral mono-
mers. The polymer arises from the condensation of 4-pyridinylboronic 
acid and cyanuric chloride. The formation of the pyridinium moiety 
and network formation occur simultaneously. These porous pIls can 
be obtained bearing various halide anions and they are used as hosts 
for silver atoms. Adapted from Y. Yuan, F. sun, F. Zhang, h. ren, M. Guo, 
K. Cai, X. Jing, X. Gao, G. Zhu, Advanced Materials, John Wiley and sons, 
Copyright © 2013 WIleY-VCh Verlag Gmbh & Co. KGaA, Weinheim.52
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microporous polymer network with a BeT ssA of 384 m2 g−1. In a subsequent 
study, the chlorine anion of this material was exchanged with other halides 
anions, leading to fine tuning of the pore size and making this material use-
ful for the separation of various gas mixtures.53

2.2.1.2.3  Polyelectrolyte  Complexation.  previously, we introduced sev-
eral methods to create porous pIls exploiting free radical and condensation 
polymerization. Both these methodologies are employed to generate cova-
lently cross-linked polymer networks. An alternative way to cross-link poly-
mer chains is to take advantage of the inter-polyelectrolyte complexation 
that takes place between polyelectrolytes bearing opposite charges along 
their backbones. pIls are polyelectrolytes bearing Il moieties as permanent 
charges (usually positive) and, therefore, an electrostatic cross-link can be 
made between a pIl and a negatively charged polyelectrolyte like neutralized 
poly(acrylic acid) (pAA) or a multivalent acid molecule. The generation of 
the electrostatic cross-link leads to a polymer network and may also induce 
phase separation of the network from the solvent. This phase separation, 
occurring at the nano/microscale level, produces porosity inside the struc-
ture of the material, while the simultaneous formation of a cross-linked net-
work is able to stabilize the as-formed porous structure.

Taking advantage of the so-called “acidic blending process”, followed by 
deprotonation, Zhao and co-workers were able to generate a series of meso- 
and/or macroporous pIls with various applications.54 In a typical synthetic 
process, a hydrophobic pIl is solubilized in dMF (or another non-protic sol-
vent), together with a multivalent carboxylic acid or with pAA. The acid group 
is in the protonated form and, since dMF is an aprotic solvent, no acid–base 
equilibrium takes place; therefore, no complexation is possible allowing the 
“acidic blending process”. The pIl/acid solution is then added dropwise into 
an organic solvent containing a small percentage of ammonia (commonly 
0.5 wt%). The ammonia acts as an activating agent deprotonating the car-
boxylic groups and, subsequently, the formed carboxylate species undergo 
complexation with the imidazolium cations of the pIl creating the electro-
static cross-links. since the cross-links are able to stabilize the structure of 
the polymer network at the early stage of the phase separation, the resulting 
pore size is in the range of micro/mesopores.

If inter-polyelectrolyte complexation is applied to conventional polyelec-
trolytes, the porous properties of the resulting materials are not noteworthy. 
In fact, due to their charges, conventional polyelectrolytes are all water-based 
and, therefore, the complexation is performed in aqueous solution, i.e. in 
the presence of strong interacting forces. In contrast to the conventional 
polyelectrolytes, pIls, with their peculiar property of being a permanently 
charged polymer with a tunable polarity that depends on the anion–cat-
ion pair, opened up a route to obtain porous polyelectrolytes by means of 
inter-polyelectrolyte complexation. In fact, in the case of pIls, the polymer 
cross-linking occurs in organic media, where the set of interaction forces is 
completely different. In particular, the hydrophobic interaction is null, the 
hydrogen bonds are weakened or canceled and the columbic interactions 
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have a different character. This situation allows the formation of a micro/
mesoporous structure of the polymer complex.2

The first porous pIls obtained using this technique were synthesized 
starting from a homogeneous dMF solution of poly(3-cyanomethyl-1-vi-
nylimidazolium) bearing various anions (Tf2n−, pF6

−, BF4
−, Br−) and pAA, and 

were precipitated in ethanol containing 0.5 wt% nh3 (see Figure 2.12, left 
side).55 The polyelectrolyte complex precipitates as a powder consisting of 
aggregated nanoparticles of 30–50 nm diameter, as pointed out by the seM 
image reported in Figure 2.12 (left side). The nanoparticles exhibit an inter-
nal micro/mesoporous structure, as highlighted by the n2 isotherms at 77 K 
(see Figure 2.12, left side), conferring to the material a BeT ssA as high as 
310 m2 g−1 and a total pore volume of 0.98 cm3 g−1.55 This synthetic route has 
been demonstrated to be reliable and applicable for different pIl/multi-poly-
acid combinations. other porous pIls, with a similar porous structure, were 
reported starting from pIl/multi-carboxylic acid, pIl-co-pAA random copoly-
mers, and a zwitterionic pIl homopolymer with a carboxylic group attached 
to the imidazolium alkyl chain.56–58

The inter-polyelectrolyte complexation of pIls can be also employed to 
generate membranes covering a broad range of shapes, porosities, chemical 
structures and applications (see Figure 2.12, right side).59,60 In a typical syn-
thesis, the solution of pIl and multi-carboxylic acid/polyacid is cast onto a 
glass plate and dried to evaporate the solvent. Then the as obtained film is 
immersed in an aqueous ammonia solution. This solution is able to penetrate 
the cast mixture of the two intimately mixed components, because the acid 
component is water soluble. The deprotonation is triggered when nh3 is put 
in contact with the carboxylic acid group, which is able to complex with the pIl 
chains generating the electrostatic cross-links of the polymer chains.59 Qua-
si-solid state chemistry is involved in the membrane synthesis mechanism 
with respect to the porous pIl synthesis, since only one of the two intimately 
mixed components is readily soluble in the ammonia solution. Therefore, the 
phase separation step occurs at a slightly later stage leading to a final macrop-
orous membrane, with a pore size ranging between 30 and 100 nm.

As the membrane is cast onto a glass surface, the ammonia solution pen-
etrates inside the film from top to bottom, creating a gradient of ammonia 
concentration, which, in turn, generates a gradient of cross-linking density 
along the membrane cross-section. Thanks to this peculiar property, the 
asymmetric swelling of the membrane forces the structure to fold in the time 
scale of seconds in the presence of organic solvent, either in solution or in 
the gas phase. After removal of the organic solvent, the starting structure is 
restored, allowing these membranes to work as a perfect actuator.60,61 The 
pore size of these membranes can be simply tuned by changing the multiva-
lent carboxylic acid used as the multi-anion.62

Interestingly, it is possible to tune the membrane pore structure by chang-
ing the redox potential in a membrane made from a redox-responsive pIl. 
Vancso and co-workers reported the synthesis of a macroporous membrane 
starting from a poly(ferrocenylsilane)-based pIl and pAA.63 The immersion 
of the membrane in aqueous ammonia deprotonates the pAA triggering the 
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Figure 2.12    left side: synthesis scheme, n2 adsorption/desorption isotherms at 77 K (a) and seM image (b) of a porous pIl obtained via 
polyelectrolyte complexation of various imidazolium pIls and pAA. Adapted with permission from ref. 55, Copyright 2012 
American Chemical society. right side: (a) scheme of the preparation of a nanoporous polyelectrolyte membrane from a 
solution mixture of a cationic poly(ionic liquid) and poly(acrylic acid) in dMF; (b) photograph of a 35 cm × 25 cm free-stand-
ing membrane; (c and d) representative seM images of the cross-sectional area of the as-prepared membrane. Adapted with 
permission from ref. 59. Copyright 2013 American Chemical society.
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polyelectrolyte complexation (see Figure 2.13). The resulting membrane 
exhibits an interconnected pore structure and the opening and closing of the 
pores is regulated by the redox state of the system. In particular, if the fer-
rocenyl iron is in the oxidized form, the density of the open pores is higher. 
The ability of the pore system to breathe on command is useful to tune the 
permeability of the membrane and, as a consequence, to regulate the water 
flux across it.63 A similar pore switching process, regulated by the solvent 
in contact with the membrane, was reported for a pIl/multi-carboxylic acid 
realized with a hydrophilic pIl.64 In this specific case, the pIl chains swell 
in the presence of water blocking the membrane pores, but when the mem-
brane is in contact with isopropanol, the hydrophilic pIl structure de-swells 
and the pores open again.64 Membranes formed by pyridinium pIls have also 
been synthesized,64,65 thus highlighting the extreme flexibility of this syn-
thetic route to generate porous polyelectrolyte membranes.

since electrostatic cross-linking does not lead to porous pIl membranes 
that are stable in high ionic strength environments, a method was recently 
developed to introduce covalent cross-links in addition to the existing elec-
trostatic ones. A membrane with a residual dicyanamide anion and a nitrile 
alkyl chain dangling from the imidazolium pIl was annealed at 200 °C, in 
order to create 1,3,5-triazine rings able to covalently cross-link the pIl chains 
(see Figure 2.14).66 The starting porous structure of the membrane is retained 
after the annealing, and the covalently cross-linked membrane has proven to 
be stable in various salt solutions, i.e. in highly ionic solution environments, 
as demonstrated by the seM image reported in Figure 2.14b, in which it is 
evident that the porous structure of the membrane is unaltered in terms of 
pore size and distribution after the salt treatment.66

2.2.2   Supported Porous Ionic Liquids
Ionic liquids (Ils) are usually very viscous liquids, and in some cases (when a 
symmetric plane is present in both the cation and the anion), they are solid 
at room temperature. due to their high viscosity in the liquid phase, ionic 
liquids are clearly not able to generate porous materials, and, at the same 
time, if they are in the solid state, they crystalize in ordered bulky reticles 
similar to all inorganic salts. The synthetic strategies introduced in the pre-
vious sections allowed the creation of new porous materials bearing ionic 
liquid functionalities from scratch. A different approach to create porous 
materials with ionic liquid moieties is to immobilize ionic liquids on a pre-
viously generated porous material. The materials belonging to this class are 
called supported porous ionic liquids (spIls).

The immobilization of the Ils on a porous support was extensively studied 
in the last few years, not only with the aim of creating new porous materials 
bearing Il functionalities, but also to improve the handling of the Ils and to 
enhance the properties of the final composite. Both polymeric and inorganic 
porous materials, amorphous or ordered, have been studied as potential sup-
ports for Ils. selvam et al.67 classified the supported ionic liquids (sIls) into 
three main categories: supported ionic liquid catalysts (sIlCs), solid catalysts 
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Figure 2.13    synthesis scheme of a polyelectrolyte complexation membrane obtained from the complexation of a poly(ferrocenylsi-
lane)-based pIl with pAA. The immersion of the membrane in aqueous ammonia deprotonates the pAA triggering the polye-
lectrolyte complexation. The resulting membrane exhibits a macroporous structure. Adapted from K. Zhang X. Feng, X. sui, 
M. A. hempenius, G. J. Vancso, Angewandte Chemie International Edition, John Wiley and sons, Copyright © 2014 WIleY-VCh 
Verlag Gmbh & Co. KGaA, Weinheim.63
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with ionic liquids (sCIls), and supported ionic liquid phases (sIlps), along 
with many others subcategories.

In our discussion, we classify spIls into several classes depending on the 
starting porous material. In the present section, we will deal with a large 
variety of possible supports, including polymers, metals, porous carbons, 
metal–organic frameworks (MoFs) and inorganic oxides, with a special focus 
on silicas. Further classification can be done considering the binding method 
of the ionic liquid with the support material. In fact, in general, the Il can be 
connected to the support in two possible ways: (i) by physical adsorption or 
(ii) by chemical bonding with the species present at the surface of the support. 
From a general point of view, physically immobilized spIls may suffer from 
leaching problems; however, they usually have the advantage that very simple 
synthetic routes can be employed. on the other hand, in the case of chemically 
immobilized spIls, the leaching problems are limited but their synthetic 
procedures involve chemical reactions that are not always easily achievable.

Figure 2.14    synthesis scheme of a macroporous covalently cross-linked imidaz-
olium pIl membrane obtained via polyelectrolyte complexation of 
an imidazolium pIl containing dicyanamide as the anion and pAA. 
The as-formed membrane is stable in salt solutions with high ionic 
strengths. The seM image in part (a) represents the membrane before 
treatment in salt solution, whereas the one in part (b) represents the 
covalently cross-linked membrane after 72 hours of treatment in 1 M 
lipF6 solution. Adapted with permission from ref. 66. Copyright 2016 
American Chemical society.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
00

23
View Online

http://dx.doi.org/10.1039/9781788010535-00023


Chapter 254

Table 2.2    summary of the immobilization techniques.

Method description Advantages drawbacks

Impregnation/
encapsulation

The porous support is 
dispersed in an Il 
solution. Capillary 
forces constrain the 
Il inside the pores

✓ simple
✓ Always 

achievable

× ssA and pore 
volume decrease 
of the porous 
support

× Il leaching 
problems

 
Incipient 

wetness 
impregnation

An Il solution is 
dropped on a dried 
porous support until 
it appears wet. The 
Il remains inside 
the pores due to 
capillarity

✓easy
✓Always 

achievable

× ssA and pore 
volume decrease 
of the porous 
support

× Il leaching 
problems

 
Co-condensation The Il species enter 

the structure simul-
taneously with the 
synthesis of the sup-
port, such that the 
Il is embedded in 
the structure of the 
support

✓one step 
synthesis

× special require-
ment of the Il 
molecules (must 
be able to link 
to the support 
structure and 
must be compati-
ble with the reac-
tion conditions 
of the support)

✓no Il leaching 
problems

✓ The Il is an 
integrated part 
of the main 
structure

✓The Il directly 
faces the open 
pores of the 
material

 
Grafting The Il is covalently 

bonded to the surface 
of the support by 
chemical reaction on 
specific reactive sites

✓no Il leaching 
problems

× requirement 
of specific Il 
structures✓Good control 

of the amount 
of Il species at 
the surface

 
surface 

modification
Chemically active spe-

cies at the surface 
of the support are 
modified to introduce 
the Ils

✓no Il leaching 
problems

× not always 
achievable

✓Good control 
of the amount 
of Il species at 
the surface

× Active moieties on 
the surface of the 
porous material 
are mandatory

 
ship-In-Bottle 

synthesis
The Il is synthetized 

inside the support: 
the reactants are able 
to penetrate inside 
the support and, 
once the Il forms, 
it is stuck inside the 
support

✓novel approach × special require-
ments regarding 
the support 
pore size and 
the dimensions 
of the reactant 
and final Il 
molecules

✓no leaching 
problems
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The immobilization of an Il on a support occurs following some general 
methods. The most common immobilization strategies are listed in Table 2.2, 
together with a brief description of the procedures and both their main advan-
tages and drawbacks. The impregnation, encapsulation and incipient wetness 
impregnation methods generally lead to physical immobilization of the Il 
moiety. on the other hand, the grafting and surface modification techniques 
necessarily involve a chemical immobilization. The ship-in-bottle synthesis, 
instead, is a special synthetic route in which the support acts as the container 
for the synthesis of the Il, which is eventually trapped inside the pores of the 
support. In the following sections, we will try to provide a general discussion 
regarding spIls, considering Ils supported on different porous systems.

2.2.2.1  Ionic Liquids on Polymeric Supports
different from the poly(ionic liquid)s already described in section 2.1, poly-
mer supported ionic liquids (psIls) are non-ionic porous polymers that 
undergo surface functionalization in order to support ionic liquid moieties 
of various kinds.

psIls have been widely studied in recent years. In particular, systems based 
on polystyrene (ps) and ps-modified resins, divinylbenzene (dVB)-cross-
linked psIls, peG-1000 and chitosan-based psIls, were used to produce cat-
alysts for a certain number of important catalytic reactions.67 In addition, 
supported ionic liquid membranes (sIlMs), using nylon, cross-linked nylon, 
polyimide or polymer films as supporting polymers, belong to the family of 
psIls. sIlMs have found applications in catalytic membrane reactors and in 
gas separation.67

In the context of psIls, one of the first and easy synthetic attempts 
exploited an impregnation technique to produce an Il-impregnated resin,  
which was used as a fixed bed column for a butyric acid separation process.68  
A commercial macroporous Amberlite resin (XAd-1180n, based on a styrene– 
divinylbenzene copolymer) was immersed in an ammonium Il (trialkylmeth-
ylammonium bis-(2,2,4-trimethylpentyl)phosphinate ([CnCnCnC1n]+[BTMpp]−)) 
solution. The Il was obtained via a metathesis reaction between Aliquat 336 
(trialkylmethylammonium chloride, [CnCnCnC1n]+[Cl]−, mostly containing C8 
alkyls) and Cyanex 272 (bis-(2,4,4-trimethylpentyl)phosphinic acid, h[BTMpp]). 
The final supported material possesses an average particle size of 553 µm 
and an Il/support mass ratio (g g−1) of 1.28.

2.2.2.2  Ionic Liquids on Metal Catalysts
According to selvam et al.67 we can refer to a material as a solid catalyst with 
an ionic liquid layer (sCIll) if the Il support is catalytically active. sCIlls 
are porous heterogeneous catalysts coated with an Il layer, which is able 
to enhance the catalytic properties of the support itself. An example of 
the synthesis of a solid catalyst with an ionic liquid layer was reported by 
Kernchen et al., who prepared a sCIll following an impregnation method.69 
In this synthetic procedure, a commercial ni-catalyst (BeT ssA 105 m2 g−1) 
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was coated with different loadings of an Il (1-butyl-3-methylimidazolium-n- 
octylsulfate ([BMIM][n-C8h17oso3])) up to 20 wt%. The procedure was repeated 
until the desired loading of the Il was reached. The catalyst characterization 
pointed out that the higher the Il loading, the lower the catalyst ssA and 
pore volume. A complete coating of the catalyst surface was achieved with a 
10 wt% loading of Il, but under these conditions, the catalyst exhibited a ssA 
of 50 m2 g−1. The aim of the functionalization was to increase the selectivity of 
the hydrogenation reaction of the cyclooctadiene. From the reactivity point 
of view, the Il coating was robust and no detectable leaching problems of 
the Il were observed. obviously, the reduced ssA decreased the activity of 
the sCIll with respect to the pristine catalyst, but in this case, the presence 
of the Il layer increased the selectivity of the catalyst in the hydrogenation 
reaction of cyclooctadiene (Cod) to cyclooctene (Coe) and cyclooctane.

2.2.2.3  Ionic Liquids on Carbon-based Supports
Carbon-based materials are probably the most used supports for chemical 
applications. Their very high surface areas, strong chemical stability and 
easy availability, and the tunability of their properties and morphology, are 
the main strengths of this class of materials.

In the case of carbon-based supports, the most straightforward way to gen-
erate a spIl is the incipient wetness impregnation technique. rufete-Beneite  
et al.70 studied the impregnation of different activated carbon materials, 
including spherical activated carbon nanoparticles, powder activated car-
bon, and multiwalled carbon nanotubes (MWCnTs), with BeT ssAs ranging 
from 176 m2 g−1 to 1968 m2 g−1. The purpose of this work was to establish 
which properties of the supports (e.g., porosity (volume and type), surface 
area, oxygen surface chemistry and morphology) determine the Il adsorp-
tion capacity and the stability of the supported Il phase. rufete-Beneite and 
co-workers focused their studies on the filling of the support pores, evalu-
ating both the way the pores were filled and the filling degree of the poros-
ity, and tested the stability of the different impregnated carbon materials in 
water. The impregnation technique used is quite simple: a solution of ace-
tone and 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]+[pF6]−) 
was dropped onto activated carbon and dried in an Ar atmosphere until the 
carbon material cannot be dried any further. As described in the paper, all the 
carbon materials are compatible with the employed impregnation method 
allowing 88% loading of the total pore volume with the Il phase. The pres-
ence of the Il inside the pores nullifies the total pore volume of the carbon 
support because the porosity is both filled and blocked by the Il.

The same technique was also employed by Mikkola et al. for the immo-
bilization of pd-catalyst nanoparticles together with various Il layers on a 
high-surface area, structurally active carbon cloth (see Figure 2.15).71,72 In 
the present case, the catalyst precursor was dissolved in the impregnating 
solution together with the Il.

of all the carbon-based materials, the most unstable supports after impreg-
nation are the carbon nanotubes (CnTs). As described by rufete-Beneite  
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et al.,70 MWCnTs exhibit the highest amount of blocked porosity due to the 
particularity of the pore structure in which the tubular channels are proba-
bly not filled, or filled just in the initial part and, moreover, undergo almost 
complete leaching of the loaded Il (around 92%). This behavior could be 
ascribed to the low interaction strength between the surface of the carbon 
material and the Il itself, which, therefore, does not enter inside the inner 
cavities of the nanotubes. The creation of a covalent bond between the Il 
species and the nanotube surface could help to prevent the leaching of the Il 
from the inner cavities of the CnTs. This possibility is described in the work 
of Fu and co-wokers,73 in which the authors report on a facile ion exchange 
strategy to functionalize single-walled carbon nanotubes (sWCnTs) with a 
fluorescent imidazolium salt. In particular, they compare two different meth-
ods, to obtain fluorescent sWCnTs, chemical grafting on the one hand and 
physical grinding on the other. The grafting method starts from CooK-func-
tionalized sWCnTs and exploits ion exchange to link the cationic species of 
the Il to the Coo− group, whereas, in the case of physical grinding, a part of 
the Il chemically links directly to the CnT surface (see Figure 2.16).

2.2.2.4  Ionic Liquids on Porous Metal–Organic Frameworks
porous metal–organic frameworks (MoFs) are crystalline materials where 
metal clusters coordinate with organic linkers to form a microporous struc-
ture. due to their very high ssAs and the tunability of the organic linker, 
porous MoFs are considered to be very promising materials for heteroge-
nous catalysis. The properties of MoFs can be improved, similar to other 
materials, by introducing specific Il functionalities into their structure.

since the present section just deals with supported Il systems, a dedicated 
section (2.2.3.1) will be devoted to materials in which the Il is directly incor-
porated into the chemical structure of the MoF.

The encapsulation of an Il inside a MoF structure can be easily achieved 
through the dispersion of the MoF in an Il solution. luo et al.74 evaluated 
the effect of different solvents (h2o, ethanol, dMF) on the encapsulation pro-
cedure of an amino-functionalized basic Il (ABIl) with a hydroxyl anion in 

Figure 2.15    pd nanoparticles dispersed on an ionic liquid layer supported on an 
active carbon phase. reproduced from Topics in Catalysis, supported 
Ionic liquid Catalysts (sIlCA) for preparation of organic Chemicals, 
53 (15), 2010, 1096–1103, p. Virtanen, T. o. salmi, J. p. Mikkola, © 
springer science+Business Media, llC 2010, with permission from 
springer.72
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the structure and the copper-based MoF hKusT-1 (BeT ssA: 1158 m2 g−1).  
It was found that the chemical behaviour of the ABIl, dissolved in these sol-
vents, had a profound impact on the catalytic performance of this MoF. The 
authors discovered that the ABIl penetrates inside the cavities of the MoF, 
where the Cu metal centers can coordinate with the ammine of the Il. Fur-
thermore, they pointed out how the choice of the solvent critically affects the 
ABIl/hKusT-1 structure and the final Il loading. In particular, considering 
the above-mentioned solvents, it was found that: (i) the use of a dMF solution 
slightly decreases the ssA and allows the highest Il loading (BeT ssA: 941 m2 
g−1, ABIl loading: 1.56 mmol g−1). however, in this case, the loading data could 
be inaccurate because the dMF molecules can be retained in the MoF instead 
of the ABIl molecules. (ii) The employment of an ethanol solution reduces the 
Il loading and, at the same time, introduces mesoporosity into the final mate-
rial with a decrease of the ssA (BeT ssA: 338 m2 g−1, ABIl loading: 1.07 mmol 
g−1). (iii) The use of a water solution allows a high loading of the Il, almost 
destroying the microstructure of the hKusT-1 (BeT ssA: 52 m2 g−1, ABIl load-
ing: 1.45 mmol g−1). A possible reason for this collapse could be derived from the 
strong alkaline environment (ph = 10–11) created by the ABIl/water solution. 
In fact, at these ph values, the ABIl can be entirely ionized and form free ions 
(alkyl-imidazolium and hydroxyl anions) that can extract the Cu atoms from the 
hKusT-1 framework, which collapses due to the host–guest interaction.

Figure 2.16    preparation of functionalized sWnTs via ion exchange or physical 
grinding. reproduced from C. Fu, l. Meng, Q. lu, Z. Fei, p. J. dyson, 
Advanced Functional Materials, John Wiley and sons, Copyright © 2008 
WIleY-VCh Verlag Gmbh & Co. KGaA, Weinheim.73

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
00

23
View Online

http://dx.doi.org/10.1039/9781788010535-00023


59Porous Ionic Liquid Materials

A new concept to introduce Il species inside MoF structures was proposed 
by Khan et al.,75 by means of the so called “Ship-In-Bottle” (SIB) approach. sIB 
synthesis employs a MIl-101 porous framework as the host (the bottle) to 
obtain the desired guest product (the ship), that is technically or sterically 
difficult to remove because the synthesized Il is larger than the pore open-
ings of the host framework. differently, smaller Il precursors can easily move 
through the host structure and react inside the cages, to form the larger Il 
which is trapped inside the cavities. In this case, the synthesis of the Il takes 
place inside the pores of the MoF as represented in Figure 2.17, following a 
dry media reaction.75 Briefly, the MIl-101 MoF is dispersed in N-methylim-
idazole, and then 1-bromobutane is added. The synthesis works both inside 
and outside of the MoF structure and the excess of both reactants and Il 
deposited outside is removed by washing with ethanol. As a consequence of 
the presence of the Il inside the MoF-matrix, the ssA slightly decreases from 
2956 cm2 g−1 to 2071 cm2 g−1. In the sIB method, the Il molecules are trapped 
inside the cavities of the MoF avoiding leaching-related problems.

2.2.2.5  Ionic Liquids on Inorganic Oxide Supports
The inorganic oxides include a great variety of compounds that, in principle, 
can support Ils. silica is probably the most popular and the most studied 
support.

The common techniques employed to immobilize an Il on a silica sup-
port are grafting, incipient wetness impregnation, so-called co-condensa-
tion and self-assembly. Valkenberg et al. illustrated these three possible 

Figure 2.17    schematic diagram of “ship-In-Bottle” synthesis of Ils. reproduced 
from ref. 75 with permission from The royal society of Chemistry.
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methodologies to immobilize highly acidic Ils.76 Although the paper was ded-
icated to a specific class of Il, the illustrated methods can be generally used 
for functionalization of silica supports.77 In this section, we will describe the 
immobilization of Ils on silica supports by both grafting and incipient wet-
ness impregnation, which can be considered post-synthetic functionalization 
methods to support an Il on a pre-formed material. In contrast, the co-con-
densation and self-assembly methodologies, employed to directly generate 
porous Il–silica hybrid materials, will be discussed in section 2.2.3.2.

The grafting method aims to create a covalent bond between the ionic liq-
uid and the surface silanol groups of the support. A general reaction scheme 
is represented in Figure 2.18 as reported by Valkenberg et al.76 This synthesis 
involves the suspension of the dried support (MCM-41) in dry toluene, the 
addition of the Il (1-(triethoxysilyl)propyl-3-methylimidazolium chloride) 
and the following mixture reaction at 90 °C. The toluene and the formed eth-
anol are then outgassed, the solid is dried under high vacuum and the excess 
of unreacted Il is removed by extraction in dichloromethane. The grafting 
technique is a versatile procedure since it obviously allows the incorporation 
of different Il moieties, just after the functionalization of the Il with the 
alkyloxysilyl group. The literature reports the grafting of Ils based on imid-
azolium,78,79 pyridinium79 and phosphonium.80

The described methodologies can be ideally suitable for any kind of silica 
structure: amorphous silica, silica nanoparticles, as well as ordered meso-
porous silica (such as sBA-15, MCM-41, or hMs). It is worth noting that both 
the impregnation and grafting procedures do not modify the structure of the 
silica support, whereas the co-condensation technique affects the formation 
of the final structure of the Il–silica hybrid material.

The supporting of an Il on an inorganic oxide is not only limited to the 
silica systems. A large variety of less common oxidic supports can also be 
employed (such as alumina, titania and zirconia), as reported by de Cas-
tro and co-workers.81 This work describes the preparation of supported 
1-butyl-3-methyl-imidazolium tetrachloroaluminate ([bmim]AlCl4

−) (com-
monly referred to as Al-Il) on a wide variety of oxides, including silicon 
oxide (FK-700: amorphous silica; sp-18: Aerosil silica; T350: silica powder), 
aluminum oxide (purAl sB: alumina powder, average particle size 45 nm), 

Figure 2.18    Immobilization of an Il on a silica surface via a grafting method. 
Adapted from ref. 76 with permission from The royal society of 
Chemistry.
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titanium oxide (p25: anatase/rutile powder, average particle size 21 nm), 
zirconium oxide and h-beta zeolite.

These supported Al-Ils were prepared via incipient wetness impregnation, 
adding the Al-Il dropwise onto the supports, which were previously calcined 
and dried, until they change appearance from dry to wet. The excess of Il is 
then removed with boiling dichloromethane in a soxhlet extraction setup.

The authors found that, as a consequence of the impregnation process, 
all the supports undergo a reduction of the ssA, as reported in the Table of 
Figure 2.19, directly related to the Al-Il loading (see the graph on the right 
side of Figure 2.19).

After impregnation, almost all the supports undergo a reduction of the ssA 
and of the pore size. only zirconia and titania supports appear to be almost 
unmodified after the impregnation procedure; however, the Il loading on 
these two systems is quite low, as pointed out by the loss of Il after soxhlet 
extraction reported in Figure 2.19. In fact, it is evident that both titania and 
zirconia supports almost do not retain the Il.81 supported Al-Ils with the 
AlCl4

− species as a counterion can also be synthesized by adding AlCl3 to an 
Il bearing the Cl− anion, to obtain supported Al-Ils with catalytic applica-
tions in Friedel–Crafts reactions.82

The immobilization of the Al-Il on the support surface could involve the 
formation of a chemical bond between the aluminum atom of the Il AlCl4

− 
anion and the surface hydroxyl groups of the supports (see Figure 2.20). This 
idea could justify the low retention on titania and zirconia, which lack hydroxyl 
groups at the surface, and the formation of hCl during the immobilization.

A summary of all the supports and immobilization techniques described 
in section 2.2 is provided in Table 2.3.

2.2.2.6  Porous Liquids
one last case that, in some way, is quite far from the spIl concept, being 
closer to the idea of a “real” porous Il, was reported by dai and co-work-
ers.83 They created an ammonium porous liquid via surface engineering of 
micro-porous hollow silica spheres with suitable ionic corona and canopy 
species by a two-step synthetic procedure (see Figure 2.21). At first, they syn-
thesized hollow silica (hs) spheres with microporous shells acting as molec-
ular sieves by blocking species larger than 1.9 nm. In order to prevent the 
self-filling of the cavities, a positively charged ammonium organosilane (os) 
moiety, used as the corona for the modification, was bound on the inner sur-
face of the hs nano-spheres, termed os@hs.

Then, the chloride counter-ion, balancing the positively charged corona, 
was replaced with a negative poly(ethylene glycol)-tailed sulfonate (peGs) 
canopy. The final result is an optically transparent hollow silica porous ionic 
liquid (hs-liquid) stable at room temperature. The porosity of the silica nano-
spheres is maintained through the synthetic path as proved by n2 adsorption 
measurements collected on both the hs and the os@hs system and by the 
TeM images of the hs-liquid.
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Chapter 262

Figure 2.19    upper part: ssA of inorganic supports before and after Il impregna-
tion. The material names are described in ref. 81. lower part: per-
centage of immobilized Al-Il on different supports before and after 
extraction. reprinted from Journal of Catalysis, 196 (1), C. deCastro, 
e. sauvage, M. h. Valkenberg, W. F. hölderich, Immobilised Ionic 
liquids as lewis Acid Catalysts for the Alkylation of Aromatic Com-
pounds with dodecene, 86–94, Copyright 2000 with permission from 
elsevier.81
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2.2.3   Hybrid Porous IL Materials
porous ionic liquid materials can be made from fully organic building blocks, 
as illustrated in section 2.2.1 devoted to porous pIls, or they can be obtained 
by supporting the ionic liquid moieties on different pre-formed porous mate-
rials (organic, inorganic or hybrid). If the ionic liquids are supported on a 
pre-formed porous inorganic material, they could be described as hybrid 
materials (e.g. sections 2.2.2.4 and 2.2.2.5). Conversely, in this section of the 
chapter, we consider hybrid Il materials to be ones where the ionic liquid is 
an integrated part of the chemical structure and is directly connected to the 
inorganic part, being an essential constituent of the overall material. This 
is the case when the ionic liquid is a linker for a metal–organic framework 
(MoF), or the organic moiety of an organosilica precursor for a periodic mes-
oporous organosilica (pMo).

Figure 2.20    Immobilization of an Il on a silica surface via anion binding. Adapted 
from ref. 76, with permission from The royal society of Chemistry.

Table 2.3    summary of the supports and immobilization techniques dealt with in 
the present section.

Type of support Technique

support

ref.

(M) = macroporous
(m) = mesoporous
(µ) = microporous

polymer Impregnation Amberlite (M) 68
Metal catalyst Impregnation ni-catalyst (m) 69
Carbon Incipient wetness 

impregnation
Activated carbon, spherical nps, 

powder, MWCnTs (m) (µ)
70

Incipient wetness impreg-
nation for  
catalyst immobilization

Active carbon cloth 71

Grafting CooK-functionalized sWCnTs 
(m) (µ)

73

Grinding sWCnTs (m) (µ) 73
MoF encapsulation hKusT-1 (µ) 74

sIB synthesis MIl-101 (µ) 75
Inorganic oxide Incipient wetness 

impregnation
sio2 (m), Al2o3 (m), Tio2 (m), 

Zro2 (m), h-beta zeolite (µ)
81

Grafting sio2 (m) 76
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2.2.3.1  MOF–ILs
Metal–organic frameworks (MoFs) are a particular kind of coordination 
polymer. The term MoF was introduced for the first time in 1995 by Yaghi84 
and it refers to: “a crystalline compound consisting of metal ions or clusters 
coordinated to often rigid organic molecules to form one-, two-, or three-di-
mensional structures that can be porous”.85 This definition differs from the 
one of coordination polymers because it is very specific for materials that 
have high crystallinity and well-defined final structure morphology.86 often 
self-assembling synthesis gives rise to microporous structures with partic-
ularly high ssAs. Their extraordinary degree of variability in terms of inor-
ganic and organic building blocks make these MoFs suitable in the fields 
of gas adsorption and separation, and catalysis.87–89 The functionality of the 
MoFs can be ascribed to the organic linker or to the metal cluster, which is 
generated during the synthesis of the material.

Figure 2.21    Two-step strategy for porous liquid fabrication. reproduced from J. 
Zhang, s. h. Chai, Z. A. Qiao, s. M. Mahurin, J. Chen, Y. Fang, s. Wan, 
K. nelson, p. Zhang, s. dai, Angewandte Chemie International Edition, 
John Wiley and sons, Copyright © 20XX WIleY-VCh Verlag Gmbh & 
Co. KGaA, Weinheim.83
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If opportunely designed, azolium-containing ionic liquids can be employed 
as organic linkers for MoFs, opening up a route to new hybrid materials 
(MoF–Ils) that incorporate an ionic liquid moiety in the microporous struc-
ture of a MoF. The ionic liquid moiety leads to increased functionality of 
the framework and it also simultaneously generates an ionic environment 
within the MoF pores. however, the ionic environment increases the dif-
ficulty in completely removing the synthesis solvent from the MoF pores, 
due to the strong interaction occurring between the ion pairs and the guest 
molecules. nevertheless, the ionic liquid moieties enhance the interaction 
strength with gas molecules having high quadrupole moment and polariz-
ability, such as carbon dioxide, leading to an increased uptake. Carbon diox-
ide adsorption properties are improved when the MoF–Il combines an open 
metal site on the metal nodes and an ionic liquid anion with high affinity for 
the guest molecule.90,91 Moreover the ionic environment of MoF–Ils makes 
these materials suitable for proton conductivity.92 MoF–Ils are microporous 
materials that, due to the porous crystalline structure of the framework, 
are able to maximize the exposition of the ionic liquid moieties to the open 
pores of the framework.

some MoFs are relevant materials in the field of heterogeneous catalysis, 
mainly due to their easy recyclability and permanent microporosity.88 Their 
catalytic activity can arise from an open metal site on the metal cluster, a 
metal complex tethered on a lewis base functional linker, or an active cata-
lyst encapsulated inside the MoF pores.93

The use of ionic liquid linkers broadens the range of available catalytic 
sites. In fact, the azolium moiety can act as a catalyst and, moreover, it is also 
a valuable precursor of stable nhC carbene species, which are well-known 
for their lewis base catalytic properties and as ligands for transition met-
als.94,95 The MoF–Il structures, due to their structural rigidity and the pres-
ence of the azolium linker, allow the generation of an nhC carbene in the 
heterogeneous phase, bypassing the dimerization process that these species 
can undergo in solution.96

The azolium linkers for MoF–Ils include imidazolium, triazolium or ben-
zimidazolium moieties; however, the large majority contain imidazolium 
linkers. Table 2.4 reports the most common imidazolium liquid linkers used 
for MoF synthesis, together with the relative metal nodes and the reference 
study.93 As expected, the presence of permanent charge on the organic linker 
affects the final MoF structure. A comparative study, considering triazole and 
triazolium-based linkers aims to demonstrate the differences in the MoF topol-
ogy and concatenation for materials obtained using an ionic liquid linker.97

The azolium moiety can be integrated in the core of the ligand or can be 
appended to a common linker. In the first case, the presence of the imidaz-
olium in the linker structure gives rise to a bent molecule with an angle of 137° 
as shown in Figure 2.22. This bent geometry generates unusual MoF topol-
ogies which are often highly interpenetrated (three-fold or four-fold), drasti-
cally diminishing the porosity and the available surface area.98,99 In contrast, if 
the imidazolium moiety is appended to a common organic linker, it protrudes 
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Table 2.4    Azolium linkers used for the synthesis of MoFs with their respective 
metal nodes and references.

entry structure of the Il linker Metal nodes ref.

1 ro1,2,: h;  
rm1,2: h;  
rp: Cooh

Zn(ii), Cd(ii) 92 and 
104

2 ro1,2: –Ch3; 
rm1,2: h;  
rp: Cooh

Cu(ii), Zn(ii) 105

3 ro1,2: -ipr;  
rm1,2: h;  
rp: Cooh

Cu(ii), Cd(i), 
Ce(iii)

106

4 ro1,2: h; rm1,2: 
Cooh; rp: h

Zn(ii) 91

5 ro1,2: –Ch3; 
rm1,2: Cooh; 
rp: h

Cu(ii) 90

6 ro1,2: h; rm1: h; 
rm2: Cooh; 
rp: h

Zn(ii) 104

7 Cu(ii) 107

8 Ag(i), Cu(i) 110

9 Cu(ii), Zn(ii), 
Cd(ii), Mn(ii), 
Co(ii), ni(ii)

103

10 pb(ii) 101

11 r: h; X: Cl Cu(ii) 108
r: –Ch3; X: Br Zn(ii) 109

12 Cu(ii), Zn(ii) 111

13 r1: h;  
r2: dmImBr

Cu(ii), Zn(ii) 100

r1, r2: dmImBr Cu(ii) 100

14 Zn(ii) 112
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67Porous Ionic Liquid Materials

from the linker and generates a steric hindrance during the synthesis of the 
framework, avoiding the interpenetration (see Table 2.4, entry 13).

roberts and co-workers demonstrated that one dangling imidazolium 
from a biphenyl dicarboxylate linker is not sufficient to avoid the formation 
of a catenated system for a MoF created using copper as the metal node. 
The same study also reveals that if two imidazolium rings are dangling from 
the linker a non-catenated structure is achievable (Figure 2.23).100 since the 
core of this linker is analogous to other common linkers employed in MoF 
synthesis, the resulting material with just one dangling imidazolium is iso-
structural with MoF 9 (IrMoF-9), while the one obtained with two dangling 
imidazoliums is isostructural with MoF 10 (IrMoF-10). An innovative strat-
egy to obtain non-interpenetrated MoF–Ils, starting from an imidazolium 
core linker, is the combined use of a tetracarboxylate imidazolium linker 
with different pyridine-based linkers that form a porous three-dimensional 
bipillared-layer structure when complexed with zinc.91

In order to study how the rigidity of the imidazolium linker affects the final 
structure of the MoF–Il, different studies have been performed with more 
flexible linkers bearing methylene bonds between the imidazolium and the 
carboxylic group. The flexibility of the spacers that contain a methylene bridge 
allows the linkers to bend and rotate when they coordinate to metal centers, 
often causing structural diversity. As an example, 1,3-bis(carboxymethyl)imid-
azolium chloride was used as a linker to form a lead-based MoF, with a chiral 

Figure 2.22    Chemical structure of 1,3-bis(4-carboxyphenyl)imidazolium (h2l + 
linker). This is a typical example of an imidazolium-based linker for 
the synthesis of MoFs. The imidazolium leads to a bend of 137° in the 
molecule, which generates unusual MoF topologies.

Figure 2.23    structure of a MoF biphenyl dicarboxylate-based linker with appended 
methyl imidazolium salts. In the case of one dangling imidazolium, 
the linker can form an Me-based MoF with an interpenetrated struc-
ture. however, when two dangling imidazolium rings are present in 
the linker structure, the steric hindrance gives rise to a non-interpen-
etrated Me-based MoF. reproduced with permission from ref. 100. 
Copyright 2011 American Chemical society.
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double interpenetrated framework (Table 2.4, entry 10).101 The same linker was 
used to obtain several different MoF topologies when the complexation was 
performed with lanthanum and neodymium.102 A semi-rigid 1-(carboxymethyl)- 
3-(4-carboxyphenyl) imidazolium bromide bearing only one methylene bridge 
in the structure was used to create a balance between rigidity and flexibility of 
the azolium ligand, resulting in other different MoF topologies depending on 
the metal in the nodes (Table 2.4, entry 9).103

A large number of studies have been devoted to producing MoFs using 
imidazolium linkers made from debus–radziszewski imidazolium synthe-
sis,90–92,104–106 the same reaction used to obtain the monomers for the direct syn-
thesis of imidazolium porous cationic polymers, but, in this case, the starting 
amine is functionalized with one or two carboxylic groups, in order to obtain 
an ionic liquid able to act as a ligand. This reaction is flexible enough to work 
with various alkyl group substituents on the phenyl ring useful to introduce 
steric hindrance inside the linker. The azolium linkers, used for the MoF syn-
thesis, are listed in Table 2.4, entries 1–6. More flexible ionic liquid monomers 
can be obtained by quaternarization of a pre-formed 1-substituted imidazole. 
The quaternarization step, performed using an alkyl halide, introduces a flexi-
ble methylene bridge in the structure of the linker. The resulting linkers have, 
as a substituent of the imidazolium ring, multiple combinations of mono- 
carboxyphenyl, di-carboxyphenyl and carboxymethyl (Table 2.4, entries 7, 
9 and 10).101,103,107 If dibromomethane is used as the alkylating agent for 1- 
(carboxyphenyl)imidazole, it generates a rigid bis-imidazolium linker (Table 
2.4, entry 11).108,109 The majority of the ionic linkers bear carboxylic acids as 
sources of free electron doublets, but it is also possible to generate a pyri-
dine-functionalized imidazolium ligand by reacting picolyl chloride and imid-
azole in the presence of nah (Table 2.4, entry 8).110 A luminescent imidazolium 
ligand is obtained by functionalizing anthracene with two carboxymethylimid-
azoles. These luminescent linkers can be inserted into a copper and Zn-based 
MoF (Table 2.4, entry 12).111 A different approach, developed by oisaki et al., 
uses a synthetic step to create 4,7-bis(4-carboxylphenyl)-1,3-dimethylbenzim-
idazium tetrafluoroborate, a linear linker based on benzimidazolium (Table 
2.4, entry 14). In this case, the ionic moiety is part of the ligand core structure; 
however, its linear rigid structure leads to a Zn-based MoF called IrMoF-76, a 
non-interpenetrated framework isoreticular with MoF-5.112

several MoFs can be synthesized by azolium linkers; nevertheless, not all 
of them show permanent porosity. obviously, a successful porous MoF–Il 
synthesis procedure has to avoid channel collapse during the final solvent 
removal step, and the blockage of the channels due to excessive framework 
interpenetration.91 It is also necessary to consider that if the MoF presents 
a porous structure, the porosity will not be accessible to the surface area gas 
probes (for example n2). In fact, the anion of the ionic liquid, with its solvent 
coordination sphere, can prevent the n2 probe molecules from entering inside 
the pores. A thorough outgassing of the material, for 12 to 24 hours at a tem-
perature ranging from 50 to 200 °C, is necessary before its available ssA can be 
probed. The outgassing temperature is a very important parameter: it should be  
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69Porous Ionic Liquid Materials

high enough to allow the complete removal of the solvent, and, at the same 
time, not too high to avoid the thermal decomposition of the material. Com-
plete solvent removal from the framework can be a challenging step, if the 
solvent inside the pores has a high boiling point and a low vapor pressure, like 
for example dMF. In this case, solvent exchange (with a solvent like methanol 
that is easier to remove) can be necessary before the final removal step.107 After 
the outgassing procedure the MoF Xrd pattern has to be checked, since this 
procedure can lead to a framework structure change.105

A Zn-based porous MoF–Il was synthesized using 1,3,-bis(3,5-dicarboxy-
phenyl)imidazolium as a linker to form a 2d layered structure, pillared by 
three different pyridine additional linkers, which create a 3d porous MoF 
with a non-interpenetrated structure.91 The employed pyridine linkers are: 
4,4′-bipyridine, 1,2-di(4-pyridyl)ethylene, and 1,4-bis(4-pyridyl)benzene. 
These linkers generate three different MoFs with a BeT ssA of 181, 235, and 
425 m2 g−1, respectively. It is clear how the increasing length of the pyridine 
linkers generates MoFs with a larger pore size and higher ssAs, as shown in 
Figure 2.24a.91 The interpenetrated structure of a Zn-based MoF containing 
1,3-bis(4-carboxyphenyl)imidazolium as the linker, drastically decreases the 
available BeT ssA to a value of 102 m2 g−1.92,113 starting from a similar linker, 
1,3-bis(4-carboxy-2,6-dimethylphenyl)imidazolium, two MoFs were created 
with copper and zinc in the metal nodes, respectively. The BeT ssA of the 
MoF obtained with copper is 170 m2 g−1; in contrast, the MoF made with zinc 
exhibited no significant ssA. The outgassing step preceding the ssA mea-
surement was responsible for the structural modification of these MoFs. For 
this reason, dye adsorption/desorption experiments were performed to test 
the accessibility of the pores, without a preliminary solvent outgassing step. 
In accordance with the n2 adsorption experiments, the Zn-based MoF shows 

Figure 2.24    section (a): the structure of a Zn-based MoF obtained with a tetrava-
lent imidazolium linker and three different divalent pyridine linkers. 
Adapted with permission from ref. 91. Copyright 2014 American 
Chemical society. The lengths of the pyridine linkers are directly pro-
portional to the pore size of the resulting MoF. section (b): a porous 
Me-based MoF obtained with a linear azolium linker, which leads to a 
material with a conventional MoF topology. Adapted with permission 
from ref. 112. Copyright 2010 American Chemical society.
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no dye adsorption; in contrast, the Cu-based MoF readily adsorbs nile blue, 
methyl red and fluorescein.105 The dye adsorption experiment was also useful 
to probe the accessibility of the pores for a Zn-based MoF synthesized using 
1,1′-methylenebis-(3-(4-carboxy-2-methylphenyl))-imidazolium as the linker. 
In this case, the n2 adsorption at 77 K was not used to explore the porous 
structure of the material; however, the accessibility of the MoF channels, 
calculated to be 3.3 nm, was successfully probed by the uptake of Congo red, 
oil red, sudan Black B and Methylene Blue.109

It is worth noting that some MoFs show negligible n2 uptake at 77 K, but 
they exhibit significant uptake for Co2 or Ch4 at 273 or 298 K.114,115 The gas 
uptake does not depend only on the pore size, but also on the interaction 
occurring between the host MoF and the guest molecules. Co2 and Ch4 are 
more polarizable molecules with respect to n2, and thus they can easily bind 
to the ionic moiety present in the imidazolium-based linker. In particular, two 
studies, reporting MoFs with imidazolium linkers, deal with this behavior. 
lee and co-workers described a Cu-based MoF with N,N′-bis(2,6-dimethyl-3,5- 
dicarboxyphenyl)imidazolium as an ionic linker. The n2 adsorption at 77 K was 
negligible for this MoF, whereas the Co2 adsorption at 273 K and 1 atm was 
significant (1.8 mmol g−1). The ssAs, based on nonlocal density functional the-
ory (nldFT), derived from these Co2 adsorption isotherms, range from 300 to 
520 m2 g−1 depending on the outgassing conditions. This MoF also exhibits 
an important Co2 over Ch4 selectivity.90 Wang et al. reported a Zn-based MoF 
obtained from N-(3,5-dicarboxyphenyl)-N′-(4-carboxyphenyl)imidazolium chlo-
ride. Also for this material, the n2 adsorption at 77 K was negligible, whereas the 
Co2 adsorption at 195 K and 1 atm (2.45 mmol g−1) was high enough to allow 
the calculation of a BeT ssA of 222 m2 g−1. This MoF shows enhanced selectivity 
for Co2, h2, and Ch4 with respect to n2, mainly due to the lower polarizability of 
the n2 molecule. The different imidazolium counter anions present in the MoF 
can also modulate the adsorption properties of this framework.107

Aiming to obtain a porous MoF, oisaki et al. synthesized the above described 
IrMoF-76. The resulting non-interpenetrated structure should have given rise 
to a porous material, but, unfortunately, this work does not report the ssA 
value of this MoF. The linker employed in this synthesis was also transformed 
into the corresponding nhC-pdI2(pyridine) complex and, subsequently, used 
to form the Zn-based IrMoF-77, with a BeT ssA of 1590 m2 g−1. IrMoF-77, 
unlike IrMoF-76, does not bear an ionic linker and the results in terms of ssA 
could be very different with respect to its ionic liquid linker analogous.112

2.2.3.2  Silica–ILs
The immobilization of Ils on a pre-formed porous silica support by means 
of incipient wetness impregnation and grafting techniques (post-synthetic 
functionalization methods) was already discussed in section 2.2.2.5. Briefly, 
mesoporous silica with a periodic structure is produced by the conden-
sation of a silica precursor, usually Teos (tetraethyl orthosilicate), via a 
soft-templating methodology and, subsequently, the silica support can be 
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impregnated with an Il solution or grafted with the desired Il groups (Fig-
ure 2.25, path I). A different approach could be to generate a porous silica–Il 
hybrid material (hereafter referred to as a silica–Il) in a single synthetic step. 
In this latter case, a particular silica precursor, functionalized with an Il moiety, 
is employed in the synthesis of the hybrid material. The co-condensation 
and the self-assembly methodologies are the two main techniques used to 
create porous silica–Ils. The first technique, the so-called co-condensation 
method, involves the simultaneous condensation of a mixture of a com-
mon silica precursor (such as Teos) and a bifunctional or mono-functional  
(i.e. containing two or one silylated groups, –si(or)3) organosilica precursor, 
which in our case is an Il-functionalized silica precursor (Figure 2.25, path II). 
The second technique is the self-condensation of an organosilica precursor 
with at least two silylated groups that leads to a mesoporous material with 
the Il moiety embedded in the silica structure (Figure 2.25, path III). As for 
all the synthetic routes to obtain ordered mesoporous silica materials, both 
these synthesis techniques employ a soft-templating methodology to generate 
mesoporosity in the final material.116

Figure 2.25    synthetic pathways to produce Il-functionalized silica and silica–Il 
hybrid materials. The red dots represent the organic moiety (in this 
case Il) covalently bound to the silica precursor, which can be bi-func-
tional or mono-functional. path I represent post synthetic grafting, 
path II co-condensation and path III self-condensation of a bifunc-
tional organosilica moiety. Adapted from Korean Journal of Chemical 
Engineering, periodic mesoporous organosilica (pMo) for catalytic 
applications, 31 (10), 2014, 1707–1719, s. s. park, M. s. Moorthy, C. s. 
ha, © Korean Institute of Chemical engineers, seoul, Korea 2014 with 
permission of springer.116
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nowadays, different organosilica precursors, with various organic moi-
eties covalently bound to the silica monomer, are available. Among all the 
varieties of organic moieties, the ionic liquids represent a well-defined reality  
at the current state-of-the-art.116–119 The silica–Il precursors can bear one 
or more silyl groups, originating from mono-functional or multi-functional 
precursors. The mono-functional precursors can be exploited in both the 
co-condensation and the grafting techniques, as they need the support of 
a conventional silica network to create a mesoporous material. The Il moi-
eties, synthesized starting from mono-functional precursors, hang from the 
silica network. The multi-functional precursors usually undergo co-conden-
sation, but they are also capable of self-condensation giving rise to porous 
Il–organosilicas. In this last case, the Il moiety is bonded through two silyl 
functionalities, and, therefore, is embedded inside the periodic crystalline 
structure of the final mesoporous silica–Il. All these materials belong to the 
class of periodic mesoporous organosilicas (pMos).

2.2.3.2.1  Silica–ILs from Co-condensation.  The first step of the co-condensa-
tion technique to create pMos is the synthesis of the mono- or multi-functional 
organosilica precursors. The organosilica precursor is then co-condensated 
in the presence of the inorganic precursor (Teos), a proper solvent and a 
soft-templating agent, usually an anionic, a cationic, or a non-ionic surfactant. 
After the co-condensation reaction, the surfactant is removed together with 
the unreacted precursors. Figure 2.26 reports an example of co-condensation 
between 1-(triethoxysilylpropyl)-3-methylimidazolium chloride and Teos. The 
pMos obtained from the co-condensation technique exhibit an ionic liquid 
loading and a porous structure that depend on the ratio between the organo-
silica and the conventional precursors, on the nature of the templating agent 
and on other synthetic parameters. different multi-functional Il organosilica 
precursors have been exploited for the co-condensation methodology, aiming 
to obtain new pMos. Among them, the bi-silylated Il–organosilica precur-
sors, mostly based on imidazolium, bis-imidazolium, and bipyridinium (Table 
2.4, entries 1-6), are very common precursors for this type of synthesis. no 
mono-functional organosilica precursor was reported for the co-condensation, 
because they are mainly used for grafting on pre-formed porous silica.

In 2001, Alvaro et al.120 reported the synthesis of an ordered MCM-41 system 
incorporating a 4,4′-bipyridinium ionic liquid, produced by co-condensation 
of a bi-silylated bipyridinium precursor (Table 2.4, entry 1) in combination with 
Teos, using cetyltrimethylammonium bromide (CTABr) as a templating agent. 

Figure 2.26    General synthetic pathway for the co-condensation of Teos and an 
organosilica precursor. Adapted from ref. 76 with permission from 
The royal society of Chemistry.
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The obtained solid showed a BeT ssA of 930 m2 g−1, a pore size of 3.8 nm and 
a total pore volume of 0.88 cm3 g−1. The bipyridinium moiety is strongly bound 
to the silica walls, and no traces of unreacted Il organosilica precursor were 
found during the final removal of the CTABr. In addition, the bipyridinium 
moiety endowed the final pMo with a peculiar electron accepting ability, as 
well as photo- and thermo-chromic responses typical of viologen derivatives. 
In the following year, the same research group synthesized another MCM-41-
like pMo material, with trans-1,2-bis(4-pyridyl)ethylene (Table 2.4, entry 2) 
incorporated inside the silica–Il walls.121 The peculiarity of this material is 
that, upon uV irradiation, the C=C bond changes its configuration from trans 
to cis, as shown in Figure 2.27. This configuration transformation affects the 
textural properties of the material. After the uV irradiation, the ssA and the 
pore volume increase from 350 to 473 cm2 g−1 and from 0.28 to 0.38 cm3 g−1, 
respectively, while the pore size decreases from 39.8 to 36.5 Å.

The co-condensation of a bis-imidazolium-based organosilica precursor 
(1,1′-di(3-propyltrimethoxysilane)-3,3′-propylenediimidazolium dichloride, 
Table 2.4, entry 3) and Teos, in the presence of p123 as a templating agent, 
produced a silica–Il porous material, as reported by Zheng et al.122 subse-
quently, copper(ii) chloride was reacted with the chloride anion in order to 
generate the [CuCl4]2− complex, which is the final anion present in the silica–
Il system. The silica mesoporous structure appeared to be stable to the anion 
exchange, retaining the hexagonally ordered shape, whereas the BeT ssA and 
the pore volume decreased from 596 to 391 m2 g−1 and from 1.22 to 0.46 cm3 g−1,  
respectively. Moreover, the average pore size decreased from 77.6 to 38.4 Å. 
This effect is ascribable to the presence of the large copper complex inside 
the silica–Il pores. The obtained pMo was used as a heterogeneous catalyst 

Figure 2.27    structural changes inside a porous pyridinium-based silica–Il upon 
uV irradiation. reproduced from ref. 121 with permission from The 
royal society of Chemistry.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
00

23
View Online

http://dx.doi.org/10.1039/9781788010535-00023


Chapter 274

in the decomposition of cyclohexyl hydroperoxide and showed improved 
stability and negligible metal leaching due to the electrostatic binding 
between the bisimidazolium dication and the [CuCl4]2− complex.122

In analogy to the corresponding Il–MoF linker, a fully conjugated imidaz-
olium precursor was synthesized.118 The 1,3-bis(4-triethoxysilyl-2,6-dimethyl-
phenyl)-imidazolium (Table 2.4, entry 4) has two phenyl groups directly 
conjugated to the imidazolium ring, both bearing a triethoxysilyl group, 
useful for the creation of the silica network. The co-condensation of this 
organosilica precursor, using p123 as the soft-templating agent, leads to an 
ordered silica–Il nanostructure with surprisingly high porosity, with a BeT 
ssA as high as 1170 m2 g−1. The pore volume of the material is 1.20 cm3 g−1, 
and the average pore size is 54 Å.118

2.2.3.2.2  Silica–ILs from Self-condensation.  The self-condensation method-
ology for the synthesis of pMos avoids the use of Teos in the synthesis of the 
organosilica system. By means of this methodology, the organosilica precursor 
is the only building block employed to obtain the pMo. The challenge of this 
synthetic methodology is to achieve a mesoporous structure using more flexible 
organosilica precursors. The main advantage of this technique is the enhanced 
loading of the Il moiety in the final material. The organosilica precursors are 
both structural and functional components, opening up a route to the next gen-
eration of pMos. The di-functional organosilica precursors currently developed 
for the generation of pMos by self-condensation are mainly based on imidaz-
olium, di-imidazolium and ammonium ionic liquids. The final structure of the 
pMos strongly depends on the synthetic medium, on the nature of the tem-
plating agent and on the structure of the organosilica precursor (see Table 2.5).

The self-condensation of 1,3-bis(3-triethoxysilylpropyl)-imidazolium 
iodide (Table 2.5, entry 5) in the presence of 1-hexadecane-3-methylimidaz-
olium bromide as a templating agent produces a mesoporous pMo with a 
BeT ssA of 452 m2 g−1 and a pore volume of 0.48 cm3 g−1.123 The structure of 
the final material is characterized by the presence of wormholes instead of 
the usual ordered hexagonal structure. This silica–Il hybrid material works 
as an anion exchange resin for perrhenate adsorption.

A recent study by dinker and co-workers124 compares the self-condensa-
tion and the co-condensation of an organosilica precursor, constituted by 
a peG chain connecting two imidazolium rings, both functionalized with a 
triethoxysilylpropyl group (Table 2.5, entry 6). The co-condensation is per-
formed by using Teos as an auxiliary precursor, and CTAB (a cationic sur-
factant) as a soft-templating agent for both techniques. A general scheme of 
this syntheses is reported in Figure 2.28. In both cases, the resulting pMos 
show a hexagonal pore arrangement and a very similar porous structure. The 
co-condensation route leads to a BeT ssA of 443 m2 g−1 and a pore volume of 
0.47 cm3 g−1, whereas self-condensation leads to a BeT ssA of 581 m2 g−1 and 
a pore volume of 0.62 cm3 g−1.

The first study reporting an organosilica precursor based on ammonium 
Ils dates back to 2010.119 Two different tetraalkylammonium precursors were 
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Table 2.5    summary of pMo precursors, the resulting structure, and the synthetic 
conditions.

entry pMo Il-precursors structurea
synth. 
pathb

Templat-
ing agent ref.

1 h C CTAB 120

2 h C CTAB 121

3 h C p123 122

4 h C p123 118

5 W s [C16MIM] 
[Br]

123

6 h Both CTAB 124

7 W s Anionic 
surfac-
tants

119

8 W s Anionic 
surfac-
tants

119

9 W s Anionic 
surfac-
tants

117

10 W s Anionic 
surfac-
tants

117

a h: hexagonal ordered, W: worm-like.
b C: co-condensation, s: self-condensation.
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synthesized, methyl-(tris(3-trimethoxysilyl)propyl) ammonium iodide (Table 
2.5, entry 7) and tetrakis(3-(trimethoxysilyl)propyl)ammonium iodide (Table 
2.5, entry 8), with three or four silylated groups on the alkyl chains, respec-
tively. These precursors were self-condensated in the presence of sodium 
hexadecyl sulfate (an anionic surfactant), generating ammonium-based 
pMos. In both cases, a mesoporous structure was obtained. In particular, the 
pMo obtained from the tri-functional precursor (Table 2.5, entry 7) exhibits 
a hexagonal arrangement, with a BeT ssA of 575 m2 g−1, a pore volume of  
0.42 cm3 g−1, and a pore size of 22 Å. In contrast, the pMo obtained from the tet-
ra-functional precursor (Table 2.5, entry 8) shows a more disordered “worm-
like” structure, with a definitely higher BeT ssA (910 m2 g−1), a pore volume of 
0.54 cm3 g−1, and a pore size of 20 Å. el hankari and co-workers extended the 
number of available ammonium-based pMo precursors.117 The newly syn-
thesized N,N,N-tris(3-(triethoxysilyl)propyl)prop-2-en-1-ammonium bromide 
(Table 2.5, entry 9), and 3-(diethoxyphosphoryl)-N,N,N-tris(3-(trimethoxysi-
lyl)propyl)propan-1-ammonium bromide (Table 2.5, entry 10) precursors 
were self-condensed in the presence of three different kinds of surfactants. 
It is worth highlighting that in the case of cationic and non-ionic surfac-
tants, CTAB and p123, respectively, a non-structured material was obtained. 

Figure 2.28    synthesis scheme of the formation of two different pMos obtained via 
co-condensation and self-assembly. The same organosilica precursor is 
employed. reprinted from Microporous and Mesoporous Materials, 230, 
M. K. dinker, p. s. Kulkarni, Insight into the peG-linked bis-imidaz-
olium bridged framework of mesoporous organosilicas as ion exchang-
ers, 145–153, Copyright 2016 with permission from elsevier.124
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In contrast, the use of an shs-anionic surfactant produced two pMos with 
“worm-like” regular structures. The allyl-functionalized precursor (Table 2.5, 
entry 9) led to a pMo with a BeT ssA as high as 640 m2 g−1, a pore volume of 
0.38 cm3 g−1 and a pore size below 20 Å. The diethoxyphosphoryl-functionalized  
precursor (Table 2.5, entry 10) generates a pMo with a BeT ssA of 567 m2 g−1,  
a pore volume of 0.33 cm3 g−1 and a pore size below 20 Å.

2.2.4   Supramolecular Ionic Liquids
similarly to MoFs, a fully organic network can be created by electrostatic com-
plexation of multivalent ionic species. These materials are called supramo-
lecular ionic networks and they were developed for the first time by Wathier 
and Grinstaff, combining multicationic and multianionic molecules.125 These 
authors created a supramolecular network, exploiting the electrostatic interac-
tion between a tetra-alkyl phosphonium dication and ethylenediaminetetraac-
etate (a multivalent acid). The as obtained network was in the form of a viscous 
liquid salt and, unfortunately, no porosity information was reported.125 A sub-
sequent study by Mecerreyes and co-workers investigated the formation and 
the rheological properties of supramolecular ionic networks based on citric 
acid and di-imidazolium, di-pyridinium and di-pyrrolidinium dications. The 
final products were obtained in the form of non-crystalline soft solids and, also 
in this case, the porosity was not investigated.126 recently, hei et al. synthe-
sized a supramolecular porous ionic network based on imidazolium and triaz-
inonide. They reacted 2,4,6-triimidazolyl-1,3,5-triazine with cyanuric chloride 
under very mild conditions, generating an orange precipitate consisting of a 
supramolecular network with a BeT ssA as high as 263 m2 g−1 and a total pore 
volume of 0.75 cm3 g−2. The n2 adsorption isotherm at 77 K pointed out the 
formation of a meso-macroporous supramolecular network. A thorough struc-
tural analysis evidenced that the reaction of the two starting molecules led to 
the quaternarization of the imidazole moiety to form one or more positively 
charged imidazolium rings. This di-cationic molecule could spontaneously 
hydrolyze introducing negative charges along the 1,3,5-triazine ring. This com-
bination of positively and negatively charged molecules was arranged into a 
supramolecular network, which due to the rigidity of the conjugated building 
blocks was intrinsically porous.127
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3.1   Introduction
Over the last two decades, a class of organic salts with large cations and usu-
ally small anions, liquid at temperatures below 100 °C, has been investigated 
due to their unique properties and possible applications. However, the pos-
sibility to polymerise these ionic liquids (ILs) to create a new type of poly-
mer, polymeric ionic liquids (PILs), was not considered until more recent 
years.1 As an emerging interdisciplinary topic among polymer chemistry and 
physics, materials science, catalysis, separation, analytical chemistry, and 
electrochemistry, PILs are attracting increasing interest.2 PILs are mainly 
considered as a product that combines the unique electroconductive and 
thermostable properties of ILs and mechanical strength of solid materials.  
Despite ILs generally being liquids over a wide temperature range, most PILs 
are amorphous solids or gel-like materials, often with low glass transition 
temperatures.3 Currently known PILs have started to be investigated as a 
new class of polyelectrolytes. The advantages of polymeric electrolytes, such 
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as easy handling, no-leakage of electrolyte, higher energy density, flexi ble 
geometry and improved safety, have resulted in increasing interest in poly-
mer research for use in energy applications, especially batteries, separately 
or in combination with Li-ion.4

The potential of PILs has not yet been fully explored, but can also include 
such applications as electrochemistry, preparation of polymeric surfactants, 
hybrid nanocomposites, carbon precursors, anion-sensitive smart materials, 
CO2-sorbents, bio- and gas-sensors (because of their ability to conduct elec-
tricity), and catalysts.3

Depending on the location of the polymerisable units, PILs can be mainly clas-
sified as cationic (polymerisable unit on a cation), anionic (polymerisable unit 
on an anion) or zwitterionic (backbone containing both cations and anions).3 
Cationic ionic liquids based on imidazolium, pyrrolidinium, pyridinium and 
ammonium have received the most attention from researchers, due to their ease 
of synthesis and the wide range of available non-polymerisable anions, such as 
tetrafluoroborate, hexafluorophosphate, triflates and halides. In this chapter, the 
properties of PILs regarding their applications in different fields are described in 
terms of the effect of the structure of the anions and cations of the PILs.

3.2   Comparison of the Properties of Cationic vs. 
Anionic PILs

3.2.1   Electroconductivity
One of the major areas of potential application for PILs is as polyelectrolytes. 
Polyelectrolytes are defined as polymers carrying either positively or nega-
tively charged ionisable groups.5 The dependence between ionic conductivity 
and glass transition temperature, common for polyelectrolytes, was found to 
be replicated for PILs.6

In the last few years, large numbers of cations based on imidazolium (vinyl, 
styrene, (meth)acrylate and (meth)acrylamide, ethylene glycol, vinyl ether 
and norbornene) as well as on tetraalkyl ammonium, pyridinium, pyrroli-
dinium guanidinium and piperidinium have been studied for charge trans-
fer in PILs. These cations were modified by the inclusion of different spacers 
between the backbone and charged species, and combined with a wide selec-
tion of anions and even doped with other polymers, ILs, cross-linkers etc. As 
correctly noted by mecerreyes,3 one combination of cation–anion pair in PILs 
that works better for one type of electrochemical device, may not necessarily 
work in others. This complicates the comparison of PILs used for electro-
chemical devices. recently, an overview of the influence of different factors 
including the structure of PILs was reported.7 Below, a deeper, broader and 
updated comparison of the structural dependence of ion conductivity for 
cationic and anionic PILs is summarised (Tables 3.1 and 3.2). Poly(1,2,3-tri-
azolium)s are not included in these tables. Their synthesis and conductivity 
ranging from 10−11 to 10−5 S cm−1 at close to room temperature (with the high-
est conductivities reported for PILs containing the nTf2

− anion) were recently 
reported in great detail.8,9
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As can be seen from Table 3.1, among the systems based on neat PILs, imid-
azolium cations contribute to higher conductivity reaching 10−4 S cm−1 (entries 
10, 15, 19, 23, 24 and 33b). The anion also plays a crucial role in defining the 
conductivity of ILs. For imidazolium cationic PILs, the highest conductivity 
in most cases was found for the nTf2

− anion. PF6
−, BF4

−, Cl−, B(Cn)4
− and OTf− 

anions gave lower conductivities when compared to nTf2
−-containing cationic 

imidazolium PILs (Table 3.1, entries 2–4, 6, 18, 19, 22, 24 and 26). In some cases,  

Table 3.1    Structural dependence of ion conductivity (δ) for cationic PILs.

entry PIL cation
PIL 
anion

Highest 
reported  
δ, S cm−1 Comments ref.

1 BF4
− 10−9 at  

25 °C
Conductivity 

was improved 
by adding Li+ 
salts

90

2 Br− 10−5 at 85 °C  
for the 
nTf2

− PIL 
with  
m = 3.

Conductivity 
increased in 
the order: 
m = 7 < 1 < 
3, with the 
nTf2

− anion 
showing the 
highest values

11
BF4

−

OTf−
nTf2

−

m = 1, 3, or 7
3 OTf− 1.83 × 10−8 Conductivity 

decreased 
when the 
PILs were 
cross-linked 
with acrylates

91
nTf2

− 7.65 × 10−8

n(Cn)2
− 1.51 × 10−5 

at 106 Hz, 
25 °C

4 Br− 6 × 10−6 Conductivity 
increased 
upon the 
addition of IL

92
BF4

− 2.5 × 10−6

nTf2
− 10−5

5 nTf2
− 6.23 × 10−9 

at 106 Hz, 
25 °C

Conductivity 
increased 
upon the 
addition of IL

93

n : m = 6 : 4
(continued)
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6 n(Cn)2
− 1.24 × 10−8 

at 106 Hz, 
25 °C

Conductivity 
increased 
upon the 
addition of IL

93

7 nTf2
− 1.89 × 10−5 

at 25 °C
As a mix-

ture with 
1,2-dimethyl-
3-ethoxyethyl 
imidazolium 
bis(trifluoro-
methanesulfo-
nyl) imide and 
Li+ salt

94

8 nTf2
− 1 × 10−4 at 

25 °C
As a conducting 

membrane 
includ-
ing PeO, 
LinTf2 and 
free-radical 
photoinitiator

95

9

 

nTf2
− 10−6 at 

30 °C 
for the 
hydroxyl- 
contain-
ing poly-
mer with 
m = 8

Conductivity 
increased 
with the 
introduction 
of an OH 
group

10

m = 2, 3, 6, or 8
10 Br− 6.8 × 10−4 1-Bromo-butane 

was incorpo-
rated onto 
the polymer 
membrane

96

Table 3.1  (continued)

entry PIL cation
PIL 
anion

Highest 
reported  
δ, S cm−1 Comments ref.
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11 nTf2
− 2.92 × 10−3 25 wt% in the 

ionic liquid 
electrolyte 
under simu-
lated Am 1.5 
solar spec-
trum illumi-
nation at 100 
mW cm−2

97

2 × nTf2
− 5.83 × 10−3

12 nTf2
− 5.3 × 10−6  

at 30 °C
— 98

13 nTf2
− 1 × 10−4  

at 25 °C
Highest con-

ductivity for 
m = 8

99

m = 1, 2, 3, 8,12, or 17
14 I− above 1 × 

10−3 at  
20 °C

Plasticizers, I2 
and polyacry-
lonitrile were 
incorporated

17

15 nTf2
− 1.37 × 10−4 

for r1 = 
C2H5,  
r2 = H

Conductivity 
change:

m = 6 > 2 > 3 > 9 
> 12

r1 = e > m > B 
> em

12

r1 = CH3, C2H5, or C4H9;  
r2 = H, or CH3; n = 2, 3, 6, 
9, or 12

16 nTf2
− 10−5 — 100

B(Cn)4
− 3 × 10−6

(continued)
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17 nTf2
− 10−10–10−6 PILs with imid-

azolium 
cations were 
elastic, the 
others were 
brittle

18,24

m = 2, 3, or 11
18 nTf2

−

PF6
−

10−5

10−7–10−6
m = 10
m = 5

101

m = 5, or 10
r = C4H9, or (CH2CH2O)2CH3

19 BF4
− 6.52 ± 0.04 PIL-nTf2 102

PF6
− 5.22 ± 0.05 PIL-BF4

nTf2
− 3.12 ± 0.03 PIL-PF6

×10−4 S 
cm−1 at 
30 °C

Conductivity 
increases 
after CO2 
bubbling

20 3 × nTf2
− up to 10−3 Depending on 

the amount 
of cross-
linker or IL

16

21 H3PO4
− 1.95 × 10−13 n = 2, x = 0 103

4.43 × 10−11 n = 6, x = 0
10−6 n = 6, x = 2

Table 3.1  (continued)

entry PIL cation
PIL 
anion

Highest 
reported  
δ, S cm−1 Comments ref.
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22 Br− (3.32–3.74) 
× 10−5

Conductivity 
improved 
by 103 times 
upon the 
addition of 
[C2C1im][BF4]

104

(n = 2, 6, 7, or 10)
n = 3 nTf2

− 3.1 × 10−8 105
23 nTf2

− 10−4 Conductivity 
increases with 
the elonga-
tion of the 
alkyl spacer

6

y = 1, 1.5, 3, or 5
24 nTf2

− 1.2 × 10−4 at 30 °C 106
Cl− 10−6

25 nTf2
− 1.5 × 10−5 at 30 °C 107

y = 2, or 3
r = CH3, C2H5, C3H7, or C4H9.

26 nTf2
− 2.91 × 10−7 Conductivity of 

the polymer 
coating

108
PF6

− 1.09 × 10−8

BF4
− 1.21 × 10−9 

at 103 Hz

27 2 × nTf2
− 10−4 With 1,2-dimeth-

yl-3-ethoxy-
ethyl 
imidazolium 
bis(trifluoro-
methane-sul-
fonyl)imide  
(Im(2o2)-
11nTf2) ionic 
liquid and 
LinTf2 salt in  
different 
weight ratios

109

28 nTf2
− up to 3.2 × 

10−5
The highest 

conductivities 
were obtained 
for monoca-
tionic PILs 
with the nTf2

− 
anion and  
r = (CH2)8

14

PF6
−

n, m = 6, 11. r = (CH2)2, 
(CH2)4, (CH2)8, or n-Ph

29 BF4
− 10−6 PILs of layered 

conductive 
structure

110

(continued)
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30 nTf2
− ≈10−2 As a mixture 

with ILs 
based on 
[C2C1im]+, 
[C4C1im]+ and 
[nH3]+

15
OTf−
nO3

−

31 2 × nTf2
− 1.36 × 10−4 

(at  
50 °C)

With 
cross-linkers

111

n = 2 or 6
32 Br−, 8.5 × 10−4 S 

cm−1 for 
BF4

LC phase was 
formed

13
BF4

−,
PF6

−,
nTf2

−

33 nTf2
− a: 4.4 × 10−5 F 19

b: 1.4 × 10−4 S
c: 8.5 × 10−6

d: 4.1 × 10−5

e: 2.4 × 10−5

f: 2.1 × 10−5

g: 6.2 × 10−6

h: 2.4 × 10−5

at 30 °C

F
F
S
S
F
F
F-fluid, S-solid

34 Br− A-I: 1.0  
× 10−2

At 60 °C and 
90% rH

20

A-II: 2.1  
× 10−2

Conductivity

A-III: 1.0  
× 10−2

B-I: 6.9  
× 10−3

B-II: 1.3  
× 10−2

B-III: 3.0  
× 10−2

C-I: 6.3  
× 10−3

C-II: 7.3  
× 10−3

C-III: 7.9  
× 10−3

D-I: 1.0  
× 10−2

D-II: 2.7  
× 10−3

D-III: 1.5  
× 10−2

m = 2 (A), or 10 (B)

Table 3.1  (continued)

entry PIL cation
PIL 
anion

Highest 
reported  
δ, S cm−1 Comments ref.
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35 nTf2
− 4.9 × 10−4  

at 60 °C
As electrolyte 

PIL–IL–
LinTf2–SiO 
containing 25 
wt% of IL

112

36 nTf2
− 4 × 10−6 Conductivity 

varied with 
Li+ addition

113
FSI− 2 × 10−6  

at 30 °C

37 nTf2
− 10−5 at  

25 °C
Conductivity 

was improved 
upon addi-
tion of IL

21,22

10−6 As a compos-
ite with 2 
wt% Li+ salt. 
Conductivity 
improved 
upon intro-
duction of 
succinonitrile

114

38 nTf2
− 10−3–10−2  

at 25 °C
As a blend 

with IL. 
Conductivity 
increases 
with addition 
of long chain 
Peg

23

39 nTf2
− 8.2 × 10−9 Conductivity 

increased by 
copolymerisa-
tion of ILms 
with PegDm 
and Pegm

115

6.7 × 10−8 — 105

7.8 × 10−9

(3.3 × 10−10)

40 nTf2
− 4 × 10−6 As a polymer 

membrane 
containing 
Li+ salt, IL 
and nano-size 
SiO2

116

(continued)
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Chapter 392

41 nTf2
− 10−7–10−6 

depend-
ing on 
the IL 
content

As a polymer 
membrane 
containing 
Li+ salt, IL 
and nano-size 
SiO2

117

42 ClO4
− 10−7–10−3 

depend-
ing on 
the Li+ 
salt 
content

Contains the 
correspond-
ing Li+ salt. 
On average, 
the conductiv-
ity increases 
in the order: 
ClO4

− < PF6
− < 

nTf2
− < BF4

−

118
PF6

−

nTf2
−

BF4
−

Table 3.1  (continued)

entry PIL cation
PIL 
anion

Highest 
reported  
δ, S cm−1 Comments ref.

Table 3.2    Structural dependence of ion conductivity for anionic PILs.

entry PIL anion PIL cation

Highest 
reported  
δ, S cm−1 ref.

1 (a) 1.2 × 10−6 6
(b) 1.1 × 10−4

(c) 2.9 × 10−5

(d) 1.1 × 10−8

2 (a)

 

(a) 8.4 × 10−7 119

(b)

 

(b) 7.8 × 10−8
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however, imidazolium PILs containing PF6
− and BF4

− anions showed very 
close values of conductivity, outperforming nTf2

− (Table 3.1, entry 19). It was 
also found that cationic imidazolium PILs with Br− and n(Cn)2

− anions may 
have higher conductivity values as compared to those with nTf2

− (Table 3.1, 
entries 3 and 22). Separately, alkyl chains on imidazolium cations have a great 
effect on the PIL conductivity. When the imidazolium cation was directly 
attached to the polymeric chain, the highest conductivity was found for PILs 
containing the ethyl side chain and the conductivity was improved by the 
introduction of a hydroxyl group at the end of this side chain.10 Another study 
showed that the conductivity of the polymerised 1-butyl-3-vinylimidazolium 
cation was higher than that of the 1-ethyl-substituted one, agreeing, however, 
that the elongation of the side chain to 7 carbon atoms led to a decrease 

3 up to 4 × 10−6 6

r = H, or CH3; z = 0, 2, 8, or 9
4 3.2 × 10−8 105

(6.3 × 10−5) 6

3.3 × 10−10 105

5 a-r1: 3.3 × 10−10

a-r2: 4.9 × 10−10

b-r2: 3.1 × 10−8

c-r2: 2.0 × 10−8

d- r2: 1.7 × 10−7

3.2 × 10−8

24,120

r1 = C2H5,
r2 = C4H9

6 6.5 × 10−4 at 
20 °C

121

7 10−5–10−4 25

X, Y = O, OC4H9
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in conductivity.11 For poly(methacryloxyimidazolium) PILs, the conductivity 
decreased in the order C2H5 > CH3 > C4H7, with the lowest conductivity exhib-
ited by PILs with bi-substituted 1-ethyl-2-methylimidazolium cations.12,13 The 
length of the side chain affects the aggregate state of the obtained monomer 
and polymer, which also affects the mobility of the ionic species and charge 
transfer.13

The suggestion that the mobility of the cation influences the conductivity  
of the PILs was raised a long time ago.6 Since then, it has been shown that 
the conductivity of PILs can be improved to a certain degree by provid-
ing some flexibility to the polymerised cation. For poly(methacryloxyim-
idazolium) PILs, the conductivity decreased in the following order of the 
length of hydrocarbon spacer between the polyacrylic chain and the imid-
azolium cation: 6 > 2 > 3 > 9 > 12.12 Similar results were obtained in other 
studies, proving that the conductivity can be increased by elongating the 
hydrocarbon spacer from 1 to 5 carbons.6 This confirms that a moderate 
length of the spacer between the polymer chain and the charged species 
improves the conductive properties of PILs; however, when the spacer is 
too large the molecule’s steric configuration is changed, which leads to 
dramatically decreased conductivity. The inclusion of bulky side polymeric 
units between vinylimidazolium cations can potentially decrease the pack-
ing density of the PIL, resulting in a lower Tg (Table 3.1, entries 5, 6, 19, 
15 and 26). This approach, however, did not result in higher conductivi-
ties of the synthesised PILs. The same unsatisfying results were obtained 
for dicationic imidazolium-based PILs.14 For example, the conductivity of 
polymerised mono-imidazolium-C6-sebacate-C6 bis(trifluoromethanesul-
fonyl) imide was found to be 3.1 × 10−5, while for its polymerised dicationic 
analogue the conductivity was only 7.8 × 10−6 S cm −1.14

It is still common to add non-polymerised ILs, cross-linkers and corre-
sponding Li+ salts to PILs to improve their conductivity. In this case, the con-
ductivity of such a mixture can reach 10−3–10−2 S cm−1.15–17

Pyrrolidinium-based PILs seem to be promising conductive materials with 
conductivity values comparable to imidazolium- and N,N,N-trimethylam-
monium-based PILs.18–20 PILs containing pyrrolidinium pendant units with 
bis(trifluoromethanesulfonyl) imide can show conductivity values as high as 
10−5 S cm−1 at room temperature.21,22 Their blends with non-polymerisable 
ILs can reach conductivities of 10−2 S cm−1 depending on the length of the 
side chain of the pyrrolidinium cation.23

recent work provided a broad comparison of synthesised cationic and 
anionic PILs across multiple properties and compared the influence of poly-
mer molecular weight on conductivity.24 For poly(1-[3-(methacryloyloxy)
propyl]-3-methylimidazolium bis(trifluoromethanesulfonyl)imide), the con-
ductivity decreased with increased molecular mass of the PIL and varied 
around 3.1 × 10−8 S cm−1 at molecular weights larger than 4 × 105.

Other cationic PILs reported to date do not show improved conductivity 
and are reported at the end of Table 3.1.
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95Cationic and Anionic Polymerized Ionic Liquids: Properties for Applications

As shown in Table 3.2, there is much less information available on the 
conductivity of anionic PILs. A study by Ohno et al. from more than a decade 
ago showed the potential for anionic PILs to act as highly conductive mate-
rials.6 In this study, different polymerised organic acids were combined 
with 1-ethylimidazolium cations. The highest conductivity of 1.1 × 10−4 was 
achieved for polysulfonic PIL. However, the conductivity of this anionic PIL 
was not improved by the introduction of an ethylenoxide spacer between the 
cation and polymeric chain, although this previously worked for cationic 
PILs (Table 3.2, entries 1 and 4). However, for bulky PILs based on styrene-
sulfonic acid and 1-ethylimidazolium cations, the conductivity increased 
with elongation of the polyether spacer reaching 10−6.6 Bulky anionic PILs 
with 1-ethylimidazolium cations were also studied in combination with 30% 
non-polymerised [C2C1m][OTf] showing conductivities in a moderately good 
range of 10−5–10−4 S cm−1 depending on the side chains on the cation.25

An interesting comparison was done by Shaplov et al.24 When anionic and 
cationic PILs with the correspondingly matching species of anion and cation 
are compared, it appears that polyanions show higher conductivities than 
the corresponding polycations. For example, poly(1-[3-(methacryloyloxy)pro-
pyl]-1-methylpyrrolidinium bis[(trifluoromethanesulfonyl)imide]) has a 
conductivity value of 7.8 × 10−9 S cm−1, while the corresponding polyanion 
poly(1-methyl-1-butylpyrrolidinium 1-[3-(methacryloyloxy)propyl]-sulfonylim-
ide) has a conductivity of 2.0 × 10−8 S cm−1.24

Bearing in mind the available information on the ion conductivity of  
cationic and anionic PILs, the following conclusions can be drawn:
  
 1.  PILs bearing the 1-ethylimidazolium species in either the cation or 

anion show higher conductivities among the studied PILs.
 2.  Bis(trifluoromethanesulfonyl) imide anion-containing PILs overper-

form most of the other studied anionic PILs under similar conditions.
 3.  To a certain degree, increasing the distance between the polymer back-

bone and the ionic species, via introduction of a polyethylene spacer, 
increases the ionic conductivities of both polycations and polyanions.

 4.  Polyanions overperform polycations with equal length of the bridging 
group and similar structures of ions.

3.2.2   CO2 Sorption
The change in electroconductivity of PILs upon absorption of certain gases 
makes them promising materials for CO2 detection, sorption and separa-
tion. Similar to the research on electroconductivity, much more attention 
has been paid to the study of the CO2 absorption properties of cationic PILs 
than anionic PILs. moreover, there is no consistency in the manner in which 
the information is reported: many studies were performed without precise 
quantification of the absorbed values, preventing wider comparison of the 
performance of the polyanions and polycations. For example, the sensitivity 
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of a series of polymerisable tetraalkylammonium ionic liquids based on the 
[2-(methacryloyloxy)ethyl]dimethylheptylammonium cation and bis(trifluo-
romethylsulfonyl)imide, nonafluoro-1-butanesulfonate, dodecylbenzenesul-
fonate, heptadecafluorooctanesulfonate, and heptadecafluoroundecanoate 
anions, as well as their corresponding homo- and copolymers was studied. 
rapid frequency responses with no memory-effect were observed, but the 
sorption values were not reported.26,27 Furthermore, the efficient fixation of 
CO2 into cyclic carbonates catalysed by hydroxyl-functionalised poly(ionic 
liquids)28–30 and the effect of the structure of polybenzene imdazoles31–34 with 
rigid polyaromatic groups35 on permeation and selectivity was reported but 
not quantified, and this therefore complicates the comparison.

In 2009, radosz and Shen first patented PILs as new materials for CO2 sep-
aration and other applications, claiming that imidazolium-, phosphonium-, 
ammonium- and pyridinium-based polycations are efficient selective CO2 
sorbents.36 Table 3.3 summarises the data available on the sorption capac-
ity of some cationic and anionic PILs. To date, only two reports have been 
found on the application of polyanionic PILs in this field (Table 3.3, entries 
19 and 20). When these anionic PILs are compared to bulky cationic PILs 
with similar structures (Table 3.3, entries 9 and 11), the similarity in their 
performance is obvious. Data from Table 3.3 also suggest that ammonium- 
and phosphonium-based anionic PILs outperform imidazolium-based ones. 
Among the phosphonium-based PILs more permeable to light gases and gen-
erally less selective were those with large and bulky cations like poly([P888VB]
[nTf2]).37 Sorption of CO2 by imidazolium anionic PILs was reduced with the 
introduction of a longer side chain on the imidazolium cation, but improved 
for the PILs with higher molecular weight.38 It was confirmed that the sorp-
tion ability was increased in the following order: poly([2-(methacryloyloxy)
ethyl]trimethylammonium nitrate) (0.066 mol fraction) < poly(vinylbenzyl-
triethylammonium nitrate) (0.133 mol fraction) < poly(α-(vinylbenzyl)trime-
thylammonium nitrate) (0.177 mol fraction).39 It was suggested that longer 
alkyl side chains on the polycations may act as a steric obstruction that hin-
ders CO2 sorption. Therefore, long alkyl substituents on the cation (as well as 
cross-linking) would decrease the CO2 sorption capacity of PILs.

The influence of other different polycations with the bis(trifluoromethyl-
sulfonyl)imide anion on the solubility and selectivity of CO2 was also studied 
and recently reported.40 It was found that the solubility of CO2 in these PILs 
strongly depends on the sorption properties of the polycation and decreases 
in the order: pyridinium > cholinium > pyrrolidinium > imidazolium > 
ammonium, with imidazolium-based PILs outperforming other cations in 
terms of the solubility of methane and nitrogen.40 However, it can be seen 
from entry 3, Table 3.3, that ammonium-based polycation absorbs four times 
more CO2 than the corresponding imidazolium PIL.41 The same conclusion 
can be drawn from the comparison of entries 5–8, 12 and 13 of imidazolium- 
and ammonium-based PILs with a selection of anions.

The anions of cationic PILs also strongly affect their CO2 sorption capac-
ity. For example, for poly(α-(vinylbenzyl)trimethylammonium)-based PILs, 
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Table 3.3    Sorption capacity of some cationic and anionic PILs.

entry PIL cation PIL anion

Highest 
reported CO2 
sorption, mol% Comments ref.

1 nTf2
− 6.7–41.7 PIL-coated solid-phase 

micro-extraction 
fibres

122
Taurate

2 BF4
− 1.06 — 123

3 (a)

  

(b)

 

BF4
− (a) 1.9 (1.77) — 41

(b) 8.0 44

4 BF4
− 49.18 PILs with high absorp-

tion were synthesised 
via the seed-swell 
method

46
PF6

− 53.40

(continued)
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5 BF4
− 47.94 PILs synthesised 

via free-radical 
polymerisation

46

6 BF4
− 3.05 (3.26) (at 0.79 bar) 123,124

7
(a) 

 

(b)

 

(1) BF4
− a-1: 2.2 — 41

(2) nTf2
− a-2: 2.2

b-1: 10.1

Table 3.3  (continued)

entry PIL cation PIL anion

Highest 
reported CO2 
sorption, mol% Comments ref.
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8 BF4
− 2.22 — 44,45

PF6
− 2.75

9 nTf2
− 30 at 1 bar 38

x = 2000
10 BF4

− 2.13 manuscript analyses the 
influence of the PIL's 
mr on CO2 sorption

42
PF6

− 2.90
nTf2

− 1.82
Br− 2.13
OTf− 1.83
OAc− 7.59

11 PF6
− 11.72 — 125

(continued)
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12 BF4
− (a) 10.22 Sorption decreased with 

an increase of the r 
length

43
PF6

− 10.66
nTf2

− 2.85
2.67

13 PF6
− 85.51 As an ionogel 126

14 BF4
− 7.99 — 43

Table 3.3  (continued)

entry PIL cation PIL anion

Highest 
reported CO2 
sorption, mol% Comments ref.
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15 BF4
− 4.62 at 0.79 bar 124

16 BF4
− 4.35 at 0.8 bar 124

17 Br− A: ∼4.2 Deep eutectic mixtures 127
B: ∼5.0
C: ∼0.9

18 PF6
− 4.2 — 47

BF4
− 4.5

(continued)
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19 (I) Ia-1: 3
Ib-1: 26
Ib-2: 16
IIa-1: 3
IIb-1: 28

at 1 bar 38

(II)

(a) x = 1000, (b) x = 2000
20 11.04 — 128

19.21

19.21

Table 3.3  (continued)

entry PIL cation PIL anion

Highest 
reported CO2 
sorption, mol% Comments ref.
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the sorption of CO2 decreases in the order of: BF4
− (0.209 mol fraction) > Cl− 

(0.188 mol fraction) > PF6
− (0.180 mol fraction) > nO3

− (0.177 mol fraction) >  
OTf− (0.164 mol fraction), which is explained by the steric effect of the 
anioins.39

Privalova et al. (Table 3.3, entry 10) found the following decreasing trend of 
CO2 sorption by PILs depending on the anion: OAc− > PF6

− > Br− > BF4
− > OTf− 

> nTf2
−.42 Other reported studies have confirmed this general trend.43–46 How-

ever, for some imidazolium-based PILs, the sorption capacity did not change 
when BF4

− was replaced with nTf2
−.41 Another exception from Privalova’s  

trend was found by Xiong et al. for dicationic imidazolium PILs, with the BF4
− 

anion showing better sorption than with the nTf2
− (Table 3.3, entry 18).47

As indicated by the comparison of PILs with different anions, unlike for 
ILs, a fluorine atom is not a decisive factor for PIL sorption of CO2. How-
ever, amino acid PILs (AAPILs) with tethered amines in the anions were syn-
thesised to allow chemisorption of CO2. AAPILs with polymerised amino 
acid-anions showed much higher CO2 sorption compared to other PILs, 
reaching 0.530 mol fraction at room temperature and 0.7 bar, which is more 
than twice as high as the value for non-AA PILs.39

3.2.3   Sensors
electrochemical sensors and biosensors are another two broad areas of 
application of cationic PILs. To the author’s knowledge, there is just one 
report on the application of an anionic PIL, N,N-didecyl-N-methyl-d-gluca-
minium poly(2-methyl-acrylic acid 2-[1-(3-{2-[2-(3-trifluoromethanesulfo-
nylamino-propoxy)-ethoxy]-ethoxy}-propylamino)-vinylamino]-ethyl ester), 
(poly([DDmglu][mnTf2])), for the detection of furfural benzofuran, styrene 
oxide, m-toluidine, 2,4-dimethylaniline, 2-methoxy-5-methylaniline and 
furfural (Figure 3.1).48 When compared to the other cationic PILs used in this 
study, poly([DDmglu][mnTf2]) fibers generally exhibited lower sensitivities, 
except for in the detection of benzofuran and furfural. The precision of the 
poly([DDmglu][mnTf2]) PIL ranged from 1.9 to 9.8%, while its limit of detec-
tion (LOD) ranged from 0.9 to 12 µg L−1.48

Figure 3.1    Anionic PIL used for the sensing of alkyl halides and aromatics.
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The majority of the studied cationic PILs for sensing applications bear 
nTf2

−, BF4
−, PF6

− and Cl− anions. It is interesting to see the application of PILs 
for detecting food aromas, such as beer volatiles (Table 3.4, entry 6)49 and cof-
fee aroma.50 Cationic PILs have also been studied for the detection of nitroar-
omatic explosives (fluorescent PILs),51 as highly chemoresistive humidity 
sensors52 and in other sensor applications described in the recent review by 
guterman et al.53 most of them are applied as coatings or fiber sorbents in 
solid-phase microextraction (SPme), often coupled with gas chromatography 
(SPme-gC), and include various additives such as PPy, gO, gCe,54 znCdHgSe 
with N-acetyl-l-cysteine,55 poly(acrylic acid),56 cross-linkers,57 magnetic 
nanoparticles,58 multiwalled carbon nanotubes,59,60 polypyrrole nanotubes61 
and titanium.62 Table 3.4 summarises the analytes and reported detection 
limits or uptake of the PILs used.

Table 3.4    reported detection limits or uptake values (in brackets) of PILs for some 
analytes.

entry Analyte Detection limit/(uptake) ref.

1 Acrylamide 0.5 µg L−1 (10 µg L−1) 129,130
2 Alcohols, n-alkanes, phthalate 

esters and halogenated aromatic 
hydrocarbons

from 1 µg L−1 131

3 Antihuman neuron specific enolase 
(anti-nSe)

0.20 ng L−1 55

4 Ascorbic acid 5.0 µm 61
5 Aqueous solutions of estrogens 0.25 µg L−1 57

Bisphenol A 0.25 µg L−1

Phthalate esters 0.2 µg L−1

6 Aqueous solutions of polycyclic aro-
matic hydrocarbons (PAHs), alkyl-
phenols and parabens

up to 7 µg L−1 63

7 1-Butanol, 2-butanol, isobutanol values are not reported; the 
detection limit decreased 
in the order 1-butanol > 
2-butanol > isobutanol

56

8 Beer volatiles from 0.4 µg L−1 49
9 Diethylstilbestrol and 

17α-ethynylestradiol
1 µg L−1 132

estrone and hexestrol 2 µg L−1

10 Dopamine 73.3 nm (180 nm) 54,61
11 esters from 2.5 µg L−1 133
12 Furfural benzofuran, styrene oxide, 

m-toluidine, 2,4-dimethylani-
line, 2-methoxy-5-methylaniline, 
furfural

0.3–3.3 µg L−1 48

13 glucose 10−6 m 134
14 Hexestrol 2.1 × 10−9 mol L−1 135
15 Hydrogen bonding compounds from 0.35 ng L−1 62
16 p-Hydroxybenzoic acid, sorbic acid 

and cinnamic acid
from 12 ng L−1 136

17 Ketamine 0.05 mg L−1 137
(continued)
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unfortunately, the only provided comparison of the performance of 
some of the PIL sensors to the commercially available ones used to detect 
aqueous solutions of polycyclic aromatic hydrocarbons (PAHs), alkylphe-
nols and parabens is still not satisfying.63 On the basis of the published 
reports, it is too early to compare the selectivity, sensitivity and other sens-
ing characteristics of cationic and anionic PILs. The author is looking for-
ward to more research into the implementation of anionic PILs for sensing 
applications.

3.2.4   Thermoresponsive Materials
There are several thermoresponsive forms that are known for PILs, such as 
ion–anion responsive behaviour, inverse viscosity temperature dependence 
and the lower critical solution temperature (LCST) – all in solution or, for 
some examples, in thin films.2

Polystyrenesulfonate- and polysulfonate-based anionic PILs (including 
dianionic ones) with phosphonium cations were reported as ones show-
ing LCST behaviour (Table 3.5).64–68 As clearly shown for the example of 
poly[(1,8-octanediyl-bis(tri-n-butylphosphonium) 4-styrene) sulfonate], the  
temperature of the phase transition depends not only on the length of the 
side chain on the cation, but also on the PIL concentration.65 PILs with 
phosphonium-based cations showed lower phase transition temperatures 
when compared to phosphonium-based anions. For example, for 10 wt%  
of poly[(1,8-octanediyl-bis(tri-n-butylphosphonium) 4-styrene) sulfonate], 
the temperature of the phase transition was reported to be 35 °C,65 while 
for poly[(vinylbenzyltripentilphosphonium) chloride] it was recorded as 13 
°C.69 Okafuji et al. also showed that the temperature of the phase transition 
could be lowered by the addition of naCl to the solution. They showed that 

18 Organic solvents from 0.3 µg L−1 138
19 Pharmaceutical drugs, phenolics, 

and insecticides
from 0.2 to 2 µg L−1 139

20 Phenolic compounds from 2 µg L−1 140
21 Phenols, phenol derivatives, and 

polycyclic aromatic hydrocarbons 
(PAHs)

from 135 µg L−1 141

22 Polychlorinated biphenyls low ng L−1 range 142
23 Polycyclic aromatic hydrocarbons 

(PAHs)
from 1 ng L−1 60

24 PAHs and phthalate ester (PAes) from 5 ng L−1 143
25 Simazine, atrazine, prometryn, 

metolachlor
0.88 µg L−1 58
0.45 µg L−1

0.35 µg L−1

0.29 µg L−1

26 Tryptophan 13–87 µmoles g−1 144
27 Volatile compounds in cheeses 30 to 2000 µg L−1 145
28 Volatile fatty acids (VFAs) and 

alcohols
PIL-Cl−: from 0.02 µg L−1 146
PIL-nTf2: from 0.2 µg L−1
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Table 3.5    reported temperatures of the phase transitions (50% turbidity) for some 
solutions of anionic and cationic PILs.

PIL cation PIL anion medium
Tc, °C (LCST/
uCST) ref.

Water, blends 
with hydro-
philic and 
hydrophobic 
anionic PILs

47.5 (∼48) 66,67

 

Water, PILs 
copolymer-
ised with 
cross-linkers

40−53 (depend-
ing on the 
cross-linker 
concentra-
tion)

64

Water 35 (10 wt%) 65
38 (2 wt%)
51 (0.1 wt%)

Water r = P4444
+: 58.7 68

r = P4446
+: 44.6

Cl− Water 5–40 (depend-
ing on PIL 
and naCl 
concentra-
tions)

69
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nTf2
− Cyclodextrins 

(CD)
48–62 (depend-

ing on the 
CD concen-
tration)

70

(a)

(b)

Br− Water 30–40 (depend-
ing on the 
polymerisa-
tion degree 
and the 
composition 
of the units 
in the star 
co-polymers)

71

(a) Br− Water (a) 33−38 72

(b) (b) 50

(c) (c) no data

Cl− Water and 
organic 
solvents

Varied from 
0–45 (depend-
ing on type 
and concen-
tration)

74
SbF6

−

BF4
−

nTf2
−

Cl− Water 12.5–58.8 
(depending 
on the com-
position and 
concentra-
tion)

75

r1 = (l)-valine or 
(l)-phenylalanine

nTF2
−

r2 = benzyl or butyl
(continued)
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tripentylphosphonium-based PILs had lower phase transition temperatures 
in comparison to their tributyl and trihexylphosphonium analogues.69 It 
appears that a “thermoresponsive segment” such as cyclodextrins,70 or xan-
thate-type chain transfer agents (CTAs) such as poly(N-isopropylacrylamide) 
(poly(nIPAAm)),71–73 are required for some imidazolium-based PILs to show 
phase transition behaviour. Yoshimitsu et al. copolymerised vinyl ethers 
and imidazoles obtaining cationic PILs exhibiting either LCST or uCST 
behaviours in water and some organic solvents. The character of the transi-
tion depended on the anion. PILs with hydrophilic anions, such as Cl− and 
SbF6

−, showed lower critical transition temperatures, while PILs with hydro-
phobic anions, such as BF4

− and nTf2
−, exhibited upper critical transition 

temperatures, in other words, a transition from an insoluble to a soluble 
state.74 On the other hand, substitution of the hydrophilic Cl− anion with the 
hydrophobic nTf2

− anion led to a decrease in the LCST from 48.5 °C to 43.5 °C  
at 0.5 mg mL−1 for vinyl-based chiral-polymeric ionic liquids (CPILs).75 
Copolymerisation of vinyl cations with acrylic acid, acetonitrile and poly(nI-
PAAm) produced PILs that exhibited not only LCST/uCST behaviour, but also 
pH-sensitivity, and could be potentially used as soft actuators.73 It would be 
interesting to research the properties of anionic PILs based on similar spe-
cies and how their thermoresponsive behaviour correlates to that of their 
cationic analogues.

(a)

(b)

BF4− methanol/water (a) 20−35 at 
0.1–3% 
PIL con-
centration 
(b) 39−45 
depend-
ing on the 
polymerisa-
tion degree

147

Br− nTf2
−: ∼40 73

PF6
−

nTf2
−

Table 3.5  (continued)

PIL cation PIL anion medium
Tc, °C (LCST/
uCST) ref.
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3.3   Summary and Future Directions of Research
As can be seen from this review, the vast majority of research is dedicated 
to cationic PILs. Although anionic PILs are generally more difficult to syn-
thesise, and therefore currently less diverse than the cationic PILs, it would 
be interesting to compare the performance of anionic PILs in some of the 
other fields where cationic PILs show promising results, such as pyroly-
sis,76–80 corrosion inhibition,81 metal sorption for catalysis and sensor 
applications.82–89 Perhaps it would be worthwhile to focus attention on 
the sensing and thermal properties of anionic PILs easily produced from 
acrylic acids and their salts, with a variety of IL cations. At present, the 
potential of this class of organic substances has not been fully explored and 
hopefully the high performance of anionic PILs as electroconductive mate-
rials will trigger the exploration of this type of polymer in other emerging 
applications.
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4.1   Introduction
Stimuli-responsive materials that alter their properties in response to exter-
nal stimuli (e.g., temperature, pressure, and concentration of specific com-
pounds) have attracted keen interest as “smart” materials. Thermoresponsive 
polymers capable of changing their hydrophobicity and hydrophilicity upon 
a slight change in temperature are well-studied examples of smart materi-
als. For instance, poly(N-isopropylacrylamide) and some non-ionic polymers 
exhibit a lower critical solution temperature (LCST)-type phase change in 
water. Namely, these polymers are miscible with water at low temperature 
and become immiscible with water at higher temperatures. There were no 
examples of fully-charged materials that show an LCST-type phase transition 
in water until recently. The phase behaviour and physico-chemical proper-
ties of these interesting materials are discussed in this chapter.

In 2007, Fukumoto and Ohno reported the first example of an ionic liquid 
(IL) that shows an LCST-type phase change upon mixing with pure water,1 

ChapTer 4
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which was the starting point of our studies on “smart ILs”. This chapter 
aims to give an overview of the rapidly-growing research into IL-based liq-
uid-state and solid-state materials that undergo the aforementioned phase 
change. Fundamental design criteria of thermoresponsive ILs and IL-derived 
polyelectrolytes showing highly temperature-sensitive and reversible phase 
changes are described in terms of the total hydrophilicity of both the cat-
ions and anions. In addition, potential (including expected) applications of 
these IL-based materials are summarised, which may not be accomplished 
by exploiting classical non-ionic thermoresponsive polymers.

4.2   Ionic Liquids with Switchable Hydrophobicity 
and Hydrophilicity Depending on the 
Temperature

Numerous studies on ILs, organic salts with very low melting temperatures, 
have recently been undertaken in interdisciplinary fields. In addition to the 
enticing properties of ILs (e.g., vanishingly low vapour pressure, wide range 
of temperatures in the liquid state, high thermal/chemical stability, and high 
charge density), functionalising ILs is also possible upon suitable design of 
both cationic and anionic structures. Control of hydrophobicity and hydro-
philicity is one of the key functions of ILs. hydrophobic ILs, typically con-
taining the bis(trifluoromethanesulfonyl)imide anion ([Tf2N]−), undergo 
phase separation with water, thus forming IL-based aqueous biphasic sys-
tems (aBSs). aBSs using ILs can also be obtained by mixing water-miscible 
ILs with salting-out agents such as kosmotropic inorganic salts. Most of these 
IL-based aBSs remain phase-separated regardless of external stimuli, such 
as temperature. Being totally different from the above-mentioned “stable” 
phase separation of IL/water mixtures, a thermoresponsive and reversible 
phase change between a homogeneous phase and two separate IL/water 
phases has been observed in specific IL/water mixtures.2 Two types of ther-
moresponsive phase behaviour have been found in IL/water binary systems: 
upper critical solution temperature (uCST)-type phase change and LCST-type 
phase change. In the uCST-type phase transition, the mutual solubility of 
the IL and water increases upon heating. Many IL/water mixtures exhibit this 
type of phase behaviour. The opposite LCST-type phase change is observed 
when the mutual solubility of the IL and water increases upon cooling. Fig-
ure 4.1 displays representative phase diagrams expressing the thermore-
sponsive phase behaviour of reported IL/water mixtures. In many cases, the 
temperature at which the transparent solution turns turbid is determined as 
the phase separation temperature (Tc). The Tc value depends strongly on the 
amount of added water, and a convex curve is observed in the phase diagram 
when the mixture shows a uCST-type phase change (Figure 4.1, left). upon 
cooling, the homogeneous mixture becomes turbid at a specific temperature 
on the convex curve, and settles in a phase-separated state below the curve. In 
the case of an LCST-type phase change, a concave curve is seen in the phase 
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diagram (Figure 4.1, right), and the mixture displays temperature-dependent 
behaviour opposite to uCST (i.e., the homogeneous mixture is phase-sepa-
rated above the concave curve). This chapter focuses on aqueous IL systems 
that exhibit a thermoresponsive hydrophobicity/hydrophilicity change. Other 
IL systems showing switchable hydrophobicity after mixing with different 
molecular solvents or driven by other stimuli are summarised elsewhere.3,4

Table 4.1 presents a summary of the reported IL/water mixed systems 
that show a thermoresponsive phase change. a uCST-type phase change 
was observed in several imidazolium-, ammonium-, and phosphonium-type 
ILs (1–5) after mixing with pure water or aqueous salt solutions.5–10 This 
behaviour is understood from the viewpoint of the temperature–solubil-
ity relationship of salts. uCST behaviour has also been found in sulfuric 
acid-functionalised ILs (6).11 On the contrary, LCST-type phase changes were 
scarcely observed in IL/water mixtures until recently. Ohno’s group reported 
a series of phosphonium-type ILs with N-trifluoromethanesulfonyl-substi-
tuted amino acid anions (7).1 These ILs indeed underwent an LCST-type 
phase change after mixing with water. When N-trifluoromethanesulfonyl- 
leucine was coupled with the tetra-n-butylphosphonium cation ([p4444]+), the 
resulting IL ([p4444][Tf-Leu]) was miscible with water at 22 °C, but converted 
to a liquid/liquid separated state after being kept at 25 °C for 10 min. The 
homogeneous mixture was obtained again upon cooling. The LCST-type 
phase change of the prepared IL/water mixture was therefore revealed to be 
highly temperature-sensitive and reversible. It should be noted here that the 
LCST behaviour itself had already been found in a few ammonium-type salt/
water mixtures (8–10).12–15 a ternary system composed of 11–water–ethanol 
also showed LCST behaviour at a certain mixing ratio.16

Following intensive studies by Ohno and co-workers on the relation between 
IL structures and phase behaviour after mixing with water, several ILs were 
found to undergo the LCST-type phase change.17 Figure 4.2 shows the phase 
behaviour of an aqueous solution containing 12 (IL concentration: 35 wt%).  

Figure 4.1    Typical phase diagrams of thermoresponsive IL/water mixtures.
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Chapter 4120

Table 4.1    Thermoresponsive phase change of IL-based aqueous systems.

entry Structure Solvent
phase 
behaviour ref.

1 Water uCST 5,6

2 Water uCST 7

3 Water uCST 8

4 Water uCST 9

5 Water uCST 10

6 aqueous salt 
solutions

uCST 11

7 Water LCST 1

8 Water uCST and 
LCST

12

9 Water LCST 13

10 Water uCST and 
LCST

14,15

11 Water/
ethanol

LCST 16

12 Water LCST 17
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121Switchable Hydrophobicity and Hydrophilicity

13 Water LCST 17

14 Water LCST 17

15 Water LCST 10

16 Water LCST 18

17 Water LCST 19

18 Water LCST 20

19 Water LCST 21

20 aqueous salt 
solutions

LCST 22

21 aqueous salt 
solutions

LCST 23

22 Water LCST 24

23 Water LCST 25

24 Water LCST 26

(continued)
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Chapter 4122

This mixture was a homogeneous solution at 29 °C, and was phase-separated 
into an aqueous upper phase and an IL bottom phase above 34 °C. The sepa-
rated phases were homogeneously mixed again below 29 °C. This LCST-type 
phase change suggests that other related ILs with various structures have the 
possibility to undergo such LCST-type phase changes.

In terms of cationic structures, alkylphosphonium cations were effective in 
preparing ILs showing the LCST-type phase transition in water (7, 12–21).1,17–23  
The LCST-type phase change was also seen in an iron(iii)-containing IL 
composed of the 1-butyl-3-methylimidazolium cation (22).24 Of the anion 
species, various kinds of structure have been used to design ILs so far. 
even highly hydrophilic anions (e.g., halogenate, carboxylate, and phos-
phonate) can provide ILs with LCST behaviour if they are paired with 
adequately hydrophobic cations. It was also found that geometric isomer-
isation of anion structures offers significantly different phase behaviour. 
For example, an IL with the maleate anion (15) showed LCST behaviour, 
whereas its trans-isomer (5) underwent the inverse behaviour, i.e., uCST.10  

25 Water homoge-
neous

17

26 Water phase- 
separated

17

Mixture of 25 and 26 Water LCST 17
27 Water homoge-

neous
29

28 Water phase- 
separated

29

Mixture of 27 and 28 Water uCST and 
LCST

29

Mixture of 28 and hTfO Water LCST 26
29 Water homoge-

neous
30

30 Water homoge-
neous

30

Mixture of 29 and 30 Water LCST 30

Table 4.1  (continued)

entry Structure Solvent
phase 
behaviour ref.
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123Switchable Hydrophobicity and Hydrophilicity

another interesting phase behaviour was observed in [p4444]+-based ILs con-
taining benzoate derivatives as anions. While [p4444][Benzoate] was hydro-
philic and freely miscible with water, a sufficiently hydrophobic IL with LCST 
behaviour was obtained after introduction of hydrophilic hydroxyl groups 
onto the ortho-position of the benzoate anion (17).19 This is a very interesting 
result, indicating that the hydrophobicity of an IL can be increased by intro-
ducing a hydrophilic group onto the anion. Such striking phase behaviour 
should be derived from alternating the hydrated state of the anions via 
intra-/inter-molecular hydrogen bonding, or “proton-sharing” structures.19 
The LCST-type phase change was also found in phosphonium- or ammoni-
um-type zwitterions (23, 24),25,26 in which both the cationic part and anionic 
part are covalently connected via an alkyl chain linker. an advanced prop-
erty of aqueous zwitterion systems over IL-based ones is the ability to keep 
the ion pairs even in the presence of other ions. This will contribute to the 
desirable partition of ions in the media.

In the thermoresponsive IL-based mixed systems, the Tc value is totally 
dependent on the structure of the component ions. In the case of IL/water 
mixtures showing an LCST, the elevation of the Tc value was mainly seen 
in ILs composed of less hydrophobic ions. upon comparison of a series of 
amino acid ILs (7), the Tc value decreased according to the extension of the 
alkyl chain length of the side groups on the amino acids. a similar trend 
was also observed in aqueous IL systems composed of benzenesulfonate 
derivatives as anions (13). Likewise, cationic structures also influence the Tc 
value, with an increase in the attached alkyl chains on the phosphonium cat-
ions lowering the Tc. In terms of the center atoms of cations, phosphonium- 
type ILs tend to show a lower Tc than ammonium-type ILs with the same 
alkyl chains. The added hydrophobicity/hydrophilicity effect of both cations 

Figure 4.2    Temperature-sensitive LCST-type phase change of a 12/water mixture. 
The IL phase was dyed with Coomassie Brilliant Blue. reproduced from 
ref. 27 with permission from the pCCp Owner Societies.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
01

17
View Online

http://dx.doi.org/10.1039/9781788010535-00117


Chapter 4124

and anions, therefore, governs the phase behaviour of the resulting ILs with 
water. The LCST-type phase change can be seen in the region between hydro-
phobic and hydrophilic ILs, when the phase behaviour of the IL/water mix-
tures was ordered in accordance with the hydrophilicity of the component 
ions. In other words, ILs composed of moderately hydrophilic ions have the 
potential to show an LCST-type phase transition.

The above-mentioned analysis of the phase behaviour of various IL/water 
mixtures strongly suggests that the total hydrophilicity/hydrophobicity bal-
ance of the component ions dominates the LCST-type phase change. here 
we should mention that the hydrophobicity/hydrophilicity balance is gen-
erally unquantifiable with suitable physicochemical properties. To quantify 
the required range of hydrophobicity/hydrophilicity balance that allows for 
LCST behaviour, Ohno’s group proposed the hydrophilicity index (hI) value, 
which represents the number of dissolved water molecules per ion pair in the 
phase separated IL-rich phase at 60 °C.27 Figure 4.3 shows the Tc values of var-
ious ILs, including IL mixtures, as a function of their hI value. The Tc values 
of highly hydrophobic ILs that did not undergo an LCST-type phase change 
were tentatively set below 0 °C. as seen in Figure 4.3, there was a clear thresh-
old value of hI after which ILs show the LCST-type phase change. When the 
hI of the ILs was less than 6, these ILs did not undergo any LCST response 
and were immiscible with water regardless of the temperature. The LCST-
type phase transition took place when the hI value was 7 or more, and the Tc 
value showed higher values upon increasing hI. Figure 4.3 clearly shows that 
the number of water molecules per ion pair of 7 is critical to show the LCST-
type phase change.28

In general, thermoresponsive IL/water mixtures can be obtained by 
careful design of the component ions to give an adequate hydrophobicity/

Figure 4.3    relation between the phase separation temperature (Tc) and the hydro-
philicity index (hI) value for various ILs (■) and IL mixtures (□). repro-
duced from ref. 27 with permission from the pCCp Owner Societies.
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125Switchable Hydrophobicity and Hydrophilicity

hydrophilicity balance to result in LCST behaviour of the mixtures (i.e., hI 
value higher than 7). On the other hand, mixing ILs was revealed to be another 
practical method to induce an LCST response in IL/water systems. More spe-
cifically, mixing relatively hydrophobic ILs was effective in making thermo-
responsive ILs, providing that the prepared ILs are too hydrophilic to show 
an LCST-type phase transition. For example, when completely water-misci-
ble 25 was mixed with water-immiscible 26, the resulting mixtures showed 
LCST behaviour.17 This result implies that mixing multiple ILs effectively 
influences the hI value to fulfill the requirement for LCST behaviour. This 
fine-tuning to convert the phase behaviour by mixing ILs was also observed 
in zwitterion/water mixtures, such as that composed of 27/28 29 and 28/triflu-
oromethanesulfonic acid (hTfO).26

another interesting example for mixed IL systems is mixtures of amino 
acid-based ILs. Both 29 and 30 were miscible with water, but their mixtures 
started to show LCST behaviour at a suitable mixing ratio.30 This unexpected 
behaviour was presumably derived from anion–anion interactions between 
the charged side chains on the amino acids. This presumption has recently 
been supported by Md simulations.31 It should be noted here that not all 
ILs can acquire the LCST-type phase change by being mixed with suitable 
ILs. When a tributyl-n-octylphosphonium-based IL, [p4448][Tf2N], was mixed 
with 25, the resulting IL mixture behaved as a normal hydrophobic IL and 
did not show LCST behaviour.17 This behaviour might be due to the partition 
of hydrophilic 25 between the aqueous phase and the [p4448][Tf2N] phase, 
namely, 25 should be dissolved mainly in the aqueous phase.

4.3   Thermoresponsive Poly(ionic liquid)s with 
Switchable Hydrophobicity/Hydrophilicity

In addition to the design of liquid-state IL materials showing LCST behaviour, 
Ohno’s group anticipated that it should not be difficult to fabricate solid-state 
IL-derived materials by suitable design of poly(ionic liquid)s (pILs), which 
also undergo this type of phase change after being mixed with water. pILs 
have recently been attracting much interest as a new subclass of solid-state 
polymeric materials. They are distinct from well-known polyelectrolytes 
because of their unique properties inherent to ILs. It was strongly suggested 
that several physico-chemical properties of the starting IL monomers, such 
as low glass transition temperature, high charge density, and inflammability, 
should be maintained even after polymerisation. accordingly, it is assumed 
that when IL monomers show LCST-type phase behaviour in water, the result-
ing polymers should retain the LCST thermoresponsiveness. On the other 
hand, most polymer chemists might think that these thermoresponsive poly-
mer materials are not new, since there are some examples of polymers show-
ing LCST-type phase transition in an aqueous phase as mentioned above. 
We believe, however, that thermoresponsive and highly-charged polyelectro-
lytes, especially those derived from ILs, are unprecedented and expand the 
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possibility of thermoresponsive materials in diverse fields upon considering 
the fascinating properties of the starting IL monomers.

Based on the hI value required for ILs to show an LCST-type phase transi-
tion as mentioned above, kohno and Ohno started to design IL monomers 
that potentially exhibit LCST behaviour. as a preliminary study, ILs com-
posed of [p4444]+ and benzenesulfonate derivatives were found to undergo an 
LCST-type phase transition after being mixed with water (13). an analogous 
styrene sulfonate ([SS]−) was then chosen as a polymerisable anion candi-
date.32,33 as counter cations, different phosphonium cations with different 
lengths of alkyl chain were used. These ILs were prepared by anion exchange 
reaction, and the as-prepared IL monomers were obtained as a white solid 
(31) or clear viscous liquids (32, 33). Next, the temperature-dependent phase 
behaviour of the IL monomers was investigated after adding an equal weight 
of water (50 wt%). Both 32 and 33 were scarcely soluble in water, and no 
homogeneous phase was obtained even after heating or cooling. In contrast, 
31 formed a homogeneous mixture with water at low temperature. On gen-
tle heating, the transparent solution became turbid and phase-separated, 
clearly indicating that 31 exhibited LCST behaviour. When 31 was mixed with 
an equal weight of water, the Tc value of the mixture was 34 °C. This value was 
almost the same as that of the analogous phosphonium-type IL (13) with two 
methyl groups on the benzenesulfonate anion.

The prepared IL monomers were then polymerised in water with 1.0 mol% 
of α,α′-azobis(isobutyronitrile) (aIBN) as a thermal polymerisation initia-
tor to obtain poly(31) and poly(32).32 Since both IL monomers were phase- 
separated at the temperature during polymerisation, the reaction proceeded 
with each monomer suspended in the mixture. Yuan and co-workers also 
prepared poly(31) using aIBN as a radical polymerisation initiator and eth-
anol as a solvent.34 In this case, the monomer was homogeneously mixed in 
the solvent. The resulting poly(31) was mixed with pure water, and its ther-
mal phase behaviour was visually confirmed as LCST behaviour. When an 
aqueous solution containing 10 wt% poly(31) was kept at 25 °C, the poly-
electrolyte was homogeneously mixed, but it became turbid upon heating 
to 57 °C. The inhomogeneous mixture turned to a clear solution again upon 
cooling. The IL monomer 31, therefore, retained its thermoresponsiveness 
even after polymerisation. This type of thermal response was first seen in 
pIL-based homopolymer/water mixtures. a large number of non-ionic poly-
mers have already been reported to show an LCST-type phase transition with 
water and other organic solvents. however, a wholly-charged homopolyelec-
trolyte that reversibly shows an LCST-type phase transition with water has 
not been reported, especially, one which is derived from IL monomers with 
a unique set of the physico-chemical properties of ILs. To prepare polyelectro-
lytes showing an LCST in water, copolymerisation of a thermoresponsive 
non-ionic monomer with a charged co-monomer has frequently been used. 
These studies were previously summarised by us.3

The phase behaviour of an aqueous solution containing 10 wt% poly(31) 
was investigated by turbidity measurement.32 On heating, the transmittance 
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127Switchable Hydrophobicity and Hydrophilicity

of the poly(31)/water mixture dropped to 90% at 57 °C (Figure 4.4, blue solid 
line). The transmittance of the solution sharply fell upon further heating, and 
reached less than 1% at 59 °C. The turbid solution became transparent again 
upon cooling (Figure 4.4, blue dotted line). as shown in Figure 4.4, there is 
a very small hysteresis in the solution turbidity. The reversible and sharp 
LCST behaviour of poly(31) has also been reported by other groups.34,35 Fur-
thermore, the Tc value of poly(31) could be readily decreased by copolymer-
ising 31 with a relatively hydrophobic monomer such as 32 (Figure 4.4, red 
line). When 30 mol% of 32 was introduced into the copolymer, the resulting 
poly(310.7-co-320.3)-type copolymerised pIL exhibited a Tc value approximately 
20 °C lower than that for homopoly(31) at the same concentration. The shift 
in the Tc value clearly reflects the lowering of the total hydrophilicity of the 
component ions, which was consistent with the properties of thermorespon-
sive ILs (i.e., mixing hydrophobic ILs lowers the Tc value). Clearly, there is a 
close relationship between 31 and poly(31) in terms of the thermorespon-
siveness. Based on these studies mentioned above, it is strongly suggested 
that monomeric ILs showing an LCST-type phase change have the potential 
to maintain their thermoresponsiveness in the polymeric state. In addition, 
the copolymerisation of IL monomers is a facile and accurate potential strat-
egy to control the Tc of polyelectrolytes in an aqueous solution. In the case of 
the famous poly(N-isopropylacrylamide) (pNIpaM) and other non-ionic poly-
mers, copolymerisation with other monomers with different hydrophobicity 
was also found to be effective in controlling the phase behaviour. however, 
the sensitivity to temperature of the resulting copolymers often became slug-
gish. To maintain the thermal sensitivity, efforts have frequently been made 
to synthesise copolymers with very narrow molecular weight distribution by 
living or controlled radical polymerisation. On the other hand, the reported 
poly(310.7-co-320.3)-type copolymer prepared by simple radical polymerisation 

Figure 4.4    Left: structure of tetra-n-alkylphosphonium styrenesulfonate-type IL 
monomers (31-33); right: change in transmittance of poly(31) (blue 
line) and poly(310.7-co-320.3) (red line) in water. Solid and dotted lines 
denote heating and cooling steps, respectively. reproduced from ref. 2 
with permission from the royal Society of Chemistry.
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displayed a very sharp phase transition. This highly temperature-sensitive 
and reversible phase change of the pILs is one of the advantages for practical 
applications.

The aforementioned studies on the phase behaviour of monomeric and 
polymeric 31 suggest that designing IL monomers with an LCST is a pow-
erful method to obtain thermoresponsive polyelectrolytes showing the 
same phase behaviour in water. Soon after the discovery of poly(31), several 
monomeric ILs and pILs were designed and their temperature-responsive 
phase behaviour was investigated to seek thermoresponsive polyelectrolytes 
with various structures. We have summarised both the structure and phase 
behaviour of these IL monomers in Figure 4.5 and Table 4.2. as described 
above, an anionic IL monomer (31) underwent an LCST-type phase change in 
both monomeric and polymeric states, whereas 32 and 33 did not show LCST 
behaviour. Ohno and co-workers also reported other anionic 3-sulfopropyl- 
methacrylate ([MC3S]−)-type IL monomers with different phosphonium cat-
ions (34–36).36,37 The IL monomer 34 was miscible with water regardless of 
the temperature. On the other hand, both 35 and 36 showed LCST behaviour 
in the monomeric state. upon comparing the phase behaviour of 31 and 34, 
which contain the same cation, [SS]− is more hydrophobic than [MC3S]− in 
terms of total hydrophilicity of the component ions. These monomeric ILs 
were then polymerised by the same method to obtain poly(31), and the phase 
behaviour of the thus-polymerised pILs was studied. While poly(34) gave a 
homogeneous solution and poly(36) was phase-separated in water within the 
whole temperature range analysed, poly(35) was found to show an LCST-type 
phase change. diamond’s group reported a similar IL monomer, 37, with the 
3-sulfopropyl-acrylate anion, which showed LCST behaviour after polymeri-
sation.38 although the phase behaviour of the monomer was not studied in 
detail, its Tc value should be higher than that for the analogous 35. This is 
because the elimination of only one methyl group on the component ions 
raises the hydrophilicity of the corresponding ILs, resulting in an increase 
in the Tc value. Furthermore, a Gemini-type IL monomer (38)39 and phos-
phonium/ammonium-type cationic IL monomers with alkylsulfonate anions 
(39–44)40,41 were also reported, in which a handful of the corresponding 

Figure 4.5    Structure of IL monomers prepared to seek thermoresponsive pILs 
showing LCST behaviour in water.
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129Switchable Hydrophobicity and Hydrophilicity

polyelectrolytes were found to show LCST behaviour. highly hydrophilic chlo-
ride anion-based IL monomers also gave thermoresponsive polyelectrolytes 
when paired with adequately hydrophobic and polymerisable cations such as 
45, 46, and 47.42 poly(46) exhibited LCST behaviour in both pure water and 
aqueous sodium chloride solution. Temperature-dependent turbidity mea-
surement is frequently used to determine the Tc values of pIL/water mixtures. 
In the case of pIL/water mixtures showing LCST behaviour, the total hydro-
philicity of the component ions of the IL monomers dominantly influences 
the Tc value. This effect on the Tc value was more remarkably seen in pILs 
as compared to non-polymerisable IL/water mixtures. For instance, upon 
comparing ammonium-based poly(43) and phosphonium-based poly(40) 
with the same alkyl chains, poly(43) had a Tc value of 64 °C, which was 22 °C 
higher than that of poly(40).41 This clearly shows that the hydrophobicity of 
the cation can also be changed by the center atom species. In addition, the 
elongation of one methyl group onto the anion of poly(43) significantly low-
ered the Tc value to 23 °C.

Table 4.2 clearly shows that most pILs inherit the thermoresponsive feature 
of the corresponding monomers. On the other hand, a few IL monomers showed 
different phase behaviour, and some of them did not show a thermal response 
after polymerisation. For example, IL monomer 36 showed LCST behaviour, 
but its polymer became more hydrophobic and was always phase-separated 
with water. These differences clearly showed that the hydrophobicity/hydro-
philicity balance (or hydrated state) was somewhat susceptible to the molec-
ular weight of the pILs. The Tc value also changed between the IL monomer 
and pIL. Ohno and co-workers reported that the Tc values of 31 and poly(31) at 
the same concentration (10 wt% in water) were 40 and 57 °C, respectively.32  

Table 4.2    phase behaviour of monomeric and polymerised ILs in water.

entry

phase behaviour 
(monomeric 
state)

phase behaviour 
(polymeric state) entry

phase 
behaviour 
(monomeric 
state)

phase 
behaviour 
(polymeric 
state)

31 LCST LCST 40 LCST LCST
32 phase-separated phase-separated 41 phase- 

separated
phase- 

separated
33 phase-separated phase-separated 42 –a homo-

geneous
34 homogeneous homogeneous 43 –a LCST
35 LCST LCST 44 –a LCST
36 LCST phase-separated 45 LCSTb homo-

geneous
37 –a LCST 46 LCST LCST
38 LCST LCST 47 phase- 

eparated
phase- 

separated
39 LCST homogeneous

a –: data not shown.
b This behaviour was observed in aq. NaCl solution.
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The same group also reported that the Tc values of monomeric and polymer-
ised 35 were 44 and 40 °C (10 wt% in water).36 regarding such differences in 
the Tc values, valuable studies were performed by aoshima and co-workers, 
who investigated the effect of number-average molecular weight on the uCST 
of imidazolium-based pILs with narrow molecular weight distributions.43 
The data demonstrated that the effect of molecular weight on the Tc values 
was small even in the low molecular weight region. The variation in the aque-
ous phase behaviour of monomeric/polymeric ILs should, therefore, depend 
on the monomer species. Further studies should be undertaken to analyse 
the effect of the molecular weight of various pILs on their phase behaviour 
with water.

The structure–property relationships of the as-prepared IL monomers 
and their polymers indicate that careful design of the component ions of 
the IL monomers is necessary to gain thermoresponsive pILs that exhibit 
the required hydrophilicity that allows for an LCST-type phase change. When 
component anions and cations are too hydrophilic (or too hydrophobic), the 
resulting pILs exhibit a stable homogeneous phase (or are phase-separated) 
regardless of the temperature. Instead, Ohno and co-workers reported a sim-
ple “blending” method to tune the LCST behaviour of pILs.44 The advantage 
of this blending method is that it allows the acquisition of pILs whose LCST 
can be controlled by blending different components, while maintaining 
their high sensitivity toward temperature change. When thermoresponsive 
poly(35) was blended with hydrophobic poly(36) in the presence of water, 
the Tc value was lowered depending on the blending ratio of poly(36). The 
temperature-dependent turbidity measurement of the blended pILs demon-
strated that the sharp phase transition was maintained even after blending 
these pILs, confirming its temperature-sensitive and reversible nature. The 
results mentioned here imply that the total hydrophilicity of blended pILs 
governs the phase behaviour, as already described in the case of non-polymer-
isable IL/water mixtures. It is therefore anticipated that LCST behaviour can 
also be realised by suitably blending hydrophobic and hydrophilic pILs, both 
of which do not singularly undergo an LCST-type phase change. To support 
this, hydrophobic poly(36) was blended with hydrophilic poly(34) with dif-
fering molar ratios, and their phase behaviour was analysed. It was observed 
that a few blended pILs with a certain blending ratio indeed underwent an 
LCST-type phase change in water. The Tc value was observed to be 45 °C, at 
which the mole fraction of hydrophobic poly(36) was 0.4, which was 14 °C 
higher than that of the poly(35)/poly(36) blend at the same mole fraction. 
This clearly suggests that the Tc value is a function of the total hydrophilic-
ity of the ion species, and decreases as the fraction of hydrophobic cations 
increases. It should be remarked that the fine tuning of the LCST behaviour 
by blending polymerised ILs was also observed not only in pILs with alkyl-
phosphonium cations, but also in pIL blends with highly hydrophilic, 1-ethyl- 
3-methylimidazolium ([C2mim]+)-based pILs. When an equimolar amount 
of poly([C2mim][MC3S]) was blended with poly(36), the resulting pIL blend 
exhibited LCST behaviour, and showed a Tc value of 64 °C. This high value 
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131Switchable Hydrophobicity and Hydrophilicity

of Tc reflects the hydrophilic nature of the [C2mim]+ cation. This result is of 
significant importance, since, given the structural diversity of N-alkylimid-
azolium-based ILs, it envisions a role of thermoresponsive pILs in practical 
applications.

Other factors influencing the Tc value include the concentration of the 
polymers and ionic strength. even though the Tc values of some non-ionic 
polymers are almost unchanged by polymer concentration, thermorespon-
sive pILs have a wide range of Tc values depending on the polymer concen-
tration. The reported LCST-type pIL/water mixtures showed lower Tc values 
upon increasing the polymer concentration. The opposite behaviour was 
observed in pIL/water mixtures showing uCST behaviour. In highly diluted 
solutions, some thermoresponsive pILs no longer showed an optically- 
detectable phase transition. The addition of suitable salts was also proved 
to be effective in controlling their Tc values. Yuan and co-workers reported 
that the Tc value of poly(31) increased dramatically upon adding kBr as a 
salt, but decreased following the addition of [p4444]Br into the aqueous solu-
tion.34 Ohno and co-workers reported that the Tc value of poly(35) became 
lower than that with pure water when phosphate buffer containing kh2pO4–
k2hpO4 (ph = 7.0) was used instead of pure water.36 The same trend was seen 
in the poly(46)/aqueous NaCl solution system.42 Various factors should influ-
ence the Tc value after addition of the salts. These include the kosmotropic-
ity of the salts, the fraction of the salts in the aqueous phase and separated 
polymer phase, and ion exchange reactions between the added salts and the 
component ions of the pILs.

a detailed analysis to comprehend the mechanism of the thermorespon-
sive behaviour is of great importance from a fundamental point of view. as 
several thermoresponsive ILs and poly(IL)s are now readily prepared in rela-
tively large quantities, a handful of studies have been reported to analyse the 
LCST behaviour via spectroscopic and optical measurements. FT-Ir spectros-
copy was employed by Wu and co-workers to reveal the dynamic phase tran-
sition of both monomeric and polymerised ILs.35,45,46 a few typical vibration 
modes for monomeric 31/water mixtures (e.g., the Ch group of [p4444]+ and 
SO3

− group of [SS]−) suggested that the [p4444]+ moiety was aggregated and 
accordingly the hydrogen bonds between the water molecules and [SS]− were 
broken upon heating up to nearly the Tc value. These synergetic variations 
of both the [p4444]+ cation and [SS]− anion resulted in a randomly aggregated 
structure of globules during heating. In the case of poly(31)/water mixtures, 
however, the SO3

− group was wrapped inside the aggregated globules, and the 
globules were surrounded by [p4444]+ cations. a repeating unit of [SS]− anions 
in poly(32), therefore, played a key role in the formation of aggregated glob-
ules. The morphological change of thermoresponsive pILs was reported by 
Ohno and co-workers using poly(40).41 Combined with transmission electron 
microscopy (TeM), dynamic light scattering (dLS) and optical microscopy, 
poly(40) generated poly-dispersed nanospheres in water at a temperature 
below the Tc value, merging into unimodal microspheres upon heating above 
the Tc value. Gao and co-workers also studied the morphological change 
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Chapter 4132

of non-polymerisable 12 with water by freeze-fracture transmission elec-
tron microscopy (FF-TeM).47 From the FF-TeM measurements, 12 formed 
long-living spherical aggregates in water below the Tc value. The size of the 
aggregates was enlarged upon heating, and a remarkable increase in their 
size was seen near the Tc. The morphological transition of charged spherical 
aggregates in water at and around the Tc value should be a feature of both ILs 
and pILs. On the other hand, Nishikawa and co-workers proposed fuzzy and 
misty structures of 12/water mixtures rather than distinct structures (e.g., 
emulsions and micelles), as evidenced by small angle X-ray scattering exper-
iments.48 They pointed out that 12 was not completely separated from water 
even at the Tc value. as for non-polymerisable IL/water mixtures, increasing 
the temperature above the Tc value resulted in obvious liquid/liquid phase 
separation between the IL-rich phases and water-rich phase. hydrated gel-
like phases were instead seen in a few pILs upon heating the mixture far 
above the Tc. Such analytical studies will be further required to fully char-
acterise the thermoresponsive phase behaviour of this new type of IL-based 
materials.

Since a handful of pIL linear polymers have shown LCST behaviour in 
water, various thermoresponsive solid-state materials can be fabricated from 
the above-mentioned IL monomers upon suitable choice of cross-linking 
methods. a few types of cross-linked thermoresponsive pIL materials have 
recently been reported. These include hydrogels,37–39,42 membranes,33 and 
microgels.49 pIL-based hydrogels composed of 31, 35, 37, 38, and 46 were 
first prepared using different types of cross-linkers and initiators. diamond 
and co-workers prepared pIL hydrogels derived from 31 and 37 via radical 
photo-polymerisation of these monomers using 2-hydroxy-2-methylpropio-
phenone as a radical photo-initiator.38 relatively high-molecular-weight 
cross-linkers, e.g., poly(propylene glycol) diacrylate with an Mn of 800 and 
poly(ethylene glycol) diacrylate with an Mn of 700, were introduced to obtain 
stable and transparent hydrogels. Ohno and co-workers also prepared pIL 
hydrogels using both 35 and 36 as IL monomers and 1,14-tetradecanediol 
dimethacrylate as a cross-linker.37 In this case, polymerisation of the mono-
mers was undertaken at 80 °C using aIBN as a radical initiator. Yuan and 
co-workers reported Gemini-type dicationic phosphonium-based hydrogels 
made from 38.39 The hydrogel could be prepared by using divinylbenzene 
as a cross-linker, and aIBN as a radical initiator. These pIL hydrogels were 
revealed to maintain the LCST-type thermoresponsiveness; they shrunk and 
desorbed water with increasing temperature, while absorbing water with 
decreasing temperature. The Tc values of the thermoresponsive pIL hydro-
gels strongly depended on the structure of both the IL monomers and cross-
linkers. despite the very sharp phase transition of pIL linear polymers as 
evidenced by turbidity measurement and dSC measurement, the pIL hydro-
gels displayed a significant broadening in terms of the thermoresponsive-
ness. This might be due to the heterogeneity of the cross-linking density 
in the hydrogels and/or the decreased level of freedom of the component 
ions. In addition, some of the reported pIL hydrogels were fragile, and their 
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mechanical strength was not sufficient to undergo reversible water absorp-
tion/desorption cycles.

Ohno and co-workers investigated the necessary conditions to prepare pIL 
hydrogels with sufficient mechanical properties to reversibly absorb/desorb 
water via LCST-type phase transition.50 Through careful selection of both the 
initiators and cross-linkers, as well as the reaction procedures, a few mechani-
cally-stable thermoresponsive pIL hydrogels were successfully prepared. One of 
the stable pIL hydrogels was prepared from an equimolar mixture of 35 and 36, 
poly(ethylene glycol) dimethacrylate as a cross-linker, and 2,2′-azobis[2-(2-imid-
azolin-2-yl)propane] disulfate dehydrate as a polymerisation initiator. a certain 
amount of water was added to the mixture to completely homogenise them, and 
thermal polymerisation was carried out at 50 °C. Figure 4.6 shows a photograph 
of the as-prepared pIL hydrogel exhibiting thermoresponsive water absorption/
desorption behaviour. The water-absorbed hydrogel was visually transparent 
at 25 °C (Figure 4.6, left), and it became turbid at the Tc (30 °C, as measured 
by dSC). a further increase in temperature up to 50 °C induced desorption of 
water from the pIL gel, and accordingly the gel started to shrink (Figure 4.6, 
right). The pIL hydrogel was then tested in a water absorption/desorption cycle 
test by soaking the gel in pure water at 5 °C for 2.5 h, and subsequently placing 
it at 50 °C for 30 min. This water absorption/desorption process was repeatedly 
carried out ten times, and it was found that this pIL hydrogel was stable with-
out generation of any cracks, even after repeated cycles.

In addition to the design of pIL hydrogels, a new type of pIL membrane 
(pILM) showing LCST-type phase transition has recently been reported.33 
These pILMs were prepared from two IL monomers, 31 and an analogous but 
relatively hydrophobic IL monomer comprising a phosphonium cation with 
a longer alkyl chain (33). Free-standing, transparent, and flexible pILMs with 
a thickness of 150 µm were fabricated by radical photo-polymerisation of the 
two IL monomers in the presence of poly(ethylene glycol) diacrylate with an 
Mn of 700 as a cross-linker and 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropi-
ophenone as a radical photo-initiator (Figure 4.7, left). The water content 
dissolved in the pILMs increased with increasing molar fraction of the less 
hydrophobic 31 in the pIL, and the resulting poly(310.3-co-330.7)-type pILM 1  

Figure 4.6    Thermoresponsive and reversible water absorption/desorption 
behaviour of a suitably designed pIL hydrogel composed of 35 and 36. 
reproduced from ref. 50 with permission from the royal Society of 
Chemistry.
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(i.e., the molar fraction of 31 to 33 was 0.3) exhibited LCST behaviour as 
expected. The water content of pILM 1 fell exponentially with an increase in 
the temperature from 5 to 40 °C (Figure 4.7, right). even a slight temperature 
change from 22 to 30 °C prompted a decrease in the water content from 54 to 
14 wt%. This change in water content clearly indicates that pILM 1 is able to 
control the hydrated state via LCST behaviour. In the case of thermorespon-
sive pIL hydrogels as shown in Figure 4.6, the saturated water content was 
over 99 wt% and the pIL hydrogel desorbed water at higher temperatures, 
while a large amount of water remained in the hydrogel. This behaviour 
should be exploitable when treating a large amount of water. Very distinct 
from these pIL hydrogels, pILM 1 is able to control the hydrated state in a 
very narrow temperature range. This feature will enable affinity control of 
various molecules dissolved in water via LCST behaviour.

4.4   Potential Applications of Thermoresponsive 
Ionic Liquid-based Materials

upon considering the intriguing combination of the physico-chemical 
properties of ILs and thermoresponsiveness, broad applications can be 
conceived by exploiting the thermoresponsive liquid-state or solid-state IL 
derivatives. Some research groups have already demonstrated the effective-
ness of these thermoresponsive IL materials for specific applications. In the 
case of liquid-state IL/water mixtures with LCST responses, the reversible 
phase change between a homogeneous phase and two liquid/liquid phases 
can be controlled in a very narrow temperature range at around physiolog-
ical temperature. This is particularly beneficial when it comes to extraction 
and separation of thermally unstable bio(macro)molecules, including 
proteins. Ohno’s group first utilised the LCST-type phase transition of a  

Figure 4.7    Left: photograph of the as-prepared pILM composed of 31 and 33; right: 
temperature-dependent water content of pILM 1. reproduced from ref. 
33 with permission from the royal Society of Chemistry.
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[p4444][Tf-Leu]-type IL (7) for the extraction of water-soluble proteins.51 an 
aqueous solution containing cytochrome c (Cyt. c), a typical water-soluble 
heme protein, was added to the IL at 25 °C (Figure 4.8, left). Once the solu-
tion was cooled down to 20 °C with gentle shaking, the separated phases 
immediately merged into a homogeneous solution (Figure 4.8, center). The 
phase separation was induced again by warming the mixture to 25 °C and 
incubating it until each phase became clear. as shown in Figure 4.8, right, 
Cyt. c was transferred from the aqueous upper phase to the IL bottom phase 
during this phase change. according to uV-visible spectroscopy, less than 
0.1% of Cyt. c remained in the aqueous phase after the phase separation. The 
red colour at the top of the aqueous phase is merely a reflection of the liquid/
liquid interface in the photo. resonance raman spectroscopic analysis con-
firmed that both the coordination state and spin state of heme were main-
tained even when dissolved in the IL. The distribution coefficient (D) value of 
several proteins between aqueous and IL phases was then measured spectro-
scopically. Typical heme proteins such as hemoglobin (hb), myoglobin (Mb), 
and horse radish peroxidase (hrp) were used as well as several other pro-
teins such as lysozyme (Lyz), chymotrypsin (Cht), laccase (Lac), and bovine 
serum albumin (BSa). For these proteins, the D value varied widely depend-
ing on the protein species. Lyz, Cyt. c, Cht, hb, and BSa were extracted into 
the IL phase, whereas Lac and hrp remained in the aqueous phase even 
after the LCST-type phase change. Based on the difference in D value, selec-
tive extraction of proteins from protein mixtures was also carried out via an 
LCST-type phase change. as an example, an aqueous solution containing Cyt. 
c and hrp, which respectively have the highest and lowest D value, was mixed 
with the IL, and the LCST-type phase change was induced by changing the 
temperature. after the phase separation, SdS-paGe analysis was employed 
to confirm the dissolved proteins in each phase. From SdS-paGe, both the 
aqueous and IL phases exhibited a single band, but in different positions. 
Namely, only Cyt. c was dissolved in the IL phase, whereas hrp remained 
in the aqueous phase. This result clearly demonstrates the utility of ther-
moresponsive IL/water mixtures for the selective extraction of water-soluble 

Figure 4.8    extraction of Cyt. c from the aqueous upper phase to the IL bottom 
phase via the LCST-type phase change. reproduced from ref. 2 with  
permission from the royal Society of Chemistry.
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proteins from mixtures. In this method, proteins are immediately trans-
ported from the aqueous to IL phase upon changing the temperature by only 
a few degrees, which is particularly useful compared to existing techniques to 
dissolve proteins in non-aqueous solvents, such as protein modification with 
amphiphilic polymers. In spite of the usefulness of IL/water mixtures for pro-
tein extraction processes, the concrete mechanism promoting the extraction 
of water-soluble proteins remained unclear at the time of reporting.

To determine the main factor influencing the protein distribution, Ohno’s 
group examined the basic physico-chemical properties of thermoresponsive 
ILs after mixing with water. Based on the hI value of thermoresponsive ILs, 
certain amounts of water molecules were found in the separated IL phase 
even after the phase separation (i.e., more than seven water molecules per ion 
pair). In turn, a small amount of the ILs should also be dissolved in the aque-
ous phase. To determine the concentration of ILs in both phases, a trimeth-
ylbenzenesulfonate ([TMBS]−)-type thermoresponsive IL with the [p4444]+ 
cation (13) was used, and the temperature dependence of the concentration 
of the IL (CIL/mol kg−1) in both the aqueous and IL phases was determined 
from the absorbance of the [TMBS]− anion.52 When [p4444][TMBS] was mixed 
with water to reach the CIL of 0.80 mol kg−1, the phase separation occurred at  
31 °C. after storing the solution at 35 °C to obtain clear biphases, the CIL 
value in each phase was measured. as expected, a relatively small amount 
of IL was detected in the upper aqueous phase, whose CIL value was calcu-
lated to be 0.24 (mol kg−1). The CIL in the IL phase was 1.50 mol kg−1, con-
firming that the IL bottom phase was of course composed mainly of the IL, 
but also contained water. The thermoresponsive [p4444][TMBS]/water mixture 
was, therefore, phase-separated into two phases with considerably different 
IL concentrations. It is highly possible that such difference in the CIL value 
between the aqueous phase and the IL phase governs the solubility of pro-
teins in both phases. Figure 4.9 shows the solubility of Cyt. c as a function of 
CIL. Cyt. c dissolved fully in the mixture when CIL was from 0 to 0.10 mol kg−1; 
this solubility behaviour at lower IL concentrations can be comprehended as 
“salting-in”. On the other hand, the “salting-out” profile was observed upon 
increasing the CIL, where the solubility of Cyt. c dropped dramatically to less 
than 10% slightly above the CIL of 0.10 mol kg−1. Surprisingly, the salting-in 
phenomenon was observed again upon further increasing CIL value. Cyt. c 
began to dissolve again in the mixture at a CIL of 0.20 mol kg−1, and finally 
became completely soluble when the CIL was over 1.00 mol kg−1. upon com-
paring the data in Figure 4.9 with the CIL in both phases, it was found that 
Cyt. c was negligibly soluble at the CIL in the aqueous upper phase (Figure 
4.9, W). On the other hand, the solubility of Cyt. c was significantly high at 
the CIL in the IL bottom phase (Figure 4.9, IL). Given the correlation between 
CIL and the solubility of Cyt. c, it is obvious that Cyt. c dissolves selectively 
in the IL phase containing a small amount of water after the phase change.

The extraction process for Cyt. c was then carried out using [p4444][TMBS] via 
the same method as in Figure 4.8, and Cyt. c was clearly transferred into the 
IL phase via LCST behaviour. The solubility of hrp in the [p4444][TMBS]/water  
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mixture was also determined, and only a salting-out profile was seen in 
the solubility–CIL data. The solubility of hrp started to decrease at a CIL of 
1.00 mol kg−1. hrp eventually remained in the aqueous phase, by consid-
ering the difference in the solubility of hrp in the aqueous phase and that 
in the IL phase. In general, the salting-out phenomenon of proteins occurs 
in concentrated aqueous salt solutions, and salting-in is observed in only 
dilute aqueous salt solutions. however, the salting-out profile of Cyt. c in the 
[p4444][TMBS]/water mixture was found at a relatively low CIL, followed by the 
salting-in of Cyt. c. These results suggest that both the salting-out and salt-
ing-in profiles of proteins depending on CIL govern the distribution of pro-
teins between the aqueous and IL phase. Ohno’s group previously reported 
the enhanced solubility and stability of proteins in ILs containing a small 
amount of water, classified as hydrated ILs.53 The unusual solubility of Cyt. c  
in condensed IL phases after phase separation with water should be due to 
the hydrated state of the separated ILs.

as liquid-state materials, thermoresponsive IL/water mixtures have been 
used for extraction of various compounds such as proteins51,52,54 and metal 
ions.8,9,11,21,23 These studies also inspired the potential application of ther-
moresponsive pILs as solid-state materials. One example of a way to apply 
such solid-state materials is for protein condensation processes. as shown in  
Figure 4.10, a chemically cross-linked pILM 1 (vide supra) was revealed to 
exhibit thermoresponsive and selective concentration of some water-soluble 
proteins without a significant loss of their higher-order structure.33 The con-
centration amount of Cyt. c and MB exhibited high values, and increased when 
slightly increasing the temperature. On the other hand, hrp remained in the  

Figure 4.9    effect of CIL on the solubility of Cyt. c. W and IL respectively denote 
the CIL of the separated aqueous phase, and the separated IL phase. 
reproduced from ref. 52 with permission from CSIrO and the  
australian Journal of Chemistry.
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aqueous phase regardless of the temperature change. Given the knowledge 
from liquid-state IL studies as mentioned above, the excellent selectivity in 
concentration amount for Cyt. c and hrp should result from the salting-out 
and salting-in profiles of the proteins in hydrated pILM 1. The new protein 
concentration process using the thermoresponsive behaviour of pILM 1 has 
obvious benefits compared to existing polymer materials upon considering the 
selectivity based on the salting-out and salting-in profiles, as well as the unique 
set of properties derived from ILs. Further studies including detailed analysis  
of the hydrated states of pILMs with different component ions, and the cor-
relation between the hydrated states and concentration capability of many 
proteins with different properties (e.g., molecular weight, isoelectric point,  
and hydrophobicity) will offer various possibilities in bio-engineering fields.

In addition to the applications for extraction/separation of proteins, Ohno 
and co-workers proposed the utilisation of thermoresponsive pIL hydro-
gels for water purification, including desalination.3,37 Considering the high 
charge density of pILs, there should be less chance for other ions to dissolve 
in the pIL phase from the aqueous phase. accordingly, the thermoresponsive 
pIL-based hydrogels could be applicable for desalination processes where 
they reversibly absorb/desorb water molecules from salt water in response to 
a slight temperature change (Figure 4.11). In terms of applications for desali-
nation, a handful of research groups started to investigate thermoresponsive 
pIL hydrogels as “smart” draw agents for forward osmosis (FO) processes. 
In FO processes, concentrated thermoresponsive materials are embedded 
onto semi-permeable membranes, and they absorb water from aqueous salt 
solutions driven through the membranes by osmotic pressure. after water 
absorption, the resulting diluted thermoresponsive materials are heated 
and undergo an LCST-type phase transition, promoting the desorption of 
water. In this context, thermoresponsive pIL-based materials are expected 
to act as alternatives to these thermoresponsive materials due to their highly 
charged characteristics and good thermal responses. Very recently, hu and 
co-workers55 and Liu and co-workers56 individually reported FO desalina-
tion processes using thermo responsive pIL hydrogels as smart draw agents. 
These pioneering studies highlight the potential of these pILs. however, we 

Figure 4.10    photographs of pILM 1 after immersion in aqueous solutions contain-
ing Cyt. c (left), Mb (middle), and hrp (right). reproduced from ref. 33 
with permission from the royal Society of Chemistry.
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believe that many fundamental studies are still required for them to prog-
ress in diverse industrial processes. These include the effect of added salt 
species, salt concentration, and other organic/inorganic compounds on the 
phase behaviour and hydrated state of the thermoresponsive pIL hydrogels. 
The structure of the starting IL monomers should also influence the salt 
rejection performance. These factors are still elusive and have not been fully 
characterised so far. recent studies by us demonstrated that the salting-out 
effect from adding highly kosmotropic NaCl dominantly dehydrates the 
phosphonium chloride-based pIL hydrogels derived from 46, but the poor 
water absorption ability was easily improved by copolymerising the IL mono-
mers with suitably hydrophilic IL monomer 45, which is indeed a very valu-
able and practical strategy for designing thermoresponsive pIL hydrogels for 
desalination applications.42

4.5   Conclusion
Thermoresponsive IL-based materials with switchable hydrophobicity and 
hydrophilicity were thoroughly summarised. This is a smart way to control 
the hydrophobicity and hydrophilicity of ILs without disturbing the system. 
Since our systematic studies reveal that suitable hydrophobicity is a key 
parameter to obtain both liquid-state and solid-state IL materials that revers-
ibly undergo LCST-type phase changes, introducing thermoresponsiveness 
into various ILs and pILs should be possible upon suitable design of the 
total hydrophilicity of the component ions. as a potential application, the 
extraction of target compounds such as proteins in the aqueous phase from 
the IL phase was successfully carried out. In addition, recent investigations 
demonstrated the potential of pIL-based solid-state materials for desalina-
tion applications. Now, switchable hydrophobicity/hydrophilicity can be 
regarded as one of the fascinating properties of ILs, combined with the well-
known physico-chemical properties of classical ILs.

Figure 4.11    potential applications of thermoresponsive pIL hydrogels as “smart” 
water absorbers. reproduced from ref. 3 with permission from the 
royal Society of Chemistry.
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5.1   Introduction
Solvents are an integral part and at the center of chemical transformations 
and induce the actual interactions of the reagents to produce the desired 
products. Many chemical processes, especially in organic synthesis, usually 
involve multiple steps (reactions, extractions, and/or separations) and each 
step is, in general, accompanied by various solvents with different prop-
erties. Further, the addition/removal of a solvent in each step gives rise to 
costs and environmental impacts associated with the particular process. In 
response to this, there is a great need to implement more sustainable sol-
vent systems in which eventually one solvent can be used in more than one 
step. One can argue that, with a possible external trigger, a drastic change 
in the physico-chemical properties of the solvent can be induced and, con-
sequently, the altered solvent can be used in the consecutive process steps. 
Also, after removing the trigger, if these physical properties actually are 
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reversibly ‘switchable’ then it is more feasible to recover the original solvent 
back at the end of the process. these types of solvents that can reversibly and 
abruptly undergo a change in their inherent solvent properties are, therefore, 
typically referred to as ‘switchable solvents’. the external ‘trigger’, such as 
a temperature or pressure change and/or the addition or removal of a gas, 
can often be exploited to switch the solvent from one form to another form – 
here one form is necessarily different from another one due to a change in 
one or more physical or chemical properties. Changes in properties such as 
viscosity, polarity, basicity, conductivity, solubilizing capacity or fluorophilic-
ity are examples of these reversible transformations. Moderate changes in 
temperature and pressure are incapable of triggering significant changes in 
the properties of conventional solvents. In contrast, supercritical fluids1 and 
CO2/organic solvent mixtures2 can be manipulated by pressure changes, but 
unfortunately only above 40 bar. Consequently, we need to design switchable 
solvents that are preferably capable of displaying dramatic changes in their 
physico-chemical properties reversibly under mild reaction conditions.

Amongst other properties, the polarity of a solvent demonstrates its 
important role in dissolving the reactants prior to their interactions upon 
chemical transformations, on the basis of the general rule ‘like dissolves 
like’. In most organic transformations, the polarity of the reactants is usually 
not identical and, therefore, aprotic, dipolar solvents such as dimethyl sulf-
oxide are needed for the reaction to proceed. however, as the product is also 
often miscible in the same solvent system and due to the high boiling point 
of the solvent, it is difficult to proceed further in terms of the subsequent sep-
aration and purification of the product, as well as solvent recycling. usually 
we can observe that in these cases the product separations proceed with the 
help of an anti-solvent strategy. this, nevertheless, increases the production 
costs and gives rise to environmental waste for the entire process. In these 
instances, the ‘switchable polarity solvents (SpSs)’ become more useful for 
facial separation of the product from the reaction mixture. In the SpSs, the 
external trigger switches the solvent from a lower polarity form to a higher 
polarity form. Such solvents could have applications in processes where a 
solvent of a certain level of polarity is needed for one step (such as a reaction) 
and a solvent of a different polarity is needed for a subsequent step (such as 
product extraction through phase separation or precipitation).

the polarity of the SpSs needs to be altered via structural modification of 
the solvent molecules to convert the non-polar or molecular form into polar 
or ionic moieties or vice versa. these structural modifications can be pre-
ceded by interacting the solvent molecules with external molecular moieties 
through chemical bonding. these external moieties can act as a ‘trigger’ to 
switch the polarity of the SpSs. Following a similar line of thought, Jessop 
et al. for the first time synthesized SpSs by exposing an equimolar mixture 
(1 : 1) of two non-ionic liquids, 1,8-diazabicyclo-[5.4.0]-undec-7-ene (dBu) 
and 1-hexanol, to gaseous carbon dioxide (CO2), at normal pressure and at 
room temperature, thus triggering the conversion of the liquid mixture to 
a viscous ionic liquid (Figure 5.1a and b).3 this liquid was further readily 
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converted back into a non-ionic liquid by bubbling n2 through the liquid, 
at room temperature. they also observed that simply by heating the solu-
tion at 50 °C, the ionic liquid could be rapidly converted back to non-ionic 
moieties compared to the process of bubbling n2 gas. All these transforma-
tions were monitored at the molecular level by nuclear magnetic resonance  
(1h-nMr) spectroscopy, and by solvatochromic measurements of the polar-
ity of the solvent before and after exposure to CO2. In this instance, the CO2 
acted as a mild and easily available external trigger to synthesize SpSs from 
dBu and 1-hexanol. this groundbreaking work also opened the prospect of 
new and highly efficient pathways for carbon dioxide sequestration and stor-
age. to date, several SpSs have been synthesized and characterized, and their 
use in various applications has been demonstrated. this chapter will sum-
marize the synthesis of various types of SpSs and the corresponding charac-
terizations to reveal their switchable nature.

5.2   Preparation and Characterization
5.2.1   Two-component Switchable Polarity Solvent/Ionic 

Liquids for CO2/SO2 Capture
Amidines, such as 1,8-diazabicyclo-[5.4.0]-undec-7-ene (here after referred to 
as dBu), and guanidines, such as 1,1,3,3-tetramethylguanidine or its deriva-
tives (here after referred as tMG), are commonly used superbases in the syn-
thesis of SpSs.4–7 the SpSs from these superbases are prepared by bubbling 
CO2 through an equimolar mixture of the superbase and an alcohol, at room 
temperature (Figure 5.1a and b). the formed SpSs are also often termed as 
dBu or tMG alkyl carbonates. For the demonstrated examples, the used 
alcohols ranged from lower alcohols to higher alcohols such as methanol, 
ethanol, 1-propanol, 1-butanol, 1-hexanol, 1-octanol, or 1-decanol.5,6 In addi-
tion to pure alcohols, alkanol amines such as mono-ethanolamine can also 
be used in the synthesis of dBu-based SpSs.8,9 Similar to CO2-triggered syn-
thesis, sulphur dioxide (SO2)-mediated SpSs have also been synthesized and 
characterized.10–12 It is worth mentioning here that the SpSs formed from the 

Figure 5.1    Formation of (a) a dBu–alcohol–CO2 SpS, and (b) a dBu–alcohol–CO2 
SpS (r = alkyl group, r′ = h or butyl group).
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combination of dBu/tMG and alcohols with a CO2 trigger possess charac-
teristics such as ionic nature, reasonably high thermal stability, non-flam-
mability, negligible vapor pressure, high ionic conductivity and the ability 
to solubilize both polar as well as non-polar species. the aforementioned 
properties are equivalent to the characteristics of liquid or solvent media 
termed as ‘ionic liquids’. hence, SpSs are also popularly known as switch-
able ionic liquids (SIls).3,12 these physical and chemical properties of SpSs 
can be manipulated by selecting different alcohol/base pairs, as well as by 
chemically modifying the alcohol/base pairs.

5.2.2   Switchable Ionic Liquids from DBU, Alcohols and CO2

It was observed that the synthesis of SpSs after bubbling CO2 through a mix-
ture of dBu and an alcohol is an exothermic reaction (Figure 5.1a). Also, the 
physical properties, such as melting point, viscosity, thermal stability etc., 
of the obtained SpSs depend on the nature of the superbases and alcohols 
used in the synthesis. dBu alkyl carbonate salts, prepared by bubbling CO2 
through equimolar mixtures of dBu and ethanol, methanol or water, are sol-
ids at room temperature. On the other hand, those prepared from dBu and 
1-propanol, 1-butanol, 1-hexanol, 1-octanol, or 1-decanol are viscous liquids 
at or near room temperature.5 Considering the solid/semi-solid nature of the 
SpSs prepared from primary alcohols, the conversions were monitored grav-
imetrically, while in the case of secondary and tertiary alcohols, nMr spec-
troscopy analysis was used to verify the formation of the SpS. It was observed 
that the extent of conversion was a function of the alkyl chain length in the 
alcohols and it slowly decreased with an increase in the number of carbons 
in the alkyl chains.5

during the actual synthesis of dBu-based SpSs, both the viscosity and the 
ionic conductivity were influenced, indicating the formation of ionic/polar 
materials from non-ionic moieties. the viscosity of a dBu/1-propanol mix-
ture under n2 was 5.5 cp at 23 °C, but increased slowly during CO2 bubbling. 
the conductivity of an equimolar (non-ionic) mixture of dBu-1/hexanol was 
7 µS cm−1, whereas the conductivity after CO2 treatment was 187–189 S cm−1 
after the formation of the ionic species. the change in the polarity, i.e. the 
formation of a polar compound from a non-polar mixture upon bubbling of 
CO2, was also monitored by spectroscopic measurements such as ultraviolet 
(uv) spectroscopy using solvochromic dyes (e.g. nile red), where λmax (the 
wavelength of maximum absorbance) was indicative of the solvent polarity.5 
the polarities of the physical equimolar mixtures of dBu and alcohols were 
slightly lower than that of pure dBu and were not significantly affected by 
the number of carbons in the alkyl chain of the alcohols. It was observed that 
the polarity of the equimolar mixture of dBu and alcohols linearly increased 
with periodical bubbling of CO2 and the shift of the λmax value to longer wave-
lengths, compared to a physical mixture of dBu and the alcohol in question. 
For example, the λmax value for a dBu/MeOh mixture was 538 nm, while that 
for [dBuh][Ch3OCO2] was 548 nm, after the formation of the SpS.13 Similarly, 
for non-ionic mixtures of dBu/hexanol and for [dBuh][O2CO-(Ch2)5Ch3], 
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147Switchable Polarity Liquids

the values were 536 and 543 nm, respectively. Based on nile red dye experi-
ments, it was also observed that the polarity of both the molecular and ionic 
form depended on the length of the alkyl chain in the alcohol molecule. 
Similar to the polarity, the melting points of the SpSs were a function of the 
number of carbons in the linear alkyl chain. these observed melting points 
are only approximate because, as previously stated, the conversion slowly 
decreased with an increase in the length of the alkyl chain and the unreacted 
moieties could influence the measurement of the real melting point. the 
melting points of dBu/alcohol/CO2 SpSs decreased from C1 (methanol) to 
C3 (propanol), while they increased again with a further increase in the alkyl 
chain length (i.e. from C4 onwards) in the alcohol molecules.5

1h (proton) and 13C (carbon) nMr analysis revealed the formation of SpSs 
before and after the exposure of the dBu and alcohol mixture to CO2.3,5 In the 
case of the formation of SpSs from dBu and 1-hexanol, no significant changes 
were observed in the 1h nMr spectra of the dBu/hexanol mixture and dBu/
hexanol/CO2, except in the oxygen-bound methylene of the hexyl group. In 
the sample, this peak shifted from the normal position for hexanol (3.58 ppm 
in CdCl3) to 3.90 ppm. the 13C nMr spectrum of [dBuh][O2C–(Ch2)5Ch3] in 
CdCl3 showed a carbonate carbon at 158.7 ppm, along with changes in the 
chemical shifts of the carbon atoms that are in the vicinity of the protonated 
nitrogen atom in the [dBuh]+ cation. the composition of dBu methyl carbon-
ate, [dBuh][Ch3OCO2], which was formed after exposing a molecular mixture 
of dBu and MeOh to CO2, was also studied by nMr spectroscopy to confirm 
its chemical composition.6 the stretching vibrations belonging to the –n–h 
(in the cation) and –C=O (in the anion) bonds were observed at 3117 cm−1 
and 1648 cm−1, respectively. In the Ft-Ir spectrum of dBu methyl carbonate, 
one could also see the formation of ionic moieties from the dBu, MeOh and 
CO2 mixture. A SpS containing dBu and mono-ethanol amine (MeA) with CO2 
has also been synthesized and characterized by nMr spectroscopic analysis8 
(Figure 5.2). the 1h and 13C spectra of [dBuh][O2CO–(Ch2)2–nh2] revealed 
changes in the chemical shifts after the formation of an SpS compared to the 
physical mixture of dBu and MeA. A broad signal at 4.95 ppm in the 1h nMr 
spectrum was observed for the exchangeable proton attached to the nitrogen 
atom in the [dBuh]+ cation, while the 13C nMr spectrum showed a chemi-
cal shift at 164.78 ppm for the carbonate carbon in the [O2CO–(Ch2)2–nh2]− 
anion. the presence of the MeA carbonate anion was shown by long-range 
1h–13C hMBC two-dimensional nMr spectroscopy. the correlation peaks 
observed at 3.00 ppm and 164.82 ppm, respectively, arise from the correlation 
between the protons at the ‘a’ position in the MeA molecule and the carbon-
ate carbon in the anion of the synthesized SpS (Figure 5.2).

5.2.3   Switchable Ionic Liquids from TMG, Alcohols and CO2

like dBu, tMG and its derivatives (e.g. 2-butyl-1,1,3,3-tetramethylguanindine, 
tMBG) is also a frequently used superbase in SpS synthesis. herein, a mixture 
of tMG/tMG derivatives and an alcohol exposed to CO2 molecules results in 
tMG alkyl carbonates.5 the tMBG alkyl carbonate salts prepared via bubbling 
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of CO2 through equimolar solutions of tMBG and methanol, 1-butanol, 1-hex-
anol, 1-octanol, or 1-dodecanol (Figure 5.1b) are also viscous liquids at room 
temperature. the melting points of the resultant SpSs with various alcohols 
were dependent on the alkyl group chain length and linearly increased with an 
increase in the alkyl chain length. Mixing tMBG with an equimolar amount of 
an alcohol results in a slight increase in the polarity, relative to tMBG alone. 
this behavior of tMGB was different from the dBu/alcohol physical mixtures, 
since the dBu/alcohol equimolar mixtures were less polar than either dBu 
alone or the alcohol alone. the authors assumed that this unusual behavior 
may be associated with the basicity and hydrogen bonding ability of dBu and 
alcohols, respectively. the formation of a hydrogen-bonded dBu/rOh adduct 
would effectively hide the basicity and hydrogen-bond donating ability of 
these liquids and, thereby, the equimolar mixture would give rise to a lower 
λmax value than the amine or alcohol alone in uv spectroscopy measurements 
using solvochromic nile red dye. Similar to dBu/alcohol SpSs, in the case of 
tMGB/alcohol SpSs the λmax values of tMG/alcohol/CO2 were also higher than 
the values of tMGB and alcohol alone. In contrast to the irregular trend in 
the case of dBu/alcohol/CO2 SpSs, the tMGB SpSs exhibited a linear increase 
in the melting points of the tMGB/alcohol/CO2 SpSs with an increase in the 
number of carbon atoms in the alkyl chain of the alcohol. the formation of 
tMBG methyl carbonate was confirmed by 1h nMr by an upfield shift in the 
aliphatic protons and by the collapse of the two n–Me peaks into one (two 
singlets at 2.53 and 2.62 ppm become one singlet at 3.1 ppm) not observed for 
neat tMBG molecule. the 13C nMr spectra also illustrated the characteristic 
carbonate peak at 161 ppm. Also, a similar SpS was further characterized by 
elemental analysis and the analysis was consistent with the formation of the 
methyl carbonate anion and tBMG cation in a 1 : 1 ratio.

A previous study has shown that the ability of the bases/superbases to cap-
ture CO2 depends on the type of base used upon SpS synthesis. tMG (the 
pKa of the protonated base in MeCn is 23.3 14,15) is a weaker base than dBu 
(the pKa of the protonated base in MeCn is 24.3 16,17). the ΔG (ΔG = ΔH – 
TΔS, where ΔG = Gibb’s free energy, ΔH = change in enthalpy, ΔS = change in 
entropy and T = temperature) of formation of the SpS from tMG is positive, 
while the value in the case of its dBu counterpart is negative. this means 
that tMG has a less favorable ΔG of the reaction and, therefore, possesses a 
weaker ability to capture CO2. the lower value of ΔG is not due to the reaction 
enthalpy, i.e. ΔH; in fact, the CO2 captured by tMG and an alcohol has a more 
favorable reaction enthalpy compared to the case when dBu is selected. nev-
ertheless, it was observed that the resulting salt, [tMGh][rOCO2], is capable 

Figure 5.2    Formation of a dBu–monoethanol amine–CO2 SpS.
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149Switchable Polarity Liquids

of more hydrogen bonding interactions than the dBu salt. Because of this 
excessive hydrogen bonding, the ΔS value became more negative, which is 
responsible for the positive ΔG and, consequently, the weak capture of CO2 
by tMG/alcohol mixtures. the alkyl carbonate salts of dBu give rise to fewer 
hydrogen-bonding interactions than the salt of tMG because [tMGh]+ has 
two hydrogen-bond donor sites. As shown in Figure 5.3, [tMGh]+ can form 
an entropically more favored 6-membered ring, resulting in strong hydro-
gen bonding.7,18 On the basis of these observations, it was observed that the 
ability of a base/alcohol combination to trap CO2 cannot be predicted or 
explained by the pKa of the protonated base; instead, it is more dependent on 
the hydrogen-bonding contributions and the entropy of the reaction.

5.2.4   CO2 Release and Recyclability of SPSs

5.2.4.1  CO2 Release
the release of CO2 from a classical aqueous MeA-based CO2 capture system 
requires almost 60% of the electrical energy produced by the power plant 
for the thermal stripping of CO2, which is not economical from an industrial 
point of view.19 the large inefficiency of MeA systems is caused by the high 
specific heat capacity of water (4.18 J g−1 deg−1).20 heldebrant et al. measured 
the rate of CO2 evolution from CO2-saturated SpSs by using an automatic 
burette system.7 the SpS was loaded into the burette, which was further 
placed in a preheated oil bath, and upon stirring the CO2 evolution was mon-
itored. At 90 °C and with a stirring rate of 250 rpm, both [dBuh]+[rOCO2]− 
and [tMGh]+[rOCO2]− (r = 1-hexyl, 1-pentyl, or 1-butyl) showed 1st order 
kinetics in the CO2 evolution rate with respect to the concentration of dBu 
or tMG alkyl carbonate salt (eqn (5.1)). the rate of stirring further altered 
the rate of CO2 evolution, suggesting that the mass-transfer of CO2 from the 
solution was the rate-determining step. the activation energy determined for 
CO2 evolution from SpS systems was 23–33 kJ mol−1 based on an Arrhenius 
plot of the first order rate constant.
  

Figure 5.3    hydrogen bonding of a cation with an anion for salts made from (a) 
dBu and (b) tMG with rOh and CO2.
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 [Baseh]+[rCO3]− → Base + rOh + CO2 (5.1)

  
It was observed that the release of CO2 from the SpS not only depended 

on the stirring rate but also on the desorption temperature used for CO2 
evolution. the SpS will not release CO2 unless either mild heating or con-
tinuous flushing of an inert gas or air is applied through the liquid. It was 
observed that the amount of release of CO2 was directly proportional to 
the applied temperature. In burette experiments without flushing of a gas 
through the liquid, [dBuh]+[rOCO2]− and [tMGh]+[rOCO2]− (r = 1-hexyl, 
1-pentyl, or 1-butyl) released 0.25 equivalents of CO2 when heated to 50 °C, 
0.50 equivalents at 70 °C and up to 0.65 equivalents at 90 °C. the tempera-
ture switches at various temperatures were always accompanied by stabili-
zation of a thermodynamic equilibrium between the gaseous and dissolved 
CO2, whereby a temperature increase forces the equilibrium to shift towards 
the release of CO2. even though the specific heat capacities with respect 
to the release of CO2 from dBu- and tMG-based switchable salts are not 
known, one can look at the study of the specific heat capacity of other com-
mercially available ionic liquids such as 3-ethyl-1-methyl-imidazolium tetra- 
fluoroborate and 3-butyl-1-methylimidazolium tetra-fluoroborate (1.28 J 
g−1deg−1 and 1.66 J g−1 deg−1, respectively21). One can therefore, assume that 
the specific heat capacity for the release of CO2 may be between 1.2–2.0 J g−1 
deg−1. hence, at least 50% less energy would be required to thermally strip 
CO2 from SpSs than from existing aqueous alkanol amine systems, at com-
parable temperatures.

5.2.4.2  Recyclability of SPSs
From an industrial point of view, a CO2 scrubbing system needs to be recycla-
ble. In order to show the recyclability of their dBu-based SpSs, heldebrant 
et al. performed consecutive capture and release cycles with the dBu:1-hexa-
nol system using an automated gas burette system.7 Initially, the CO2-relaxed 
dBu/1-hexanol mixture was further exposed to fresh CO2 for 5 min to re-syn-
thesize the dBu hexyl carbonate salt. this salt was then again decarboxylated 
in the burette by plunging the stirred flask into a pre-heated oil bath at 90 °C 
and the CO2 released was measured. After CO2 release, the flask was cooled 
to room temperature and the dBu/1-hexanol mixture was again exposed to 
CO2 for another five minutes. this process was repeated for five cycles. It was 
observed that an equivalent amount of CO2 was released each time during 
consecutive CO2 absorption–desorption cycles. this also suggests that no 
loss of activity occurred for the dBu/1-hexanol mixture during these cycles. 
the authors also explained that the CO2 gas steam needs to be anhydrous, 
as if water is present then the more stable [dBuh]+[hCO3]− will be formed 
instead of [dBuh]+[rOCO2]−, which requires 121 °C to release CO2 and the 
challenges will be equivalent to the release of CO2 from classical aqueous 
MeA systems.
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151Switchable Polarity Liquids

5.2.4.3  Switchable Ionic Liquids from DBU, Glycerol, and Acid 
Gas (CO2 or SO2)

the synthesis of SpSs was also performed and characterized in the case of 
a dBu and glycerol mixture after exposure to acid gases such as CO2 or SO2 
(Figure 5.4).11 Anugwom et al. synthesized, for the first time, glycerol-con-
taining SpSs by bubbling either CO2 or SO2 through a mixture containing 
3 : 1 molar amounts of dBu and glycerol. the weights as well as the viscos-
ities of the dBu/glycerol mixtures were increased upon bubbling of CO2 or 
SO2 compared to a physical mixture of dBu and glycerol, confirming the 
chemical interactions of dBu and glycerol with acid gases. Similar to pri-
mary alcohol-based SpSs, the formation of a polar compound from a non- 
polar mixture of dBu/glycerol after bubbling CO2 or SO2 was also monitored 
by using nile red as a solvatochromic dye. the dBu/glycerol mixture with 
nile red resulted in a red color, which is a common characteristic of nile 
red dye in non-polar solvents. After bubbling CO2, the color changed from 
red to milky as the polarity of the liquid increased. In order to understand 
the concept of ‘polarity switching’, nitrogen was bubbled through the liquid 
and the red color again reappeared. this confirmed that CO2 can be used as 
a trigger to change the polarity of the dBu/glycerol mixture. Furthermore, 
upon thermo-gravimetric measurements, it was observed that the formed 
SpS possessed a higher thermal stability compared to a physical mixture 
of dBu and glycerol. Amongst the ionic compounds formed with SO2 and 
CO2, the dBu–glycerol–SO2 material demonstrated a higher thermal stability 
compared to dBu–glycerol–CO2. this fact was found to depend on the lewis 
acidic nature of the interacting acid gases. the strength of acid gas bind-
ing is directly proportional to the lewis acidity of the acid gas, and thus the 
decomposition temperature of dBu–glycerol–SO2 was higher compared to 
that of dBu–glycerol–CO2 as SO2 possesses a stronger lewis acidic character 
than CO2. Further evidence that an SpS was formed upon exposing the dBu/
glycerol mixture to CO2 or SO2 was also further provided by nMr and FtIr 
analysis.

Figure 5.4    Formation of (a) a dBu–glycerol–CO2 SpS, and (b) a dBu–glycerol–SO2 
SpS.
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Both one (1h and 13C) and two (1h–13C correlation) dimensional nMr spec-
troscopic techniques were used to confirm the structures of the formed dBu 
glyceryl carbonate. the neat nMr spectra at 60 °C were acquired to avoid 
line broadening upon analysis. A capillary with CdCl3 as an internal stan-
dard was used in the nMr tube during the analysis. the chemical shifts and 
signal assignments for the 1h and 13C nMr spectra of dBu–glycerol–CO2 are 
depicted in tables 5.1 and 5.2, respectively. As mentioned in table 5.1, the 
1h nMr spectra did not display significant changes in the chemical shifts 
except for the broadening of the signals in the SpS compared to the physical 

Table 5.1    1h nMr shifts and signal assignments in the spectra of dBu:glycerol 
(3 : 1) and dBu:glycerol (3 : 1):CO2. the shifts are referenced to an exter-
nal standard, dMSO (δ = 2.50 ppm). (the values in the table are adapted 
from ref. 11 with permission from the royal Society of Chemistry).

dBu:glycerol (3 : 1) dBu:glycerol (3 : 1):CO2

Ha nH δ, ppm Ha Ha δ, ppm

dBu 3, 4 5 18 1.06–1.23 dBu 3, 4 5 18 1.00–1.21
dBu 10 6 1.28 dBu 10 6 1.27
dBu 6 6 1.89 dBu 6 6 1.93
dBu 9 6 2.71 dBu 9 6 2.68
dBu 2, 11 12 2.73–2.82 dBu 2, 11 12 2.74–2.87
Gly 1, 3 4 2.93–3.04 Gly 1, 2, 3 4 2.89–3.14
Gly 2 1 3.08
nh, Oh 3 5.34 nh, Oh 3 6.73

a Atom numbering shown in Figure 5.4a.

Table 5.2    13C nMr shifts and signal assignments in the spectra of dBu:glycerol 
(3 : 1) and dBu:glycerol (3 : 1):CO2. the shifts are referenced to an exter-
nal standard, dMSO (δ = 39.50 ppm). (the values in the table are adapted 
from ref. 11 with permission from the royal Society of Chemistry).

dBu:glycerol (3 : 1) dBu:glycerol (3 : 1):CO2

Ca δ, ppm Ha δ, ppm

dBu 10 21.558 dBu 10 20.882
dBu 5 24.905 dBu 5 24.489
dBu 3 27.384 dBu 3 26.926
dBu 4 28.349 dBu 4 28.086
dBu 6 35.117 dBu 6 34.087
dBu 9 42.481 dBu 9 41.437
dBu 11 46.984 dBu 11 46.952
dBu 2 51.253 dBu 2 51.422
dBu 7 159.540b dBu 7 160.454b

–O–COO− 156.513
GlY 1, 3 63.073b GlY 1, 3 63.021b

GlY 2 71.375 GlY 2 71.430

a Atom numbering shown in Figure 5.4a.
b Strongly broadened signals.
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153Switchable Polarity Liquids

mixture of dBu and glycerol. the significant broadening of the signals was 
observed mostly for the C–h protons of the glycerol (δ ≈ 3.89–3.14 ppm). 
Apart from that, the signal at δ ≈ 6.73 ppm, representing a mixed signal of 
the exchangeable protons (O–h of glycerol and n–h of protonated dBu), was 
also broadened and shifted downfield from δ ≈ 5.34 to 6.73 ppm. Similarly, 
after formation of ionic species of the dBu glyceryl carbonate, the signals 
in the 13C nMr spectrum shifted between 0.0 and 1.2 ppm. the signals cor-
responding to the dBu carbons closest to the protonation site, such as C-6 
and C-9, exhibited upfield shifts, while the signal for C-7 showed a down-
field shift. the broadened signals of glycerol carbons at 63.021 and 71.430 
ppm were observed to belong to both glycerol and carbonated glycerol. the 
broad signal of the carbonyl carbon of the formed dBu glyceryl carbonate 
was observed at 156.513 ppm. On the other hand, long-range 1h/13C correla-
tion spectroscopy (hMBC) showed connectivity between the h-1 protons in 
glycerol and the carbonate carbon, as shown by the presence of a correla-
tion signal situated at 3.18/157.34 (h/C) ppm. these observations from nMr 
spectroscopic analysis confirmed the formation of dBu glyceryl carbonate 
after exposure of the dBu and glycerol mixture to CO2.

Glycerol gives rise to an Ir band at 3286 cm−1, while the SpS showed an Ir 
band at 3255 cm−1 in the –Oh stretching region. the broad signal obtained 
for the formed SpS in the region of 3000–3600 cm−1 was observed in response 
to the n–h stretching vibration, together with the unreacted Oh-group. the 
asymmetric and symmetric C–O–C stretching vibrations were observed at 
1274 and 1050 cm−1, respectively, along with the characteristic C=O absorp-
tion band in the region of 1870–1540 cm−1.

the possibility of switching the polarity of the dBu/glycerol reaction mix-
ture with a CO2 gas trigger was efficiently utilized for catalyst separation in 
the trans-esterification of soybean oil.22–24 In this case, after complete con-
version of the soybean oil to biodiesel (fatty acid methyl ester, FAMe), the 
dBu was separated from FAMe in the form of dBu glyceryl carbonate after 
bubbling CO2 into the reaction mixture. More details about this process will 
be provided in upcoming chapters.

5.2.5   DBU Bicarbonate
Considering its highly basic nature, it may be possible for dBu to interact 
directly with molecular CO2 without any presence of a proton donor such 
as an alcohol and form a [dBu:CO2] zwitterionic adduct (Figure 5.5a). how-
ever, in practice, it has been observed that this is not possible and instead, 
dBu forms a dBu bicarbonate adduct in the presence of water and CO2 
(Figure 5.5b).4 A stable zwitterionic adduct between dBu and CO2 does not 
form either in the presence or the absence of water. Instead, it was observed 
that a white precipitate forms from the reaction of CO2 with wet dBu (h2O 
= 700 ppm) and this was confirmed by bubbling CO2 through liquid dBu for 
10 min. the initial clear non-viscous liquid turned into a white sludge with 
large amounts of a white solid precipitating out of solution. the formation 
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of polar moieties from non-ionic dBu molecules was further confirmed by 
solvochromic dye measurements, as well as 1h and 13C nMr and Ir spectros-
copy analysis.

the reichardt’s solvatochromic dye ‘et(30)’ gave rise to a change in color 
from green to red when non-ionic dBu was converted to a white solid after 
reaction with CO2. A similar experiment was performed for dBu in aceto-
nitrile where the dye ‘et(30)’ gave rise to a turquoise color, which further 
changed to pink through a purple color when the mixture was exposed to 1 
bar of CO2 gas. the Ir analysis of the white solid precipitate showed char-
acteristic stretching peaks at 1644 cm−1 and 835 cm−1 belonging to proton-
ated dBu and out of place vibration of CO2 in the bicarbonate anion. the 
1h nMr spectra of the white solid (in CdCl3) showed a broad signal at  
5.5 ppm belonging to a proton at the positively charged n atom of the dBu 
molecule. this is clear evidence of the formation of a dBu:CO2 adduct 
through protonation of the amidine nitrogen. Furthermore, the 13C nMr 
spectra demonstrated a shift in the case of the bridgehead carbon C7 (the 
atom numbering of the dBu molecule is given in Figure 5.4) that appeared at 
162.6 ppm compared to 161.5 ppm for unreacted dBu. Still, 13C-enriched CO2 
was bubbled through a dBu and water mixture (100 ppm) and the formation 
of a dBu:bicarbonate adduct was confirmed by nMr spectroscopy. In the 13C 
nMr spectrum, a large peak at 159.0 ppm represents the dBu bridgehead 
carbon. A small new peak at 157.8 ppm belongs to the carbon atom in the 
h13CO3

− species. two-dimensional hMBC nMr analysis showed no evidence 
of coupling between the new peak (157.8 ppm) and any of the protons on 
dBu, a result that is consistent with the emergence of [dBuh][hCO3] instead 
of a dBu:CO2 zwitterionic adduct. Conductivity measurements were also per-
formed in which anhydrous dBu (7 ppm water) in anhydrous acetonitrile 
showed a small increase in conductivity when CO2 was bubbled through it. 
the reason is that less of the bicarbonate species forms as trace amounts of 
water are present. however, after an increase in the water concentration in 
the dBu:acetonitrile:CO2 mixture, the conductivity increased further along 
with the formation of more bicarbonate species. the increase in the conduc-
tivity in the mixture further supported the hypothesis that [dBuh][hCO3] 

Figure 5.5    Formation of (a) a [dBu:CO2] zwitterion adduct, and (b) a [dBuh]
[hCO3] salt.
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155Switchable Polarity Liquids

was formed instead of a dBu:CO2 zwitterionic adduct, because the zwitter-
ionic adduct would not give rise to an increased conductivity as it does not 
contain free ions.

5.2.6   One-component Switchable Polarity Solvents/Ionic 
Liquids for CO2 Capture

the synthesis of ionic compounds through the chemisorption of CO2 can also 
proceed through the interaction of a one-component system with molecular 
CO2. this synthesis protocol is different from amidine- and guanidine-based 
SpS synthesis where alcohols generally help the amidine and guanidine to 
interact with acid gases to form ionic moieties. In this section, the synthesis 
and characterization of one component-based SpS systems based on silyl-
amines are reviewed.

Silylamines such as 3-(trialkoxysilyl)propylamines (e.g. 3-(tri-methoxysi-
lyl)propylamine and 3-(tri-ethoxysilyl)propylamine) and 3-(aminopropyl) 
trialkylsilanes (e.g. 3-(aminopropyl) triethylsilane, 3-(aminopropyl) tripro-
pylsilane, and 3-(aminopropyl) trihexylsilane) have been used in the synthe-
sis of one component-based SpSs/Ils after their chemical interaction with 
CO2 (Figure 5.6).25–29 upon actual synthesis, two moles of non-ionic amines 
interact with CO2 to form an ionic compound through two equilibrium 
sub-steps. the first equilibrium in Figure 5.6 is the reaction of one mole of 
silylamine with CO2 to form the corresponding carbamic acid species. the 
second equilibrium represents the deprotonation of carbamic acid through 

Figure 5.6    equilibria for the reaction of CO2 with silylamines (r = alkoxyl or alkyl 
group).
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interaction with another silylamine molecule to yield ammonium–carbamate 
ion pairs.25 It was also proposed that as the ion pair concentration increases, 
the free amine is no longer an effective reaction solvent and it is replaced 
by an increasing concentration of ionic species. As represented in the third 
equilibrium, these ionic species can be further stabilized by carbamic acid 
through hydrogen bonding.26

5.2.6.1  (Trialkoxysilyl)propylamines and CO2

Alkoxysilylamines such as 3-(trimethoxysilyl)propyl amine and 3-(triethox-
ysilyl)propyl amine react with CO2 under ambient conditions to form the 
corresponding Ils, such as 3-(trimethoxysilyl)propylammonium 3-(trime-
thoxysilyl)propylcarbamate (tMSAC) and 3-(triethoxysilyl)propylammonium 
3-(triethoxysilyl)propylcarbamate (teSAC) (Figure 5.6).25 the formation of 
an Il is an exothermic reaction accompanied by an increase in viscosity. 
tMSAC is gel-like, whereas teSAC is a viscous liquid, with the corresponding 
viscosity values of 2160 cp and 930 cp, respectively. the polarity switch from 
a molecular liquid to ionic species was confirmed by solvochromic measure-
ments where the solvatochromic dye nile red was used. tMSA showed a 9.0 
nm λmax increase (from 528.1 nm to 537.1 nm) when reacting to form tMSAC, 
whereas teSA showed an 11.4 nm increase (from 522.6 to 534.0 nm) when 
forming teSAC. tMSA is more polar than teSA, but has a smaller polarity 
change window. the structure of the synthesized Ils was further evaluated 
by 1h nMr, 13C nMr, Ir, and elemental analysis.

nMr analysis was carried out in CdCl3 and the obtained 1h nMr spectra 
showed that the signals related to the protons were shifted from the silyl-
amine precursors (tMSA and teSA) with the appearance of hydrogen peaks 
for the hydrogens attached to nitrogen at 6 ppm (–nh3

+). the 13C nMr spec-
tra also showed a shift in the carbon peaks from the precursors with the char-
acteristic carbamate peak at 162.7 ppm. Additionally, the elemental analysis 
confirmed the formation of the final product accompanied by two moles of 
silylamine and one mole of CO2. the molecular formulae for the tMSAC and 
teASAC Ils from the elemental analysis were found to be C13h34n2O8Si2 and 
C19h46n2O8Si2, respectively. the Ft-Ir analysis demonstrated characteris-
tic Ir bands at 3400–2400 cm−1 (–nh+ stretch), 1570 and 1471 cm−1 (–CO2 
asymmetric and symmetric stretch), 1071 cm−1 (Si–Or stretch), and 2940 and  
2839 cm−1 (C–h stretch) for both of the synthesised Ils.

the switching ability of the tMAC and teASAC Ils to their respective silyl-
amines was demonstrated by thermogravimetric analysis (tGA), differential 
scanning calorimetry (dSC), and nMr. tGA indicated a mass loss of 13% at 
88 °C and 9% at 125 °C in tMSAC and teSAC, respectively, corresponding 
to the loss of CO2. however, the dSC isotherms showed that the CO2 release 
window for tMSAC was between 75 and 175 °C, whereas for teSAC, it was 
between 50 and 150 °C. 13C nMr analysis was further used to study the tem-
perature-induced switching ability of the Il formed with the silylamine pre-
cursor teSA. the Il was heated at 120 °C for 2 hours to convert it back to 
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157Switchable Polarity Liquids

teSA. the carbamate peak at 162.3 ppm that appeared upon Il formation 
then disappeared upon heating. therefore, these one-component systems 
offer elegant and simple processing opportunities for industrial applications 
upon the addition and removal of CO2 alone.

5.2.6.2  (Aminopropyl)trialkylsilane + CO2

like 3-(trimethoxysilyl)propyl amine, 3-(aminopropyl)trialkylsilanes were 
also successfully used to produce a one-component silylamine-containing 
SpS/Il system for CO2 capture. the formation of such solvents was supported 
by gravimetric and spectroscopic analysis.26,27

5.2.6.3  ATR-FTIR Analysis
Attenuated total reflectance-Fourier transform infrared (Atr-FtIr) measure-
ments were used to measure both the chemical and physical absorption of 
CO2 in 3-(aminopropyl) tripropylsilane (tpSA), 3-(aminopropyl)triethylsilane 
(tetSA), 3-(aminopropyl)trihexylsilane (thSA) and 3-(aminobutyl)triethylsi-
lane (αMe-tetSA).26 the Ir spectrum of tpSA showed two distinct regions 
where characteristic peaks for C–h and n–h stretching were observed 
between 3100–2600 cm−1 and 1650–1590 cm−1, respectively. transformation 
of a molecular liquid to ionic species after CO2 chemisorption was monitored 
by the appearance of a broad ammonium (nh3

+) peak in the range of 2600–
3100 cm−1 and an intense and slightly broad carbamate (nh–CO2) peak at 
1700 cm−1. the theoretical mole ratio between CO2 and silylamine is equal to 
0.5; however, in practice, the overall experimental CO2 capacities were higher 
due to physical absorption along with chemical absorption. due to the for-
mation of an Il, overlap of the C–h stretch and ammonium peaks occurred. 
hence, the contribution of the molecular liquid C–h stretch, Il C–h stretch 
and ammonium peak, and the overlapped peaks in the range of 1740–1520 
cm−1 (due to the n–h stretch of the molecular liquid and carbamate stretch), 
were considered to reveal the conversion of tpSA to an Il. In this regards the 
Beer–lambert law was used to calculate the amount of CO2 absorbed through 
the chemical interaction of CO2 and tpSA. An analogous method was further 
also used for other silylamines, viz. tetSA, thSA, and αMe-tetSA.

the physical absorption capacities of tetSA, tpSA, thSA, and αMe-tetSA 
were measured by using Atr-FtIr analysis. physically absorbed CO2 showed 
an asymmetric stretch at approximately 2330 cm−1. It was observed that the 
magnitude of the physical absorption of CO2 was directly proportional to the 
applied CO2 pressure. the absorbance or intensity of the asymmetric CO2 
stretch was linearly increased with an increase in the CO2 equilibrium pres-
sure from zero to 60 bar at 35 °C. At 1 bar of CO2 pressure, the mole frac-
tion of CO2 in the Il was between 1.3 × 10−2 and 2.0 × 10−2 depending on the 
Il structure. thSA exhibited the highest CO2 solubility (XCO2 = 2.0 × 10−2), 
while tetSA, tpSA, and αMe-tetSA have comparable but lower CO2 physical 
absorptions (XCO2 = 1.3 × 10−2 to 1.7 × 10−2).
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5.2.6.4  Henry’s Constant (hCO2) Measurement
the physisorption capacity of the silylamine was further determined in 
terms of henry’s constant (HCO2).26 henry’s law states that the solubility of a 
gas in equilibrium with a liquid phase is directly proportional to the partial 
pressure of the gas in the vapor phase (eqn (5.2)).
  

 yCO2 P = XCO2HCO2 (5.2)

  
yCO2 P = partial pressure of CO2 gas in the vapor phase, XCO2 = mole fraction 

of CO2 and HCO2 = henry’s constant.
the henry’s law constants were determined from a straight-line fit 

(through the origin) and the data points below 30 bar. the average calculated 
henry’s constants for tetSA, tpSA, thSA, and αMe-tetSA were 77, 60, 50 
and 67 bar, respectively. the CO2 absorption capacities of these four silyl-
amines were further determined by comparing the henry’s constant with the 
void volume (Vv) of the silylamine. void volume is defined as the empty space 
between the molecules. this void volume was calculated by subtracting the 
theoretical van der waals volume (Vvdw) from the experimentally determined 
molar volume (VM)28 (supporting information of ref. 26). A plot of hCO2 (bar, 
at 35 °C) versus Vv (cm3 mol−1) is given in Figure 5.7.

Also, Figure 5.7 shows that thSA exhibited a higher CO2 absorption capacity  
as the longer alkyl chain on the silicon atom avoided the close packing of 
the molecules, hence providing a larger void space and greater CO2 solubility 
compared to other silylamines. these results for the physical absorption of 
CO2 were comparable to those obtained with Atr-FtIr analysis. Figure 5.8 
depicts the overall CO2 absorption capacities of silylamines obtained with 
both physical and chemical absorption. It was observed that the CO2 absorp-
tion capacity of the silylamines was dependent on the length of the alkyl 
chain attached to the silicon atom in their composition.

Figure 5.7    henry’s constants of silylamines at 35 °C versus the void volume (the 
values in the graph are adapted from ref. 26).
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5.2.6.5  NMR Analysis
the nMr and FtIr analysis techniques provided qualitative as well as quan-
titative CO2 absorption data for reversible silylamine Ils.27 the conventional 
2 : 1 amine to CO2 stoichiometry would result in the capture of 0.50 moles 
of CO2 per mole of amine. however, it was observed upon gravimetric mea-
surements that the studied silylamines absorb 0.65 moles of CO2 per mole 
of amine (table 5.3). this shows that an additional 0.15 moles of CO2 per 
mole of amine was absorbed through either physisorption or other types of 
interactions. It was observed that in accordance with henry’s law (yCO2P = 
xCO2HCO2) under 1 bar of CO2, the physical CO2 uptake is approximately 0.01 
moles of CO2 per mole of amine. this means that the physical absorption of 
CO2 at 1 bar along with the conventional chemical reaction gives a theoretical 
CO2 capacity limited to 0.51 moles of CO2 per mole of amine. nevertheless, 
the studied silylamine Ils still outperformed this value and captured on aver-
age 0.65 moles instead of 0.51 moles of CO2 per mole of amine. It was fur-
ther proposed that considering the three equilibria observed in Figure 5.6, 
2 moles of CO2 per 3 moles of amine were absorbed, of which an additional 
0.15 moles of CO2 was captured through hydrogen bonding interactions of 
ammonium carbamate and carbamic acid.

Figure 5.8    CO2 absorption capacity of silylamines (the values in the graph are 
adapted from ref. 26).

Table 5.3    Silylamine CO2 uptake. (Adapted with permission from ref. 27. Copyright 
2013 American Chemical Society).

Silylamine CO2 uptake, mol CO2 per mol aminea

3-(Aminopropyl) triethylsilane 0.63
3-(Aminopropyl) tripropylsilane 0.64
3-(Aminopropyl) trihexylsilane 0.67

a Measured by gravimetric analysis.
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In support of the gravimetric analysis, 13C nMr analysis of 3-(aminopro-
pyl) tripropylsilane demonstrated that the integration of the values related 
to the a2 and b2 carbon of the nitrogen atom in the ammonium cation was 
observed as 1.00 and 1.12 ± 0 while the values belonging to the a1 and b2 
carbon of the nitrogen atom in the carbamate anion were 1.69 ± 0.08 and  
1.81 ± 0.11, respectively (Figure 5.9). the integrations observed in the carba-
mate anion were approximately 65% greater than those of the carbon atoms 
in the ammonium cations indicating the presence of more than one carba-
mate species in the molecular composition. this extra species was attributed 
as belonging to the carbamic acid that was hydrogen bonded to the carba-
mate anion. the Ft-Ir analysis also showed that during absorption of CO2 
in the 3-(aminopropyl) tripropylsilane Il, the carbonyl stretch at 1700 cm−1 
related to carbamic acid was increased while the asymmetric CO2

− stretch in 
the carbamate anion at 1575 cm−1 was decreased with an increase in the CO2 
pressure. this indicates an increase in the concentration of carbamic acid 
and a decrease in the concentration of carbamate.

liotta et al. synthesized 13 types of silylamines with various lengths of the 
tether that connects the amine to the Si atom.29 Moreover, variants changing 
the position of or with the addition of a single methyl group in the silylamine 
backbone or introducing unsaturation in the alkyl chain backbone were 
developed. Furthermore, the properties of the variants, such as viscosity, 
temperature of reversal, and enthalpy of regeneration, were studied in the 
CO2 capture process. It was observed that for 3-(aminoalkyl) triethylsilane 
Ils (alkyl = methyl, ethyl, propyl or butyl), variation of the distance between 
the amine and the Si atom does not adversely affect the CO2 capacity up to 
a propyl chain, but with a butyl chain, the absorption capacity decreased 
from 0.60 to 0.35.29 the less prone chemisorption ability of the butyl chain- 
containing Il was due to its solid nature. It was also observed that the 
chemisorption ability of the Ils was influenced after introducing branching 
as well as unsaturation into the alkyl chain. Similar to the CO2 absorption 
capacity, the effect of branching along the alkyl chain backbone, unsatura-
tion of the propyl backbone, and the order of the amine (10 or 20) showed the 
strongest influence on the reversal temperature, enthalpy of regeneration 
and viscosity change during CO2 uptake.

Figure 5.9    13C peak assignments for the 3-(aminopropyl) tripropylsilane reversible 
ionic liquid.
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5.2.7   Regeneration of Silylamines from ILs
As mentioned previously, the regeneration of molecular moieties from SpSs 
is possible by thermal treatment. the release of CO2 from the Ils of tetSA, 
tpSA, thSA, and αMe-tetSA and the subsequent transfer to the correspond-
ing silylamines were also followed through heating and the progress of 
switching was monitored by differential scanning calorimetry (dSC).26 the 
dSC thermograms provided information about the CO2 release from the 
Ils and the subsequent evaporation of the silylamines at various tempera-
tures. table 5.4 summarizes the onset temperature for CO2 release (Trev), 
onset temperature of evaporation of the molecular liquid (Tevap) and regen-
eration enthalpies of the Ils (ΔHregeneration). the structure of the silylamines 
contributed significantly to the process of regeneration and it was observed 
that the regeneration temperature decreased with an increase in the alkyl 
chain length on the silicon atom. Also, the evaporation temperature of the 
silylamines increased with an increase in the substituent chain length. the 
enthalpy of regeneration (ΔHregeneration) upon the release of CO2 of the studied 
Ils was found to be 87 ± 6 kJ mol−1. this value is lower than the correspond-
ing value obtained for the conventional aqueous MeA system (−72 kJ mol−1) 
because the heat of regeneration for the aqueous system is significantly 
higher due to the energy loss associated with water heating.19,30

5.2.8   Recyclability of Silylamine SPSs/ILs
the recyclability of thSA in the process of consecutive CO2 sorption mea-
surement was studied.26 In the actual process, thSA was reacted with CO2 
to form an Il, followed by heating of the Il at 100 °C for 1.5 hours to obtain 
a molecular liquid. this process was further continued for four more cycles. 
the progress of the formation of an Il from thSA and the further rever-
sion of the formed Il to a molecular liquid was monitored by nMr, refrac-
tive index and gravimetric measurements. Figure 5.10 depicts the refractive 
index measurement of five consecutive cycles of CO2 capture and release 
for the thSA system. It was observed that the representative thSA system 
showed constancy in all five consecutive CO2 sorption measurements, where 
the thSA molecular liquid and Il showed a regular change in the refractive 
index values between 1.4590 (for thSA) and 1.4710 (for the Il), respectively.

Table 5.4    Onset temperature values for CO2 release and silylamine evaporation. 
(data taken from ref. 26).

Silylamine Trev, [°C] Tevap, [°C] Tevap − Trev [°C] ΔHregeneration [kJ molCO2
−1]

tetSA 71 ± 3 168 ± 12 97 83 ± 6
tpSA 64 ± 2 180 ± 11 116 89 ± 3
thSA 51 ± 1 233 ± 1 182 81 ± 3
αMe-tetSA 52 ± 2 150 ± 8 98 92 ± 6
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5.3   Applications
5.3.1   CO2 Capture with Switchable Ionic Liquids
reutilization and capture of CO2 is an important research topic. Currently, 
CO2 is typically absorbed in monoethanolamine solutions. this process suf-
fers, however, from solvent degradation, partial loss of amines and the fact 
that the solvent itself is corrosive.31 Several alternative processes for CO2 cap-
ture have been proposed, for example swing adsorption with metal–organic 
frameworks,32 zeolites,33 membranes,34 chemical looping,35 solvent room 
temperature ionic liquids36,37 and recently also switchable ionic liquids.7,12,38 
In this section the alternative solvents for amines and, especially switch-
able ionic liquids, will be summarized. the main advantages of room 
temperature ionic liquids (rtIls) are their very low vapor pressures and  
relatively high stability. the efficiencies of rtIls, such as 1-ethyl-3-me-
thylimidazolium or 1-butyl-3-methylimidazolium with different anions, for 
example hexafluorophosphonate11 or tetrafluoroborate,37 in absorbing CO2 
at atmospheric pressure are, however, only slightly improved, i.e. the molar 
ratio of CO2 to nitrogen is less than 0.02 and they work better under ele-
vated pressures.39 In addition, rtIls are still rather expensive and also toxic 
limiting their application in CO2 capture. Switchable ionic liquids, defined 
already in Section 5.2, are formed in situ during CO2 capture from an alcohol 
or aminoalcohol and a base, an amidine, such as 1,8-diazabicyclo[5.4.0] udec-
7-ene (dBu).12 Aa an alternative to the use of (amino)alcohols, silylamines 
also form SIls with dBu and CO2.26 A necessity of using switchable ionic 
liquids in industry is also the requirement of their decomposition to recover 
CO2 and reuse it. this back-switching occurs at a higher temperature and/
or by bubbling an inert gas through the SIl. the literature is still very scarce 
regarding the application of SIls in CO2 capture.12,38 the main results of the 
application of SIls in CO2 capture are summarized below. A comparative 
work of CO2 capture and regeneration was performed with several (amino)
alcohols together with a dBu-formed SIl during CO2 capture.12 Before 

Figure 5.10    recyclability of thSA monitored using refractive index measurements 
(the values in the graph are adapted from ref. 26).
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163Switchable Polarity Liquids

making a comparison of the CO2 capturing efficiency of the novel aminoal-
cohol–dBu solvents, the method was validated against the CO2 absorption 
capacities for hexanol–dBu,40 l-prolinol and dBu41 as well as for l-valinol 
and dBu.41 the results showed that the most efficient SIl was dBu–1-ami-
nohexanol (table 5.5), followed by dBu–hexanol and dBu–4-aminohexanol 
and the lowest CO2 absorption capacities were observed for dBu–l-valinol 
and dBu–l-prolinol.12 If, however, a larger liquid phase volume, 10 ml, was 
used, the long chain aminoalcohol 6-amino-1-hexanol with dBu exhibited 
the highest CO2 capturing efficiency (Figure 5.11),38 which agrees with the 
literature data.41 however, it can be seen from Figure 5.11 that the saturation 
of 6-amino-1-hexanol takes more time.

Mass transfer limitations can also cause a difference in CO2 capturing effi-
ciencies with different liquid volumes, for example, gas distribution, differ-
ent residency times, gas hold-up and the fact that carbonate formation is 
more difficult on a larger scale. Generally, it can be stated that for secondary 
alcohols such as l-prolinol, the CO2 capturing efficiency is lower than that 
obtained for primary alcohols. Charge distribution occurs in heterocyclic 
l-prolinol.

when SIls were formed, their viscosity increased typically very much 
opposite to the case when bubbling CO2 through conventional ionic liquids, 
such as [C4mim][BF4] or [C4mim][acetate]. Consequently, mass transfer lim-
itations can become limiting steps also upon regeneration of the formed 
SIls. One alternative method to decrease the viscosity is to increase the tem-
perature. It was already known that an increase in temperature from 298 K to 
328 K can decrease the viscosity of dBu–CO2–4-amino-1-butanol and dBu–
CO2–1-hexanol by a factor of 20 and 10, respectively. In addition, bigger vol-
umes require longer absorption times for CO2 saturation.

Table 5.5    Structures of (amino)alcohols used together with dBu in CO2 absorp-
tion and the absorption capacity of CO2 using a 5 ml liquid volume. data 
taken from ref. 12.

dBu

Mol CO2 
absorbed per 
mol alcohol

viscosity 
[pa s]

degradation 
temperature 
of SIl [K]

1-hexanol 0.9 2.0
4-Amino-1- 

butanol
0.95 9.8 428

l-valinol 0.85 6.7 398

6-Amino-1- 
butanol

1.3 5.7 433

l-prolinol 0.50 3.7 433
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desorption of CO2 from the formed SIls of (amino)alcohol–dBu–CO2 has 
been investigated by different methods, such as desorption after regenera-
tion at room temperature, desorption after regeneration at 380 K, desorption 
after regeneration at the degradation temperature of the SIl (see table 5.1) 
and desorption in the presence of ultrasound.12 It should be pointed out here 
that the high degradation temperatures of the SIls indicate that the ionic 
bonds are very strong.

the best regeneration ability was observed for the 1-hexanol–dBu–CO2  
system giving repeatable CO2 absorption capacities using a larger 150 ml 
reactor in the case where evaporation of 1-hexanol was eliminated. the 
highest loading capacity of CO2 after regeneration was obtained with dBu–
CO2–1-hexanol, and was about 70–75% with all other methods, but not with 
desorption after regeneration at room temperature in a small-scale reactor. 
On the other hand, for aminoalcohol–dBu–CO2 systems, the CO2 loading 
capacity in the second cycle in a small reactor showed quite large differences 
with different SIls varying from 54–67% of their initial value. typically, the 
CO2 loading efficiency in the subsequent cycle was not the same as in the 
first cycle in a small-scale reactor. In general, faster desorption could be 
achieved when increasing the regeneration temperature due to a decrease 
in the viscosity and the possibility to destroy the ionic bonds at higher tem-
peratures. the change of viscosity at different temperatures for different 
(amino)alcohol–dBu–CO2 SIls was also determined in ref. 12 showing that 
they decreased exponentially; for example, for 4-amino-alcohol–dBu–CO2 
the viscosity of 9.8 pa s at 298 K changed to 0.3 pa s at 327 K. A comparison of 
recycling with two conventional ionic liquids in CO2 capture and desorption 
was also investigated. these results revealed that it was also possible to get 

Figure 5.11    CO2 capture by SIls based on equimolar amounts of dBu and different 
(amino)alcohols (Vl = 10 ml) at ambient temperature and pressure. 
notation: (▲) 1-hexanol–dBu, (o) l-valinol–dBu, (●) 4-amino-1-bu-
tanol–dBu, (□) 6-amino-1-butanol–dBu and (■) l-prolinol–dBu. 
Adapted with permission from privalova.38
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nearly the same CO2 loading as in the first cycle with [C4mim][BF4], whereas 
the CO2 loading capacity for [C4mim][acetate] in the second cycle was only 
about 20% of the one in the first cycle. the temperature dependency of con-
ventional ionic liquids was also investigated for comparison, by measuring 
the viscosities of the two above-mentioned ionic liquids. In addition, the 
activation energy of viscous flow values both for SIls and conventional ionic 
liquids were determined by taking the logarithm of the viscosity. the activa-
tion energy for viscous flow values of the SIls were higher than those for the 
conventional ionic liquids, indicating that ions are moving more freely in 
conventional ionic liquids compared to SIls.

In conclusion, the study of SIls showed that it is possible to reversibly 
adsorb and desorb CO2 from SIls and one candidate for further studies 
would be 6-amino-1-hexanol–dBu showing high CO2 capturing capacity. the 
preferred regeneration strategy of the SIls would be to use higher tempera-
tures facilitating the faster desorption of CO2 due to the decreased viscosity.

Silylamines form with CO2 ionic liquids, namely reversible ionic liquids 
(revIls), such as ammonium carbamate,26 the use of which has been demon-
strated in CO2 capture (Figure 5.12).

different silylamines (Figure 5.13) were used in CO2 capture by rohan 
et al.26 Since both physical and chemical absorption occurs, the overall 
absorption capacities of CO2 were compared. the results showed that thSA 

Figure 5.12    reaction scheme for the formation of reversible ionic liquids.

Figure 5.13    Structures of reversible ionic liquids: 3-(aminopropyl)triethylsilane 
(tetSA), 3-(aminopropyl)trihexylsilane (thSA), 3-(aminopropyl)
tripropylsilane (tpSA) and 3-(aminobutyl)triethylsilane (αMe-tetSA) 
used together with dBu for CO2 capture. data taken from ref. 39.
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exhibited the lowest overall CO2 absorption capacity, being 1.49 moles per 
kg of molecular solvent (Ml), whereas the overall absorption capacities of 
CO2 for tetSA, αMe-tetSA and tpSA were higher, being 2.92 moles per kg 
Ml, 2.71 moles per kg Ml and 2.36 moles per kg Ml, respectively, at 35 °C. 
According to the stoichiometry, the chemical absorption capacity of CO2 is 
only 0.5 moles per kg Ml. On the other hand, the physical absorption of CO2 
was the highest for thSA at higher pressures due to the fact that when the 
hydrocarbon chain on the silicon atom is longer, it disrupts the packing ability 
of the revIl creating a larger void space and, at the same time, facilitating a 
larger amount of CO2 being dissolved.

5.3.2   Fractionation of Alga with Switchable Ionic Liquids
the possibility of fractionating the green marine alga Ulva Rigida with the 
switchable ionic liquid dBu–MeA–SO2 has been investigated.42 this SIl was 
very efficient in the dissolution of lignocellulosic biomass.43 Ulva Rigida con-
tains quite large amounts of carbohydrates, of which close to 40% of the 
main monomeric constituents are glucose and rhamnose. Fractionation of 
Ulva Rigida has only been investigated recently with SIls, but not with any 
conventional ionic liquids. On the other hand, the green alga Chlorella has 
been fractionated in ionic liquids, such as with [eMIM][Cl]44 and [eMIM]
[OAC].45 In the former case, 90 wt% of sugars was obtained as a product when 
in the first step the alga were fractionated at 105 °C for 3 hours, followed by 
treatment of the biomass with concentrated hCl under the same conditions. 
In the latter case, [eMIM][OAc] was used as a solvent to fractionate lipids 
from Chlorella at 110 °C in 2 hours giving 219 mg per g of lipids.19 In addi-
tion, ionic liquids have been used to extract isoprenoids from the cell wall of 
the green microalga Botryococcus braunii.46

A comparative fractionation study of Ulva Rigida with dBu–MeA–SO2 
SIl, a distillable ionic liquid (dIl), 1,1,3,3-tetramethylguanidium pro-
pionate, and a low viscosity ionic liquid (lvIl), 1,8-diazobicyclo-[5,4,0]- 
undec-7-ene-2,2,3,3,4,4,5,5-octafluoro-1-pentoxide, was performed.15,47 the 
structures of the ionic liquids used for fractionation of Ulva Rigida are shown 
in Figure 5.14. the results indicated that opposite to the very promising 
results obtained in the fractionation of lignocellulosic material with dBu–
MeA–SO2, only 25 wt% of carbohydrates were solvated at 120 °C, whereas the 
dIl dissolved 67 wt% of carbohydrates, being thus a more suitable candidate 

Figure 5.14    the structures of the ionic liquids used for the fractionation of Ulva 
Rigida. (a) dBu-MeA-SO2 (SIl), (b) 1,1,3,3-tetramethylguanidium  
propionate (dIl) and c) 1,8-diazobicyclo-[5,4,0]-undec-7-ene-2,2,3,3, 
4,4,5,5,-octafluoro-1-pentoxide (lvIl).
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167Switchable Polarity Liquids

for carbohydrate dissolution from Ulva Rigida. On the other hand, the low 
viscosity ionic liquid formed from dBu and octafluoropentoxide gave only 
about 37 wt% yield of carbohydrate, due to its low viscosity.

5.3.3   Wood Fractionation
the need for advancement towards innovative, economically viable fraction-
ation systems that can yield value-added products upon conversion of ligno-
cellulosic materials has been studied. As a result, several promising methods 
and solvent systems have been developed.48 unfortunately, the likelihood of 
the use of some of these methods is limited due to the cost of the whole 
processing cycle. Ionic liquids (Ils) have been widely studied as effective 
fractionation solvents for lignocellulosic materials, since their dissolution 
properties are unique and they can represent an even more environmentally 
friendly option with the choice of appropriate cations and/or anions. Ils are 
salts composed mainly of organic cations and organic or inorganic anions, 
having melting points usually below 100 °C. Ils exhibit also high thermal and 
chemical stability and a wide liquidus range.49 Many Ils are able to dissolve 
lignocellulosic material or one of its major components, cellulose, hemicel-
luloses, and lignin.50–54 Some of the concerns about the use of Ils as pretreat-
ment/fractionation solvents for lignocellulosic materials are amongst others, 
the cost of the Ils, the system complexity related to Il recycling, toxicity, 
biomass solute separation and downstream processing. Switchable ionic liq-
uids (SIls) have been studied as another alternative to Ils as fractionation 
solvents for lignocellulosic materials and the results of some of the promis-
ing studies are discussed herein.

5.3.3.1  Switchable Ionic Liquids for Selective Extraction of 
Hemicelluloses

the extraction of components from woody-biomass was studied using SIls, 
and several parameters for the fractionation of the biomass were studied. 
Furthermore, the efficiency of two difference SIls was tested. It was demon-
strated that SIls, prepared by bubbling CO2 through a mixture of dBu and 
alcohol, can be applied for the selective extraction of hemicelluloses from 
norway spruce softwood.55 the total weight reduction of the wood depended 
on the wood size and the alcohol used for the preparation of the SIl. with the 
hexanol SIl, the weight of the milled spruce was reduced by 12 wt%, while 
with spruce chips the weight reduction was 4 wt%. the corresponding values 
of weight reduction were 10 wt% for milled spruce, and 2 wt% for spruce 
chips with the butanol SIl. the hemicellulose content was reduced by 38 
wt% for spruce treated with butanol SIl and by 29 wt% for spruce treated 
with the hexanol SIl. In reality, the SIl treatment was not very efficient in 
lignin removal. the residual lignin fraction (extractive-free wood) left in the 
undissolved wood after SIl treatment was 16 and 20 wt% of the total wood 
mass after the butanol or hexanol SIl treatment, respectively. there is clear 
evidence that mainly the monomeric sugar components from the sugar 
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content of the wood hemicelluloses were extracted (see Figure 5.15). what 
is more noteworthy is that the extraction of hemicelluloses from wood with 
an SIl was carried out at 55 °C and at normal pressures.55 therefore, less 
energy was needed compared to many existing wood treatment technologies. 
Furthermore, the reversibility of the ionic liquid back to its molecular com-
ponents improves their recyclability and reusability.

the morphology of the wood samples was investigated by SeM (Figure 
5.16). From the pictures, it can be seen that after pre-treatment of the wood 
(Picea abies spruce) with the dBu–hexanol–CO2 SIl (Figure 5.16, image 2), 
the middle lamella become clear. this result indicates that the dissolution of 
pectin (also seen as galacturonic acid) occurs (Figure 5.15), together with a 
significant reduction of the sugar content in the wood sample.

5.3.3.2  SO2 vs. CO2 Switched Ionic Liquids for Wood Treatment
the efficiency of SO2 or CO2 switched ionic liquids as solvents for the dis-
solution of lignocellulosic material was compared by measuring the weight 
loss of birch wood before and after SIl treatment. the study was performed 
with fresh birch chips containing a considerable amount of water. It should 
be mentioned that drying of the wood requires additional energy input and 
is undesirable from a process economy point of view. Industrial size chips 
(3 cm × 3 cm × 0.5 cm) were treated in a SIl for 5 days at 100 °C and after 5 
days of treatment with a SIl the chip weight was reduced by 25% or over 50% 
for the chips treated with the dBu–glycerol–CO2 SIl or dBu–glycerol–SO2 
SIl, respectively. the compositions of both the native and undissolved wood 
samples that had been treated with either the dBu–glycerol–CO2 SIl or the 
dBu–glycerol–SO2 SIl were determined. the relative weight composition of 
the native wood was: cellulose 41%, hemicelluloses 33% and lignin 21%. In 
addition, the remaining 5% was composed of mainly ash and extractives.56

After the treatment with either the dBu–glycerol–CO2 SIl or the dBu–glyc-
erol–SO2 SIl, the undissolved wood residue contained 53% and 76% cellu-
lose, respectively. these results indicate that relatively pure cellulose fibers 
were produced when using the dBu–glycerol–SO2 SIl as a solvent for birch 
treatment. Furthermore, only small amounts of cellulose were dissolved 
during the SIl treatment. the majority of xylan (21%) ended up in the liq-
uid phase upon dBu–glycerol–CO2 SIl treatment, which corresponds to 
76% of the original amount in the untreated wood. Furthermore, the undis-
solved solid, after SIl-treatment and washing, contained only 2 wt% lignin. 
In comparison, the treatment of birch chips with the dBu–glycerol–CO2 SIl 
removed 10% of the xylan and 8% of the lignin. 95% of the hemicelluloses in 
the wood were dissolved with the dBu–glycerol–SO2 SIl. Also, the weight of 
the treated wood sample was reduced by 50%, whereas only 25% weight loss 
occurred when using the dBu–glycerol–CO2 SIl as a solvent. the analysis of 
the chemical compositions of the birch wood before and after SIl treatment 
confirmed that the main dissolved components were hemicelluloses, pectin 
and extractives.55
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169Switchable Polarity Liquids

Figure 5.15    hemicellulose content of wood samples before (darker shade) and 
after treatment (lighter shade) at 55 °C for 5 days, with no stirring. A: 
treated with the dBu–butanol–CO2 SIl; B: treated with the dBu–hexa-
nol–CO2 SIl. Amounts are presented as mg per g of wood.
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the sugar content of the undissolved wood samples reduced to approx.  
15 wt% and 75 wt% with the dBu–glycerol–CO2 SIl and dBu–glycerol–SO2 SIl, 
respectively. these results indicate that the dBu–glycerol–SO2 SIl was much 
more efficient in the dissolution of birch (Betula Pendula) hardwood than the 
dBu–glycerol–CO2 SIl. the efficiency was attributed to the acidity of the SIls 
since, the dBu–glycerol–SO2 SIl could be correlated as having a similar acidity 
(pKa ∼ −7) value to hydrochloric acid, while the acidity of the dBu–glycerol–
CO2 SIl could be related to that of trichloroacetic acid (pKa ∼0.77).57

5.3.3.3  Influence of Treatment Time for Wood Treated with a SIL
the influence of treatment time in terms of the dissolution capacity of the 
dBu–glycerol–CO2 SIl on birch chips was studied. As expected, a better dis-
solution capacity was achieved with increased time. the weight reduction 
difference between a one-day treatment and a five-day treatment was about 
15 wt%. Based on the chemical composition of the treated material, it was 
concluded that hemicellulose dissolution occurs quite steadily during the 
whole treatment, while the dissolution of lignin occurs more towards the 
latter part of the treatment cycle. the sugar content decreased by 8% within 

Figure 5.16    SeM images of the morphology of (1) native spruce wood, (2) spruce 
treated with the dBu–hexanol–CO2 SIl for 1 day, and (3) spruce treated 
with the dBu–hexanol–CO2 SIl for 5 days. the treatment occurred at 
55 °C under ambient atmosphere and pressure.
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171Switchable Polarity Liquids

the first 24 hours when using the dBu–glycerol–CO2 SIl, while the corre-
sponding decrease in lignin amount was 10 wt% after 24 hours and 21 wt% 
after 120 hours for the dBu–glycerol–CO2 SIl.56

5.3.3.4  Selective Extraction of Components by SILs from Wood
Studies have shown that SIls can be selective towards one wood component. 
In a study by Anugwom et al. it was seen that SO2-triggered SIls were evi-
dently more selective towards lignin dissolution compared to CO2-triggered 
SIls.56 the reason for this was probably the presence of SO2, since a com-
parable affinity toward lignin has been achieved using a sulfur-containing 
ionic liquid.58,59 On the other hand, the removal of pectins and uronic acids 
was reported to occur in a quite similar way for both SIls.56 then again, the 
glucose yield was found to be much higher, even when a completely different 
SIl (dBu–monoethanol amine and SO2 or CO2) was used for the treatment 
of wood. with the dBu–MeA–SO2 SIl (680 mg g−1), the glucose yield was 
higher compared to both native wood and the dBu–MeA–CO2 SIl-treated 
wood, whose yields were 420 mg g−1 and 660 mg g−1, respectively.9,43 with 
the SIl-treatment it was possible to remove over 90 wt% of the pectins and 
uronic acids from the wood. Furthermore, the removal of lignin was almost 
complete when the dBu–MeA–SO2 SIl was applied, whereas about 50 wt% 
was removed upon treatment with the dBu–MeA–CO2 SIl. thus, it is evident 
that the dBu–MeA–SO2 SIl was more selective for the removal of lignin com-
pared to the dBu–MeA–CO2 SIl. the selectivity towards lignin removal was 
further shown by the nMr results, which reflect the nearly complete removal 
of lignin from the wood. this was observed by the reduction of the peak in the 
region between 125 and 160 ppm, which was assigned mainly to the aromatic 
carbons of lignin, when compared of the spectra in Figure 5.17a (untreated 
birch) and Figure 5.17b and c (treated birch wood).43 the 13C nMr spectrum 
of native birch is compared with the spectra of the undissolved material after 
SIl treatment in Figure 5.17. A signal in the region between 50 and 105 ppm 
is assigned to cellulose, while the signal at 89 ppm relates to C-4 of the highly 
ordered cellulose of the crystallite interiors. however, the broader upfield 
signal at 84 ppm is also assigned to the C-4 of disordered cellulose.43,60,61 
the signals resonating at 21 and 173 ppm, respectively, denote the methyl 
and carboxylic carbon of acetyl groups attached to hemicelluloses and their 
intensities were reduced after both SO2- and CO2-based SIl treatment (Figure 
5.17), thus indicating the removal of hemicelluloses from the wood.

5.3.3.5  SILs for Fractionation of Fast Growing Biomass: Grass, 
Agricultural Residues and Eucalyptus Bark

herein, the power of SIls as a fractionation solvent for biomass was demon-
strated on non-wood/fast growing biomass as a sustainable, environmentally 
friendly and cost-efficient approach. the primary fraction obtained upon 
the hydrated SIl fractionation process contains hemicelluloses as well as 
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cellulose-rich pulp with a very low lignin content, which is analogous to what 
is obtained in the treatment of woody biomass. the chemical analysis results 
revealed that substantial removal of lignin occurred, which is consistent with 
the results of SIl treatment of wood. the aim was to assess the potential of this 
type of poorly explored biomass as a source of potentially valuable raw materials.

SIls have the ability to dissolve biomass by efficiently disrupting the 
complex network of non-covalent interactions between carbohydrates and 
lignin. It was demonstrated that switchable ionic liquids, specifically the SO2-
switched dBu–MeA SIl, can also be used to successfully fractionate non-con-
versional biomass types, such as grasses, agricultural residues and eucalyptus 
bark. the material size was not an issue since the SIl process uses big chunks 
for material (chips), thus reducing the energy demands of this process step. 
the SIl treatment for eucalyptus bark resulted in 48 wt% remaining as the 
non-dissolved fraction (of which 89.2 wt% was glucan, 7.3 wt% was hemicel-
luloses and 1 wt% was lignin), while also in the case of bamboo 49 wt% of 
the biomass remained in the non-dissolved fraction (of which 73.7 wt% was 
glucan, 9 wt% was hemicelluloses and 9 wt% was lignin). Still, in the case of 
wheat straw, again 50 wt% remained in the non-dissolved fraction (of which 
67 wt% was glucan, 11 wt% was hemicelluloses and 13 wt% was lignin).62

Figure 5.17    13C nMr spectra for (a) native birch (∼1 mm), (b) dBu–MeA–CO2 SIl-
treated birch, and (c) dBu–MeA–SO2 SIl-treated birch. treatment was 
performed at 120 °C for 24 hours with stirring.
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173Switchable Polarity Liquids

5.3.3.6  Toward Industrial Utilization of SILs as Fractionation 
Solvents for Biomass

Steps towards actualizing a functional industrial process for the realization 
of a real biorefinery involved the study of various parameters affecting the 
process efficiency and the design of an optimized approach for the decon-
struction of woody biomass into its main fractions. the main products from 
the SIl fractionation are a pulp containing hemicelluloses and a very low 
lignin content, as well as lignin in its very nearly native and non-degraded 
form. the approach studied by the authors was a short-time-high-tempera-
ture (Stht) process whereby a highly diluted, aqueous ‘SO2-switched’ SIl 
based on an alkanol amine (monoethanol amine, MeA) and an organic 
superbase (1,8-diazabicyclo-[5.4.0]-undec-7-ene, dBu) was applied.43,63,64 
the ultimate objective was to develop a more sustainable, environmentally 
friendly and cost-efficient system for the efficient separation of the ligno-
cellulosic fractions. Analogously, the nMr results reveal that substantial 
removal of lignin occurs even when a reasonably low amount of SIl is used. 
By using a very simple mathematical correlation, the authors described the 
dissolution of the lignocellulose components (hemicellulose and lignin) 
and the weight loss of wood as a function of time. the most efficient process 
involved the use of a SpinChem® rotating bed reactor, but promising results 
were also obtained using a flow through (loop) reactor at a treatment time 
of 4 hours.63–65 All reactor systems studied gave rise to a rather low removal 
of hemicelluloses, which means that the solvent system is primary selec-
tive towards lignin dissolution. Furthermore, it was possible to fractionate 
the components of hard and softwood wood chips using the aqueous SO2-
switched dBu–MeA SIl. It was also demonstrated that different reaction 
conditions have a significant effect in terms of the final results, from the 
total weight reduction to the appearance of the wood.63 Of the three types 
of reactors used, the most efficient was the SpinChem® rotating bed reactor 
(SrBr) that allows for 10-fold dilution in the SIl concentration with water 
(wt ratio 1 : 1 : 10 for wood : SIl : water) and still gives rise to reasonably good 
results. Also, the fractionations carried out in the SrBr gave similar results 
using either dry chips or soaked chips. the lignin analysis confirmed that 
the lignin in the wood was dissolved by the SIl, as expected, since the acidic 
effect of the SIl promotes the dissolution of the lignin matrix. Furthermore, 
it was observed that prolonging the fractionation time not only improved 
the dissolution of lignin, but also contributed to the dissolution of hemi-
celluloses. thus, by carefully tuning the treatment conditions and the rela-
tive amounts of the SIl, water and wood, this process can give rise to good 
results in terms of fractionation of the wood components. the loop reac-
tor showed consistency in terms of weight loss time in the modelling of the 
reactor and the same was true for the hemicellulose removal, which could 
be explained by the reactor type. however, all reactor types were modelled 
rather satisfactorily.9
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5.3.3.7  Deconstruction of Hardwood in SILs and Acylation of the 
Dissolved Cellulose

the successful fractionation of hardwood (Betula pendula) was achieved 
using a batch autoclave equipped with a custom-made SpinChem® rotating 
bed reactor running at 120 °C using either CO2- or CS2-based SIls as solvents. 
the results of the chemical analysis of the undissolved residual woody mate-
rial after treatment showed that 64 wt% of hemicelluloses and 70 wt% of lig-
nin were removed from the native wood. either by prolonging the processing 
time or by having sequential short-time treatments using new SIls would fur-
ther decrease the amount of hemicelluloses and lignin in the residual woody 
material by 12 and 15 wt%, respectively. the derivatization process was car-
ried out by partially dissolving the cellulose-rich fraction in an organic super-
base and an ionic liquid system. Acylation of the partially dissolved cellulose 
was achieved both in the presence and in the absence of a catalyst, result-
ing in cellulose acetates with diverse degrees of substitution (dS), depend-
ing on the treatment conditions.66 Comparing the cellulose content in the 
undissolved residual woody material after treatment against the native wood 
revealed that the amount of glucans remained basically unaffected by the 
SIl treatment, demonstrating that no degradation of cellulose has occurred. 
higher delignification and hemicellulose solubility efficiency was achieved 
by the use of a CS2-based SIl compared to the SIl based on CO2. this was 
attributed to the strong nucleophilic characteristics and higher affinity of the 
sulphur-based anions towards lignin ether bonds. these observations are in 
agreement with literature data showing that under analogous conditions, 
delignification is the foremost occurrence upon the use of SIls based on SO2 
due to the presence of nucleophilic sulphur-containing anions.

5.3.4   Switchable Ionic Liquids as Reaction and  
Separation Media

One of the major parts requiring a lot of energy in chemical processes is 
the separation of the products from the solvent, since in many cases distil-
lation is the only feasible way of achieving it. liquid–liquid extraction gives 
one possibility to do this. however, if the polarity or hydrophobicity of the 
solvent could be changed, the process would be more efficient. Jessop et al. 
introduced these kinds of solvents when they studied the extraction of soy-
bean oil from soy flakes and the separation of the oil from the extraction sol-
vent.67 the idea was to identify a solvent that is not miscible with water but 
could extract oil from soybean flakes. then the solvent would react with CO2 
and water to form a water-soluble ionic liquid and the soybean oil would 
separate into a different phase. they tested several amidines for solubility 
in water and found two that were not soluble and could be utilized in the 
process. Blasucci et al. studied the extraction of oil from tar sand/oil shale 
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175Switchable Polarity Liquids

with different reversible one- or two-component ionic liquids.68,69 In this 
process, the oil could be extracted in the molecular form of the switchable 
ionic liquid, and then the oil could be separated from the solvent by switch-
ing it to an ionic form after the two solution phases separate and the oil 
can be easily decanted. the oil is used for further processing and the ionic 
liquid is recycled back for re-use in extraction. A different kind of example 
is separation of aliphatic and aromatic amines with CO2-switchable ionic 
liquid aqueous two-phase systems, which was studied by Xiong et al.70 In 
their system, both amines were dissolved in a traditional ionic liquid, such 
as 1-butylpyridinium trifluoromethane sulphonate, in water. After the solu-
tion was bubbled with CO2, the aromatic amine formed an ionic liquid with 
water and was retained in the same phase as the traditional Il. however, 
the aliphatic amine forms a salt which affiliates with the water phase. these 
two phases can be separated by decantation. the aromatic amine can be 
separated from the Il by steam distillation and the Il can be recycled. the 
aliphatic amine could be separated from its salt by bubbling the water solu-
tion with nitrogen under elevated temperature, which breaks the salt and 
releases CO2.

the ability to change the polarity of the solvent can also be utilized in 
chemical reactions when the solvent is used as reaction and separation 
media. the main benefit can be achieved when e.g. the reactants and catalyst 
are soluble in both the polar and non-polar form of the switchable solvent 
and the product is not soluble in the other form. then the product can be 
easily separated by switching the solvent and filtrating it. phan et al. demon-
strated this phenomenon in the polymerization of styrene.5 Styrene and an 
initiator were dissolved in a mixture of dBu and propanol. the reaction took 
place at 50 °C. After that the solution was bubbled with CO2, which reacted 
with the dBu/propanol mixture and formed an ionic liquid. polystyrene 
precipitated and was filtered out from the solution. the solution was then 
switched back to the molecular form by removing the CO2 and recycled to 
be used in the next batch. hart et al. successfully studied several coupling 
reactions, namely Claisen–Schmidt condensation of butanone and benz-
aldehyde, heck reaction of bromobenzene and styrene, Cyano silylation of 
cyclohexanone and Michael addition of aniline to 1,3-diphenylpropenone, 
in different reversible ionic liquids.71 In all of these processes, switchability 
was utilized in the separation of the products to a separate phase that could 
be easily removed, and the solvent as well as the catalyst could be recycled. 
Yadav et al. utilized a switchable ionic liquid and its capability to capture CO2 
in the hydrogenation of CO2.72 In this process, a dBu and methanol mixture 
was used to capture CO2 and form an ionic liquid. A ruthenium catalyst was 
added to the ionic liquid and was allowed to react with hydrogen at elevated 
pressure and temperature. In the reaction, methyl carbonate was hydroge-
nated to methyl formate, which can further be hydrogenated to methanol 
(Figure 5.18).
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5.4   Conclusions
As demonstrated by these numerous examples, the development of switch-
able polarity solvents (SpSs), one-component switchable polarity systems, 
reversible ionic liquids (revIls), switchable ionic liquids (SIls) and similar 
systems has only just begun. In the coming years, we will likely see many new 
examples of alternative ‘switching’ strategies and new solvent systems, as 
well as the demonstration of new application areas.

the biggest benefits of the ‘switchable’ systems arise from (i) the ease of 
synthesis and deconstruction of the ionic milieu, (ii) the facilitation of var-
ious separations initiated by the polarity changes, and (iii) the possibility to 
fine-tune the polarity by gradual change of the solvent system polarity. thus 
far, nobody has demonstrated the concepts of e.g. a change from one polarity 
‘trigger’ to another or the introduction of two separate ‘triggers’ to yield even 
more complex ‘switchable’ systems. Among other lines of research, we are cur-
rently investigating this type of system and expect to publish the results soon.
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Figure 5.18    proposed reaction scheme for the preparation of methyl formate from 
CO2 and h2 dBu/MeOh-based SIls. Adapted from ref. 72.
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6.1   Introduction
Smart materials can adaptively respond to an external stimulus and exhibit 
a useful physical or chemical change such as a volume change, mechanical 
stress, oxidization–deoxidization, and so on.1 The stimulus may be mechani
cal stress, temperature, light, moisture, pH, or an electric or magnetic field. 
An important characteristic of the response of smart materials is reversibility 
or tunability by controlling the strength of the stimulus. To obtain available 
smart materials, a key aspect is to develop substances with high physical and 
chemical stability and strongly stimulusresponsive characteristics. In this 
regard, ionic liquids (ILs) might be very suitable compounds for such pur
poses owing to their robust and tunable properties compared to molecular 
compounds.

Ionic liquids are organic molten salts at temperatures below 100 °C. 
Because of the presence of strong electrostatic attraction between the cation 
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181Stimuli Responsive Smart Fluids Based on Ionic Liquids and Poly(ionic liquid)s

part and the anion part, ionic liquids are usually very stable in terms of their 
physical and chemical properties, including negligible vapor pressure, high 
thermal stability, and even nonflammability. on the other hand, depend
ing on the ionic constituents, alkyl chain length, and functional groups, the 
properties of ILs, such as the melting point, polarity, ionic conductivity, vis
cosity, density, hydrophilicity/hydrophobicity, solubility, and coordination 
ability, can be tailored.2 Based on these characteristics, ionic liquids are not 
only being used as substitutes of volatile organic solvents in green chemistry 
and as safe electrolytes in electrochemical technology,3 but have also been 
finding an increasing number of applications as novel functional materi
als, such as energetic materials, optical materials, electrochromic materials, 
ionic materials with switchable polarity, ionic liquid/carbon hybrid mate
rials, and so on.4 In particular, by functionalizing ILs themselves or incor
porating ILs into traditional materials, researchers have explored smart IL 
materials with stimuliresponsive characteristics. For example, introducing 
photosensitive functional groups into ILs has yielded photoresponsive IL 
materials. under light irradiation, these photoresponsive IL materials can 
actively change their physicochemical properties, such as melting points and 
conductivities.5,6 Modifying indicator dyes with ILs has been demonstrated 
to give a more sensitive pH response in a wide range of solvents.7 Because 
of their nontoxicity, wide temperature range of the liquid state, and volume 
change with temperature, ILs themselves can be used as more robust ther
mometric fluids in liquidinglass thermometers compared to classic volatile 
liquids such as ethanol and toxic mercury.8 Because the negligible volatility of 
ILs can eliminate the possibility of weight loss due to liquid vaporization, ILs 
can also be directly used as gas sensing materials for the detection of polar 
and nonpolar organic vapors in quartz crystal microbalance techniques.9 ILs 
themselves can be used as ionresponsive materials because their physico
chemical properties are easy to vary by ion exchange.10 In addition, intro
ducing magnetic counter cations into ILs, such as Fe3+, Co2+, gd3+, Dy3+, 
and so on, has produced novel ILs showing a strongly magnetoresponsive 
characteristic.11–14

Besides small molecular ILs, recent research on polymeric ionic liquids 
or poly(ionic liquid)s (pILs) has stimulated new interest in developing new 
functional and smart materials, because pILs not only inherent the unique 
properties of ionic liquids mentioned above, but also possess intrinsic poly
mer properties (e.g. welldefined solid morphologies, processability and 
good mechanical properties) that are inaccessible by their low molecular 
weight counterparts.15,16 For example, solid gas sensing materials based on 
tetraalkylammoniumbased pILs have been demonstrated to have more sen
sitive Co2 sensing behavior compared to liquid gas sensing materials based 
on ILs.17 The combination of pILs and photonic structures has afforded 
a new class of selfreporting humidity sensing materials with excellent 
reversibility.18 pIL brushes with tunable wettability have been successfully 
produced on the surface of silicon wafers by surfaceinitiated ATrp polymer
ization.19 By combining temperaturesensitive poly(Nisopropylacrylamide) 
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with pHresponsive pILs, thermal and pH dualresponsive pIL membranes 
have also been reported. These fabricated pIL membranes exhibit excellent 
mechanical properties and are able to act as pHresponsive soft actuators.20 
porous pIL actuators that bend in response to acetone vapor have been pre
pared based on poly(3cyanomethyl1vinylimidazolium bis(trifluorometh
anesulfonyl)imide) and a carboxylic acidsubstituted pillar[5]arene. Due to 
the unique combination of a porous morphology, a gradient structure and 
the interaction between solvent molecules and actuator materials, these 
actuators exhibit a speed that is an order of magnitude faster than the state
oftheart, coupled with largescale locomotion.21 In addition, a porous pIL 
membrane actuator exhibiting exceptional sensitivity to low organic solvent 
concentrations has also been reported based on poly[3cyanomethyl1 
vinylimidazolium bis(trifluoromethanesulfonyl)imide] and poly(acrylic acid). 
This actuator readily bent into an arc (curvature 0.076 mm−1) upon adding as 
little as 0.25 mol% acetone molecules (1 acetone per 400 water molecules).22 
A novel imidazolium sulfonatecontaining pentablock copolymer–ionic liq
uid composite has also been prepared and fabricated into a thermally stable 
electroactive actuator, which exhibits an effective actuation response under a 
low applied electrical potential of 4 V.23

Therefore, based on the broad range of properties of ILs, it is believed 
that in the near future the development of smart materials can significantly 
be improved by incorporating ILs into their designs. In particular, recent 
research on pILs has further provided new candidates for the development 
of new smart materials with welldefined solid morphologies, processability  
and good mechanical properties. Besides many research papers, some review 
papers have focused on topics related to functional materials based on ILs 
and pILs.16,24,25

6.2   Electro/magneto-responsive Smart Fluids
using an external electric or magnetic field stimulus to control the flow or 
deformation of a fluid is very interesting for fundamental research and tech
nical application. electrorheological (er) fluids and magnetorheological 
(Mr) fluids are two kinds of very important stimulusresponsive smart fluids, 
whose viscosity and viscoelastic properties can be controlled by an external 
electric field and a magnetic field, respectively.26

er fluids are composed of micro/nanosize dielectric particles with a rel
atively high dielectric constant in an insulating liquid with a relatively low 
dielectric constant, while Mr fluids always consist of micrometersized soft 
magnetic particles in a liquid carrier. In the absence of an electric field or 
a magnetic field, the particles are freely dispersed in the carrier liquid, as 
shown in Figure 6.1 (left), and the fluid exhibits a low viscosity newtonian 
fluid characteristic, as shown in Figure 6.2(b). In the presence of an electric 
field or a magnetic field, the dispersed particles are polarized and attracted 
to each other, forming a chain or column structure between two electrodes, 
as shown in Figure 6.1 (right). As a result, the viscosity of the fluid will be 
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largely increased within milliseconds, as shown in Figure 6.2(b). When the 
electric field or magnetic field strength is sufficiently strong, the fluid even 
transforms from a liquidlike state into a gellike solid showing a significant 
yield stress to resist deformation. Meanwhile, the flow of the fluid can be 
approximately modeled as a Bingham fluid following the relation below:
  

 
.

y pl      (6.1)
  

Where 
.
  is the shear rate, τ is the shear stress, τy is the dynamic yield stress, 

and ηpl is the plastic viscosity. This fieldinduced thickening is often referred 
to as the “er effect” or “Mr effect”. The former was first discovered by W. M. 
Winslow in 1939,27 and the latter was first reported by J. rabinow in 1948.28 
When the external electric field or the magnetic field is removed, the fluid 
can rapidly return to its original liquid state. Due to the advantages of fast 
response, reversibility, low energy consumption, and so on, er fluids and 

Figure 6.1    Schematic representation of the interactions between er or Mr  
particles dispersed in a liquid carrier in the absence (left) and in the 
presence (right) of an electric field or a magnetic field.

Figure 6.2    (a) Schematic flow curves of various fluids. (b) Flow curves of a typical 
er fluid of mesoporous rare earth iondoped titania particles under var
ious electric fields (the symbol points represent the experimental data 
and the dotted lines are fitted by the Bingham mode).
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Mr fluids have attracted significant attention as electrical–mechanical inter
faces for the activecontrol of various mechanical devices in the automotive 
industry, civil engineering, robotics, microelectronic devices and even in 
optical, sound and biomedical fields.29

under a magnetic field of sufficient strength, an Mr fluid can produce a 
yield stress over several tens of kpa. Due to this large fieldresponsive char
acteristic, Mr fluids have been used in various technological applications, 
including semiactive shock absorbers in the automotive industry, damp
ers for seismic damage control in civil engineering, seals, valves, robotics, 
microelectronic devices, and so on.30 Mr fluids have been proposed for drug 
delivery and cancer therapeutic methods in medicine.31 Currently the main 
problem with Mr fluids is the settling of the dispersed magnetic particles, 
which may limit their further applications.32 However, the use of ILs as new 
carriers for the preparation of stable Mr fluids has been recently proposed, 
and it has been demonstrated that the use of ILs for this specific purpose 
may lead to Mr fluids with a higher durability and a better stability against 
sedimentation due to the unique features of ILs such as high density, negligi
ble vapor pressure and property tunability.33 In a recent book chapter, Laura 
rodríguezArco et al. have given a good overview of the latest advances and 
research highlights in the field of Mr fluids concerning the use of room 
temperature ILs as liquid carriers.34

Compared to Mr fluids, er fluids have some unique advantages includ
ing faster response, relatively high dispersion stability and lower energy con
sumption. In particular, er fluids are also proving to be especially useful for 
smallsize actuators in MeMs because an er fluid only requires two thin elec
trodes connected by wires to activate it.35 However, the largescale utilization 
of er fluids has not been achieved up to now because of some shortcom
ings, such as low electroresponsive efficiency, narrow working temperature 
range, and so on.36 Therefore, current fundamental research on er fluids 
still focuses mainly on the development of novel and highperformance er 
materials in order to promote the real applications of er technology. How
ever, recent research into using ILs as new activators of firstgeneration er 
fluids and using pILs as new anhydrous polyelectrolytebased er active 
components has provided new ways to develop er fluids with high perfor
mance.37,38 In the next sections, we will give a detailed description of these.

6.3   Electro-responsive Electrorheological Fluids
er fluids are a typical twophase system that consists of micrometersize 
leaking dielectric particles in an insulating carrier liquid. The carrier liquid 
is always insulating oil with a low dielectric constant, low conductivity, low 
viscosity, high breakdown strength, high boiling point (over 200 °C), and a 
relatively high density. The most popular carrier is silicone oil. other oils, 
such as vegetable oil, mineral oil, paraffin, kerosene, chlorinated hydrocar
bons, transformer oil, and so on, have also been used.36 Some highdensity 
oils, such as fluoro or phenylsilicone oil, can also be used to decrease the 
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sedimentation of particles. But these oils are usually high cost. In some cases, 
the er effect is strongly related to the carrier liquid if the dielectric constant 
or conductivity of the particle phase is comparable to that of the carrier liq
uid. In most cases, however, the particle phase is very important to obtain an 
available er effect. The particle phase must possess some required physical 
and chemical properties, including appreciable dielectric and conduction 
properties, low density, suitable size and shape, mechanical and chemical 
stability, and so on.39 So the particle phase must be carefully selected and 
designed on the basis of these required physical and chemical properties.

Since Winslow first discovered the er effect in a suspension of starch par
ticles,27 various particle materials ranging from inorganic to organic to com
posite have been developed to obtain versatile er fluids for technological 
applications.40–43 The firstgeneration er fluids are based on water activated 
particles, such as silica gel, poly(lithium methacrylate), cellulose, starch, 
and so on.44 These systems need to adsorb water to produce an er effect. 
The adsorbed water has been considered to promote mobile charge carriers 
and induce particle polarization under electric fields and, thus, activate the 
er effect.45 However, adsorbed water also increases the current density and 
limits the working temperature stability. other drawbacks including device 
corrosion and dispersion instability also need to be overcome. To overcome 
the drawbacks of wateractivated er fluids, researchers have used some other 
polar liquids with a high boiling point (e.g. glycerol, DMF, etc.) to replace 
water as an activator.46 For example, we have developed an er system based 
on glycerolactivated titania gel particles.47 The gel particles can be prepared 
by an in situ sol–gel reaction of tetrabutyl titanate in ethanol containing glyc
erol. During the formation of the titania gel, glycerol can be confined in the 
gel network. It is found that confining glycerol can largely increase the dielec
tric constant of the titania gel and enhance the er effect. The high boiling 
point and low volatility of glycerol can also improve the temperature stability 
of the titania gel er fluid.

Compared to these polar liquids, ILs have significantly higher chemical 
and physical stability. In particular, ILs are entirely composed of ions, so they 
can largely improve the ion concentration in particles when they are con
fined into particles. This characteristic endows ILs with great potential as 
new alternative activators to help overcome the drawbacks of water and other 
polar liquids as activators in extrinsic er systems. However, the use of ILs as 
activators has recently been proposed for the preparation of er fluids with 
improved properties.37 In Section 6.3.1, we give an overview of er fluids with 
ILs as activators.

More current research studies are mainly concentrated on the develop
ment of second generation er fluids based on dry particles. These systems 
are also called “intrinsic er systems”, and have a broad operating tempera
ture range and a low leaking current density. Some inherently polarizable 
inorganic materials with high dielectric constant, such as rutile, perovskite, 
and so on, are er active in the dry state when they are exposed to an AC elec
tric field.40 Some doped inorganic materials with improved ionic conductivity 
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(e.g. zirconiumdoped aluminosilicates, rare earth iondoped titania, etc.) 
have been demonstrated to be er active in the dry state under a DC electric 
field stimulus.48 Due to their high density and stiffness, however, these inor
ganic er particles exhibit problems involving particle sedimentation and 
abrasiveness. Different from inorganic materials, organic polymer particles 
have low density and low abrasiveness. These characteristics have attracted 
significant attention from researchers in the development of highperfor
mance er fluids.42,49 Among various polymer particles, polyelectrolyte par
ticles are the most promising candidates as the particle phase of er fluids 
due to their lowcost and high er effect. The classic polyelectrolyte er par
ticles include poly(lithium methacrylate), poly(sodium styrene sulfonate), 
and some ionexchange resins.50 The er effect of polyelectrolyte particles 
is considered to arise from the interfacial polarization induced by the local 
migration of metal ions under electric fields. As a dry powder, however, the 
metal ions in the particles are strongly bound by the carboxylate or sulfonate 
groups. Therefore, the classic polyelectrolyte particles need to adsorb a small 
amount of water to promote the dissociation and migration of metal ions 
and thus activate the er effect. But the adsorbed water inevitably causes the 
electrical and thermal problems mentioned before. To overcome these prob
lems, the scientists at Bayer Ag have developed, for the first time, anhydrous 
polyelectrolytebased er fluids based on poly(ethylene oxide)–salt (peo–salt) 
particles by reacting polyethylene glycol ethers with toluene diisocyanate to 
form crosslinked polyurethane elastomers, which are dissolving salts 
(e.g. lithium chloride or zinc dichloride).50,51 Compared to classic polyelectro
lytes, the metal cations in the peo–salt polyelectrolytes are weakly bound by 
the electron pairs on the oxygen of the peo segments and thus the particles 
contain mobile ions themselves in the absence of water or other small mol
ecule activators. This new polyelectrolyte er fluid exhibits light weight, low 
offfield viscosity and high fieldinduced yield stress in the dry state. How
ever, there are some problems with this peo–salt er fluid. For example, the 
leaking current density of the peo–salt er fluid is still too high, in particular 
at high temperature, due to the fact that the smallsize mobile metal counter 
ions can easily leach into the polymer matrix. In addition, the peo–salt poly
electrolyte is still moisturesensitive because of the hydrophilic nature of the 
peo units.52 Therefore, to promote real applications, a new anhydrous poly
electrolyte substance manifesting large intrinsic bulk or surface polarization 
under an electric field, a relatively low level of conductivity without affinity 
for a moisturerich environment, and a stable er effect in a wide working 
temperature range still needs to be found.

Different from classic polyelectrolytes, most pILs are water insoluble poly
electrolytes due to the presence of fluoric counterions, such as hexafluoro
phosphates (pF6

−) and fluorinated imides ((CnF2n+1So2)2n−).53 Although the 
polymerization limits to some extent the longrange motion of the ions in 
pILs, the shortrange motion of ions can still be promoted by external elec
tric fields. Importantly, different from classic polyelectrolytes, making the ions 
locally move in pILs does not need the presence of water or other solvents.  
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At the same time, pILs contain a high density of cation/anion parts and there
fore have strong dipoles. In light of this, we have recently developed a new er 
system based on hydrophobic pIL particles and demonstrated that this new 
system seems very promising for the preparation of new anhydrous polyelec
trolytebased er systems to help to overcome the disadvantages of the waterac
tivated classic polyelectrolytebased er systems. In Section 6.3.2, we introduce 
microwaveassisted dispersion polymerization preparation, the anhydrous er 
effect and its dependence on the molecular structure of er systems of pILs.

6.3.1   Electrorheological Fluids Based on Ionic Liquids
In the firstgeneration extrinsic er systems, the presence of adsorbed water 
or other polar liquids is the key to the er effect. The adsorbed water or other 
polar liquid is considered to dissolve the ions in the particles and thus pro
mote mobile charge carriers to induce particle polarization under electric 
fields. However, the adsorbed water or other polar liquid also increases the 
current density and limits the working temperature range. Having consid
ered the unique properties of ionic liquids, such as excellent thermal and 
chemical stability, good ionic conductivity, and negligible vapor pressure, 
recent studies using ionic liquids as new alternative activators have proposed 
a new approach to prepare an extrinsic er fluid with improved properties.37

J. A. Marins et al. developed the first er fluid with ionic liquids as an alter
native activator.37 The particle phase in this fluid is common silica spheres. 
The ILs are not adsorbed on the surface of the silica spheres like a conven
tional wateractivated er system, but confined in the silica amorphous net
work through a sol–gel process like previously reported glycerolactivated 
titania gel particles.47 Two types of ILs whose structures are shown in Figure 
6.3 were used in the preparation. They are typical water soluble ILs. Although 
no acidic or basic catalyst is added, it is found that the pH of the sol–gel 
medium and the velocity of the sol–gel process are significantly decreased 
in the presence of the ILs, in particular IL1. This is considered to probably 
be because of the presence of a carboxyl group in the structure of used ILs 
that can also catalyze the initial hydrolysis step. The particles prepared in the 

Figure 6.3    Chemical structure of phosphoniumbased ILs. reprinted from Journal 
of Colloid and Interface Science, 405, J. A. Marins, B. g. Soares, A. A. 
Silva, M. g. Hurtado, S. Livi, electrorheological and dielectric behavior 
of new ionic liquid/silica systems, 64–70, Copyright (2013) with permis
sion from elsevier.37
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presence of ionic liquids presented higher density and improved dielectric 
properties. The relative permittivity of the silica/11carboxyundecyltriphen
ylphosphonium bromide sample was 1100 at 10 Hz, which is much higher 
than that of pure silica. Although it is comparable to that of barium tita
nate particles, the electrode polarization seems to be not removed from the 
dielectric constant of silica/ionic liquid hybrid particles.

An er fluid based on silica/IL hybrid particles in silicone oil presents an 
enhanced er effect, with values of shear stress at 1 kV mm−1 of electrical 
field that are comparable or even higher than those of several other systems 
reported in the literature, such as porous silica particles,54 silica nanoparti
cles coated with polyaniline,55 and polypyrrole confined in mesoporous silica.56 
Figure 6.4 shows the typical flow curves of the er fluids of silica/IL hybrid 
particles. Without an electric field, these fluids behave as newtonian fluids. In 
the presence of an electric field, the shear stress values significantly increase 
and the behavior changes from that of newtonian fluids to that of Bingham 
plastic fluids. The er effect seems to depend on the type of IL. For example, 
the increment in the shear stress at 10−3 s−1 for the silica/11carboxyundecyl
triphenylphosphonium bromide sample was around 140 times that of pure 
silica at 1 kV mm−1, and that for the silica/octadecyltriphenylphosphonium 
iodide sample was around 12 times that of pure silica.

Further work involving other kinds of ILs confined in silica particles has 
also been reported in order to investigate the effect of ILs on the particle 
morphology and er effect.57 In this work, a similar sol–gel method was 
employed to prepare ILs confined in silica particles, using three different 
commercial ILs, including triisobutyl(methyl)phosphoniumtosylate (IL106), 

Figure 6.4    Shear stress (a) and er efficiency (b) vs. shear rate measured in CSr 
mode of suspensions of pure silica, Sio2/IL1, and Sio2/IL2 particles. 
The lines in (a) represent the fit curve according to the Bingham mode. 
reprinted from Journal of Colloid and Interface Science, 405, J. A. 
Marins, B. g. Soares, A. A. Silva, M. g. Hurtado, S. Livi, electrorheolog
ical and dielectric behavior of new ionic liquid/silica systems, 64–70, 
Copyright (2013) with permission from elsevier.37
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tri(nbutyl)(tetradecyl)phosphoniumdodecylbenzenesulfonate (IL201) and 
trihexyl(tetradecyl)phosphoniumbis2,4,4(trimethylpentyl)phosphinate 
(IL104), whose structures are shown in Figure 6.5. It is found that the mor
phology of pure silica (Sio2) is a spherical morphology with an average size 
of 170–600 nm, while the silica particles prepared in the presence of IL106 
(Sio2/IL106), IL104 (Sio2/IL104) or IL201 (Sio2/IL201) during the sol–gel syn
thesis are larger particle size aggregates, indicating a strong influence of the 
ionic liquids on the morphology of the silica particles (Figure 6.6).

Silica prepared in the presence of phosphoniumbased ILs also displays a 
higher relative permittivity and improved interfacial polarization due to the 
enhanced accumulation of charge carriers from the confined ILs. Among the 
various silica/IL hybrid particles, Sio2/IL104 has a higher permittivity value 
due to the higher mobility of the corresponding IL104 ions, but the Sio2/
IL104 er fluid also presents a very large current density under an electric 
field and a decreased er effect. In contrast, the Sio2/IL106 fluid presents the 
highest er effect and a relatively low current density, as indicated in Table 6.1. 
At the same time, the low current density of this system allows experiments 
to be performed in a higher electric field. Further comparing the er effects of 
Sio2/IL201 and Sio2/IL106, it was found that the former displays the worst er 
effect, despite the similar nature of the anion (sulfonate). Thus, the different 
er effects may be due to the difference between them in terms of the size of 
the alkyl groups located on both the cation and anion moieties, which has 
an effect on the compatibility of the ionic liquids with the silicone oil. IL201 
has long alkyl groups on both the cation and the anion, which imparts some 

Figure 6.5    Chemical structures of ionic liquids.
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affinity for the silicone oil and, thus, some molecules of IL201 previously 
confined inside the silica particles may be extracted by the oil, increasing the 
ionic conductivity of the oil. This results in an increase in the current density 
and a decrease in the er effect of the suspension under an electrical field.

Therefore, due to their significant chemical and physical stability, ILs may 
be very promising alternative activators for extrinsic er systems. However, 
ILactivated er fluids still exhibit a high conductivity and large leaking cur
rent. In addition, the presently used ILs are still watersoluble systems, which 
cannot eliminate the influence of moisture. Thus, the real contribution 

Figure 6.6    SeM images of silica, Sio2/IL106, Sio2/IL201 and Sio2/IL104 particles. 
(reproduced from ref. 57 with permission from the royal Society of 
Chemistry).

Table 6.1    er characteristics of er fluids containing silica and silica/IL particles. 
(reproduced from ref. 57 with permission from the royal Society of 
Chemistry).

Sample
electric field  
(kV mm−1)

Current density  
(A m−2)

Shear stress at  
0.5 s−1(pa)

Sio2 2 0.041 373–568
Sio2/IL106 2 0.021 708
Sio2/IL106 3 0.048 1215
Sio2/IL201 2 0.099 72
Sio2/IL104 2 0.117 104–149
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of using ILs as an alternative activator still needs to be clarified by further 
investigations.

6.3.2   Electrorheological Fluids Based on Poly(ionic liquid)s
polyelectrolyte particles are promising candidates due to their lowcost 
and relatively high er effect.50 However, the classic polyelectrolyte er par
ticles belong to extrinsic wateractivated systems because they need to 
absorb a small amount of water to promote the dissociation and migra
tion of ions and thus induce interfacial polarization for the er effect. 
Although peo–salt particles can show anhydrous er effects, they are still 
moisturesensitive because of the hydrophilic nature of the peo units.52 
This largely limits the durability of peo–saltbased er fluids in practical 
applications.

As a new kind of polyelectrolyte, pILs have attracted significant attention 
recently, because pILs not only inherit some of the unique properties of ILs 
mentioned before, but also possess welldefined solid morphologies and 
mechanical properties that are inaccessible by ILs. In particular, different 
from classic polyelectrolytes, most pILs are hydrophobic and insoluble in 
water due to the presence of fluoric counterions, such as hexafluorophos
phates (pF6

−), and fluorinated imides ((CnF2n+1So2)2n−). Thus, the electrical 
conductivity of pILs almost completely lacks affinity to moisture or water 
content. Furthermore, the mobile counter ions in pILs are bulky polyatomic 
inorganic (e.g. pF6

−) or organic (e.g. (CF3So2)2n−) ion species and their transfer 
dynamics are also different from that of the smallsize metal ions in the clas
sic polyelectrolytes. After polymerization, the longrange transfer of counter 
ions can be restricted and the ionic conductivity of the pILs can be reduced 
to a moderate level. Thus, the local shortrange motion of counter ions in 
addition to the highdensity of cation/anion parts can endow pILs with a 
large intrinsic bulk or surface polarization response to an external electric 
field in the absence of any activators. Furthermore, most pILs are easy to 
synthesize by chain radical polymerization of monomeric ILs (e.g. vinyl, sty
renic, (meth)acrylic, and (meth)acrylamide ionic liquids, etc.).53 Therefore, 
it is easier to obtain the products in a powder or particle form compared to 
peo–salt polyelectrolytes.

In light of these characteristics, our recent work has, for the first time, 
reported a new kind of anhydrous er system based on hydrophobic poly[2 
(methacryloyloxy)ethyltrimethylammonium bis(trifluoromethanesulfonylim
ide)] (poly(MTMA+(CF3So2)2n−)) pIL particles.38 The poly(MTMA+(CF3So2)2n−) 
particles are easy to synthesize using microwaveassisted dispersion polym
erization as shown in Figure 6.7. Compared to conventional heating, using 
microwave irradiation as a heat source can induce fast and effectively homo
geneous heating of the monomers, which favors the homogeneous forma
tion of growing centers of polymer chains in the initial stage and results in 
the reduction of side reactions. As a result, the product consists of clean 
and monodisperse microspheres with a narrow size distribution of ∼1.8 µm.  
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The TgA trace shows that the poly(MTMA+(CF3So2)2n−) particles have good 
thermal stability. The onset of degradation is at about 320 °C. The conduc
tivity (σDC) of the poly(MTMA+(CF3So2)2n−) particles is ∼2.2 × 10−9 S cm−1. 
Because the trimethylammonium cation parts are attached to the poly(meth)
acrylic backbone, the conductivity mainly originates from the diffusion of 
mobile (CF3So2)2n−. But it is noted that the conductivity of pILs is signifi
cantly lower than that of their low molecular weight monomer counterparts 
because of the fact that the high viscosity of the solidlike polymeric matrix 
restrains the longrange mobility of the ions in the particles. Thus, the con
ductivity range of the poly(MTMA+(CF3So2)2n−) particles is very suitable for 
er fluid applications according to the conduction model.

Due to their hydrophobic nature, the poly(MTMA+(CF3So2)2n−) particles 
are easy to disperse in silicone oil and the resulting fluid shows good dis
persion stability. under an electric field, the poly(MTMA+(CF3So2)2n −) par
ticles can rapidly contact each other and form gapspanning dense fibrous 
structures between the electrodes, as shown by optical microscopy in Figure 
6.8(a). This aligned fibrous structure provides a large resistance to shear flow 

Figure 6.7    preparation of poly(MTMA+(CF3So2)2n−) particles by microwave 
assisted dispersion polymerization. (reproduced from ref. 38 with 
permission from the royal Society of Chemistry.)

Figure 6.8    (a) optical photo of the er fluid of poly(MTMA+(CF3So2)2n−) particles 
without and with an electric field (ϕ = 3 vol%, T = 23 °C). (b) effect of 
switching the applied electric field on/off on the shear stress of the 
er fluid of poly(MTMA+(CF3So2)2n−) particles (ϕ = 28 vol%, T = 23 °C). 
(reproduced from ref. 38 with permission from the royal Society of 
Chemistry.)
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perpendicular to the electric field and thus enhances the shear stress. Figure 
6.8(b) shows the realtime response of the shear stress of the pILbased er 
fluid to an applied electric field when it is alternately turned on and off. It 
is found that when an electric field is applied, the shear stress of the fluid 
increases instantaneously. The value of the shear stress at 4.0 kV mm−1 is 
about 30 times as high as the offfield shear stress. When the electric field 
is removed, the shear stress drops rapidly back to the original level. As the 
electric field strength increases, the shear stress increases and the realtime 
response of the shear stress is still reversible and reproducible, revealing 
the good electroresponsive characteristic of the pILbased er fluid in the 
absence of any activators. According to the dielectric spectra analysis, the 
high er activity of pILs can be attributed to their strong dielectric polariz
ability and adequate polarization response induced by the intrinsic high den
sity of cation/anion parts.

It has been demonstrated that the er effect depends on the type and size of 
the cation/anion parts. using the same microwaveassisted dispersion polym
erization technique, we further synthesized monodisperse pIL particles with 
a styrenic backbone and different sizes of cation/anion parts in order to 
understand the effect of molecular structure on the er effect.58 Figure 6.9 
shows the chemical structures and corresponding morphology of the pIL 
particles. It is found that the pIL particles with a polystyrenic backbone and 

Figure 6.9    The chemical structure and corresponding SeM images of pIL particles: 
(a) poly(VBTMA+CF3So3

−), (b) poly(VBTMA+(CF3So2)2n−), and (c) poly 
(VBTeA+(CF3So2)2n−). The scale bar is 5.0 µm. reprinted from polymer, 
97, Y. Dong, J. Yin, J. Yuan, X. zhao, Microwaveassisted synthesis and 
highperformance anhydrous electrorheological characteristic of mon
odisperse poly(ionic liquid) particles with different size of cation/anion 
parts, 408–417, Copyright (2016) with permission from elsevier.58
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different sizes of quaternary ammonium/fluorinated imide ion parts are all 
monodisperse microspheres with similar particle sizes, which provides justi
fication for studying the influence of the molecular structure on the proper
ties of pIL particles by excluding the influence of the external particle shape.

The three pIL er fluids all show a strong er effect, but there is a signifi
cant difference in the magnitude of the yield stress and fieldinduced shear 
stress among them. At the same electric field strength, the fluid containing 
poly(VBTMA+CF3So3

−) particles exhibits the highest yield stress, while the 
fluid containing poly(VBTeA+(CF3So2)2n −) particles exhibits the lowest yield 
stress (see Figure 6.10). The different yield stresses indicate that the order of 
the er effect of the pILs is poly(VBTMA+CF3So3

−) > poly(VBTMA+(CF3So2)2n −) >  
poly(VBTeA+(CF3So2)2n −). Because the polymer backbone is the same for 
these three kinds of pIL particles, this order indicates that the er effect 
strongly depends on the size of the cation/anion parts and that pIL particles 
with smaller cation/anion parts exhibit a larger er effect.

Figure 6.10    The flow curves of shear stress vs. shear rate for the suspensions of 
pIL particles under an electric field (ϕ = ∼30 vol%, T = 23 °C): (a) poly 
(VBTMA+CF3So3

−), (b) poly(VBTMA+(CF3So2)2n−), and (c) poly(VBTe
A+(CF3So2)2n−). The solid lines show the fit of the flow curves using 
eqn (1). reprinted from polymer, 97, Y. Dong, J. Yin, J. Yuan, X. zhao, 
Microwaveassisted synthesis and highperformance anhydrous electror
heological characteristic of monodisperse poly(ionic liquid) particles 
with different size of cation/anion parts, 408–417, Copyright (2016) 
with permission from elsevier.58
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When comparing the dielectric properties of the three pIL er fluids, it 
is noted that the order of the strength and rate of polarization is poly(VBT
MA+CF3So3

−) > poly(VBTMA+(CF3So2)2n −) > poly(VBTeA+(CF3So2)2n −). This 
indicates that the pIL particles with smaller cation/anion parts possess the 
fastest dielectric relaxation time and the strongest interfacial polarization 
strength. The order agrees with the order of the er effect. Therefore, the  
different er effects of the pIL particles with different quaternary ammonium/
fluorinated imide ion parts may be mainly attributed to their different dielectric 
polarizabilities. Two reasons may be responsible for this. The first reason is 
the difference in the number density of the mobile fluorinated imide anions. 
In terms of the monomer molecular weight and measured particle density, 
the number density ratio of mobile fluorinated imide anions can be approxi
mately estimated to be poly(VBTMA+CF3So3

−) : poly(VBTMA+(CF3So2)2n −) : poly 
(VBTeA+(CF3So2)2n −) = 1.17 : 1 : 0.84 at the same particle volume. Thus, the 
poly(VBTMA+CF3So3

−) particles have the highest number of mobile anions, 
while the poly(VBTeA+(CF3So2)2n −) particles have the lowest number of 
mobile anions. The second reason is the difference in the mobility of the 
mobile counter anions. Comparing poly(VBTMA+CF3So3

−) with poly(VBT
MA+(CF3So2)2n −), one can note that their polymer backbones and immobile 
quaternary ammonium cations are the same. Thus, the motion of CF3So3

− 
should be easier and faster than that of (CF3So2)2n − in the glassy state due 
to its smaller size.59 Comparing poly(VBTMA+(CF3So2)2n −) with poly(VBTeA+ 
(CF3So2)2n −), one can note that their polymer backbones and mobile fluori
nated imide anions are the same. Thus, the larger size of the immobile trieth
ylammonium cations in the poly(VBTeA+(CF3So2)2n −) particles might have a 
higher potential barrier or steric effect for the motion of (CF3So2)2n − com
pared to the trimethylammonium cations in the poly(VBTMA+(CF3So2)2n −) 
particles.60 Therefore, the poly(VBTMA+CF3So3

−) particles show the highest 
conductivity, which induces the fastest rate of polarization and the largest 
er effect.

pIL particles have provided a new way to develop highperformance anhy
drous polyelectrolytebased er fluids, but the working temperature range 
of the er fluids based on pIL particles is still narrow due to the inherently 
low glass transfer temperature caused by the plasticization of the poly
atomic organic counter ions in the pILs. To overcome the narrow working 
temperature range of the er fluid based on poly(VBTMA+(CF3So2)2n −) pIL 
particles, we recently developed a new er system based on crosslinked 
poly(VBTMA+(CF3So2)2n −) particles and demonstrated that crosslinking 
with a suitable degree does not significantly degrade the er properties, 
but largely decreases the leaking current density and improves the working 
temperature range of the er fluid of pIL particles.61 Crosslinked poly(VBT
MA+(CF3So2)2n −) particles with various weight ratios of crosslinker (divinyl
benzene) can be synthesized by solution polymerization. After crosslinking 
with a crosslinker weight ratio of 5 wt%, the glass transfer temperature 
(Tg) of poly(VBTMA+(CF3So2)2n −) increases from 100 °C to 120 °C. When 
the weight ratio of crosslinker is higher than 12.5 wt%, no obvious glass 
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transition occurs because the segment motion is significantly restrained and 
the polymer matrix becomes stiffer.

The rheological measurement results as shown in Figure 6.11 show that 
the offfield shear stress or offfield viscosity of the er fluid of poly(VBT
MA+(CF3So2)2n−) particles in the high shear rate region (>100 s−1) gradually 
decreases with elevated temperature, but that in the low shear rate region it 
gradually increases with temperature and the fluid even exhibits a significant 
yield stress of ∼15 pa at 100 °C. This is attributed to the fact that the poly(VBT
MA+(CF3So2)2n−) particles easily swell and become soft at high temperature 
due to the low inherent Tg and thus the relative particle volume fraction in 
the fluid increases and the particles easily cohere with each other, partic
ularly at temperatures around Tg (∼100 °C for poly(VBTMA+(CF3So2)2n−) 
particles). After crosslinking, Tg increases and the progressive uncoiling of 
the polymer chains and the enlargement of the free volume of the polymer 
matrix with temperature are restrained. Thus, the crosslinked poly(VBT
MA+(CF3So2)2n−) particles do not swell and become soft as easily with tem
perature. In particular, the crosslinked poly(VBTMA+(CF3So2)2n−) particles 
with a high weight ratio of crosslinker are more mechanically stable due to 
the formation of a highdensity crosslinking network. As a result, the col
loid interaction among the crosslinked poly(VBTMA+(CF3So2)2n−) particles 
does not change significantly with temperature and the fluids of crosslinked 
poly(VBTMA+(CF3So2)2n−) particles with a high weight ratio of crosslinker 
do not present a significant yield stress or viscosity increase in the low shear 
rate region, as shown in Figure 6.11. under an electric field, the er effect of 
the er fluid of poly(VBTMA+(CF3So2)2n−) particles increases with tempera
ture, but the maximum leaking current also rapidly increases and exceeds 
the limit of the instrument at 60 °C. After crosslinking, the leaking current 
of the fluids is significantly decreased and the working temperature range is 
broadened. The typical fluid of crosslinked poly(VBTMA+(CF3So2)2n−) parti
cles with 25 wt% crosslinker can maintain a stable rheological behavior in a 
wide shear rate region at temperatures above 100 °C.

By temperaturemodulated dielectric relaxation studies, it was found that 
crosslinking can effectively suppress the thermally promoted longrange 
drift of mobile counter ions in the polymer matrix. The activation energy 
of the relaxation process and conductivity for the fluid of crosslinked 
poly(VBTMA+(CF3So2)2n−) particles are much higher than those of the fluid 
of poly(VBTMA+(CF3So2)2n−) particles, and the activation energy increases 
with an increase in the weight ratio of crosslinker. This means that the 
potential energy necessary to activate ion motion or ionic conductivity 
increases with increasing crosslinking degree. This can be attributed to the 
fact that, compared to the pure one, the crosslinked polymer matrix not only 
provides smaller cavities but also restrains the progressive uncoiling and the 
enlargement of the free volume of the polymer chains with temperature. 
Thereby, a higher activation energy is required to promote the dissociation 
and diffusion of (CF3So2)2n− in the crosslinked polymer matrix. As a result, 
as the temperature increases and comes near to Tg, the ionic conductivity of 
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the fluid of poly(VBTMA+(CF3So2)2n−) particles suddenly increases and the 
values become larger than those predicted by the Arrhenius lines (see Fig
ure 6.12) due to the accelerated uncoiling of the polymer chains. Thus, the 
formation of a large current leakage will come at the expense of the polar
izability and cause the deterioration of the er effects and even the failure 
of er measurements. Therefore, the fluid of poly(VBTMA+(CF3So2)2n−) par
ticles shows a narrow working temperature region due to its low Tg nature. 
After crosslinking, Tg is increased and the uncoiling of the polymer struc
ture with temperature is retarded. As a result, the particles are not easy to 
soften at high temperature and the thermally promoted longrange drift of 
(CF3So2)2n− is suppressed and, thus, the working temperature range of the 
fluid of crosslinked poly(VBTMA+(CF3So2)2n−) particles is broadened.

Based on the research above, it can be demonstrated that in the absence of 
any activators, pILs can produce a large intrinsic bulk or surface polarization 
response to an electric field due to their anhydrous character and unique 
physical and chemical properties. This characteristic endows pILs with 
significant potential as a novel particle phase to develop highperformance 
anhydrous polyelectrolytebased er fluids.

Figure 6.11    Flow curves of shear stress versus shear rate at several typical oper
ating temperatures for the fluids of poly(VBTMA+(CF3So2)2n−) and 
crosslinked poly(VBTMA+(CF3So2)2n−) particles with different weight 
ratios of crosslinker: (a) 0 wt%; (b) 5 wt%; (c) 12.5 wt%; (d) 25 wt%. 
(reproduced from ref. 61 with permission from the royal Society of 
Chemistry.)
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6.4   Summary
In this book chapter, we have given an overview of the latest advances and 
research highlights in the field of electroresponsive er smart fluids con
cerning the use of ILs as possible alternative activators and the use of pILs as 
new anhydrous polyelectrolytebased er active particle phases. Due to their 
significant chemical and physical stability, ILs seem to be promising alter
native activators to effectively solve the problems of extrinsic er systems. 
The present experiments have given a preliminary study on this, but the real 
contribution of using ILs as alternative activators is not still clear. Hence, 
this research field is still in its infancy and more investigations need to be 
conducted in order to achieve a clear understanding of the contribution and 
advantages of ILs as alternative activators in extrinsic er systems. The future 
work in this field should be concentrated on the study of the er effect of 
particles containing various hydrophobic ILs. Meanwhile, the influence of 
moisture or other polar molecules should be eliminated and the ion leakage 
problem should also be specifically noted during material preparation.

on the other hand, our recent research into using hydrophobic pILs as the 
particle phase has provided a new strategy to develop a highperformance 
anhydrous polyelectrolytebased er fluid. pIL er particles are easy to obtain 
in a powder or particle form by chain radical polymerization of monomeric 
ILs. The present experiments have demonstrated that in the absence of any 
activators, pILs can produce a strong er effect under an electric field due to 
their large dielectric polarizability induced by the local shortrange motion 
of the counter ions in addition to the high density of cation/anion parts. The 
er effect has been demonstrated to depend on the structure of the pILs. By 
adjusting the ion pair and crosslinking degree of the polymer backbone, 

Figure 6.12    Temperature dependence of the relaxation time (a) and the direct cur
rent conductivity (b) of the fluids of poly(VBTMA+(CF3So2)2n−) and 
crosslinked poly(VBTMA+(CF3So2)2n−) particles with different weight 
ratios of crosslinker (ϕ = ∼20 vol%, T = 23 °C). Solid lines represent 
the best fit curves of eqn (3) to the data at temperatures below Tg. 
(reproduced from ref. 61 with permission from the royal Society of 
Chemistry).
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the physical and chemical properties of the pILs can be controlled and, as a 
result, the er effect can be tuned. Based on these facts, it is expected that the 
use of pILs as the particle phase of er fluids will open up new possibilities for 
the application of polyelectrolytebased er systems. However, there are still 
problems that have to be overcome. one of the most important problems 
of pILs is their cost, which can be much higher than that of conventional 
polyelectrolytes. In addition, ion migration in the existing pIL er particles is 
still easily thermally promoted at a relative low temperature, and this often 
results in large leaking current and dielectric breakdown with elevated work
ing temperature. Therefore, in the future, more work may be needed to specif
ically focus on the development of new lowcost pIL er systems and improve 
our understanding of the effect of microscopic structure on the ion transfer 
dynamics and resulting er effect. one interesting strategy to overcome these 
problems is to develop a pILbased composite by combining pILs with low
lost inorganic or other polymer systems, because the contribution from the 
composite or nanocomposite effect may strongly influence the microscopic 
ion transfer dynamics and macroscopic er response.

Because of their stable and finetuned physical and chemical properties, it 
is believed that, in the future, ILs and pILs will find more and more oppor
tunities as suitable compounds in the development of stimuliresponsive 
smart materials, in particular as active compounds in novel magneto and 
electroresponsive smart fluids.
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7.1   Introduction
The emergence of ionic liquids (ILs) has shed some new light on green 
chemistry in the past several decades. In view of their excellent properties, 
ILs have also attracted increasing interest in electrochemistry, catalysis, 
and materials science.1–3 As far as polymer science is concerned, ILs are 
still in their infancy because some of their properties disappear when they 
are polymerized through covalent bonds.4,5 Polymeric/polymerized ionic 
liquids, also called poly(ionic liquid)s (PILs), represent a special class of 
polyelectrolytes that feature an IL species in each of the monomer repeat-
ing units.6 Thus, the cationic or anionic centers are connected through a 
polymeric backbone to form a macromolecular architecture. It is worth 
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noting that although ILs are in a liquid state near room temperature, PILs 
are in fact solid in most cases, except for a couple of exceptions.7 never-
theless, as opposed to solid polyelectrolytes, PILs have a reportable glass 
transition temperature that in most cases is well below that of the usual 
ionic glasses.8

To date, a variety of IL monomers have been deliberately prepared for 
the fabrication of a variety of functional polymeric materials (see Scheme 
7.1). Tang and co-workers prepared a series of IL monomers based on sty-
rene and acryl compounds (Scheme 7.1, 1–4), and their corresponding PILs 
were also obtained through conventional radical polymerization and living/
controlled polymerization.9–11 They also found that PILs had a higher Co2 
absorption capacity than room temperature ILs, as well as faster Co2 absorp-
tion and desorption rates. recently, some advances have been achieved in 
PILs. Yuan and co-workers developed a strategy to fabricate porous mem-
branes using PILs and carboxyl-containing compounds.12–18 More interest-
ingly, these porous materials are responsive to acetone. Additionally, PILs 
were also demonstrated to have potential applications in electrochemistry, 
Co2 adsorption and self-assembly. For the first time, our group designed a 
novel PIL prepared through condensation polymerization using IL mono-
mers with symmetrical hydroxyl or carboxyl groups.19 This technique could 
also be utilized to modify polyethylene terephthalate (PeT) through copo-
lymerization.20 The as-prepared PeT materials presented defined wettabili-
ties and good antibacterial performances due to the presence of IL units in 
the PeT backbone. In consideration of the versatile performance of ILs, the 
exploration of PILs incorporating novel functionalities and properties is still 
a great challenge.5–8

Scheme 7.1    Components of ionic liquid monomers in this study.
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7.2   Thermo-responsive Systems Comprising ILs
over the past several decades, the fabrication of stimuli-responsive polymers 
(SrPs) has attracted considerable interest due to their wide range of poten-
tial applications in fields such as smart materials, biomedicine, catalysis, 
and sensors.21,22 These smart polymers can undergo reversible changes in 
their physical–chemical or colloidal properties in response to external stim-
uli, including temperature, ph, ionic strength, light, magnetic fields, electric 
fields, ultrasound, and redox/thiols.23–25 Among the SrPs, thermo-responsive 
polymers have garnered significant attention due to their technical feasibil-
ity and practical advantages.26–28 To date, many polymers have been found 
to exhibit changes in certain properties in response to temperature. The 
most widely studied thermo-responsive polymers are N-alkyl-substituted 
acrylamide-based polymers,29,30 including poly(N-isopropylacrylamide), 
poly(N,N′-diethylacrylamide) (PdeAAm), and poly(2-carboxyisopropylacryl 
amide). These thermo-responsive polymers possess a lower critical solu-
tion temperature (LCST) in aqueous solutions. Further examples of thermo- 
responsive polymers include poly(ethylene oxide) (Peg)/oligo(ethylene 
glycol) and polypeptide-based polymers.31–33 A number of exceptional 
thermo-responsive polymers have also been reported, such as poly(N-vinyl-
caprolactam), poly(2-oxazoline), amphiphilic polyethylenes, and polymers 
derived from L-proline.34–37 due to their versatile properties and tunable 
polarity, it is convenient to devise thermo-sensitive IL systems with a lower 
critical solution temperature (LCST) and an upper critical solution tem-
perature (uCST). Therefore, it is much more desirable to fabricate PIL- and 
IL-containing polymers with thermo-responsive behavior.38

normally, there are four techniques to fabricate a thermo-sensitive poly-
mer system comprising an IL: (1) using the IL as the solvent for the polymer; 
(2) introducing ILs into thermo-sensitive polymers; (3) devising functional 
ILs with suitable hydrophobicity; (4) polymerizing and copolymerizing func-
tional IL monomers.39,40 The first two techniques are more feasible and con-
venient methods to build up thermo-responsive polymer systems.41 endo and 
co-workers prepared three N-vinylimidazolium salts, 1-(3-phenylpropyl)-3- 
vinylimidazolium bromide (PVI-Br), 1-(6-ethoxycarbonylhexyl)-3-vinylim-
idazolium bromide (ehVI-Br), and 1-(2-ethoxyethyl)- 3-vinylimidazolium 
bromide (etoeVI-Br). Then, the polymerization of theses ILs was performed 
by a reversible addition–fragmentation chain transfer (rAFT)/macromolec-
ular design via interchange of xanthate (MAdIX) process. The polymeriza-
tion of the N-vinylimidazolium salts using the dithiocarbonate-terminated 
poly(N-isopropylacrylamide) as a macro-chain-transfer agent provided 
well-defined thermo-responsive ionic liquid block copolymers. Thermal-
ly-induced phase separation behavior and assembled structures of the block 
copolymers were also studied in aqueous solution.42

Schubert and co-workers43 found that the aqueous gelation of a quaternary 
ammonium oligo(propylene oxide)-based IL (see Scheme 7.2a) yielded ion 
gels with a reverse thermo-responsive behavior (i.e., the mechanical moduli 
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and viscosity increase with temperature) and enhanced ionic conductivi-
ties. Wang and co-workers44 also reported a class of functionalized ILs (see 
Scheme 7.2b). By tuning the hydrophilicity and hydrophobicity of the cation 
and anion, respectively, these ILs could reversibly transfer between water and 
organics, triggered upon undergoing a temperature change. From a combina-
tion of multiple spectroscopic techniques, it was shown that the driving force 
behind the transfer originated from a change in the conformation of the Peg 
chain of the IL upon temperature variation. By utilizing the novel properties 
of this class of ILs, a highly efficient and controllable CuI-catalyzed cycload-
dition reaction was achieved, wherein the IL was used to entrain, activate, 
and recycle the catalyst, as well as to control the reaction.

ILs derived from amino acids (see Scheme 7.3) also exhibit phase separa-
tion with a LCST after mixing with water. The phase-separation temperature 
of these mixtures depends on the ion structure and water content, and is 
lowered by an increase in the hydrophobicity of the IL. Although the mecha-
nism of the LCST-type phase behavior of the ILs is not clear, these ILs could 
have a great impact on reaction and separation processes.45

Additionally, polymerizing functional IL monomers can afford novel poly-
mers with thermo-responsive behavior. ohno and co-workers have contributed 
a lot in this area. They polymerized tributylhexylphosphonium 3-sulfopropyl-
methacrylate with suitable hydrophobicity. The as-obtained PIL underwent a 
strongly temperature-sensitive LCST-type phase transition with pure water and 
also with aqueous salt solution, and the resulting hydrated PIL further under-
goes a sharp and reversible liquid-to-gel transition at ambient temperatures.46 
A new series of LCST ILs has been copolymerized with cross-linkers of varying 
length to afford the first ever thermo-responsive PIL-based hydrogels. These 
hydrogels exhibit surprisingly broad LCST and volume transition behavior com-
pared to standard thermo-responsive gels and linear ILs.47 A new thermo-revers-
ible ion gel was developed through the self-assembly of a triblock copolymer, by 
choosing appropriate associating end-blocks for the IL.48

Scheme 7.2    Structures of the thermo-responsive ILs based on quaternary ammo-
nium oligo(propylene oxide) (a) and bisimidazolium salt (b).

Scheme 7.3    Structure of amino acid-derived ILs.
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Yuan and co-workers prepared a cationic polyelectrolyte based on the sty-
renic ionic liquid tributyl-4-vinylbenzylphosphonium pentanesulfonate (see 
Scheme 7.4). The cationic polyelectrolyte was found to undergo a LCST-type 
phase transition in aqueous solution. This phase transition occurs in a wide 
temperature range depending on the polymer concentration as well as the 
type and concentration of externally added salts. Anion exchange and salting 
out effects are responsible for the flexible phase transition temperature.49

7.3   Thermo-responsive PIL Nanogels Prepared via 
One-step Cross-linking Copolymerization

recently, our group demonstrated a facile one-step synthesis strategy to pre-
pare polymeric nanogels via the conventional radical copolymerization of IL 
monomers and the cross-linkers ethylene glycol dimethacrylate (egdMA) 
and divinylbenzene (dVB) in selective solvents.50,51 The as-prepared nano-
gels presented high activity for Co2 cycloaddition reactions with epoxides 
(see Scheme 7.5). nevertheless, when the imidazolium-based IL (ImIL) 
1-vinyl-3-(ethoxycarbonyl)methyl imidazolium chloride was copolymerized 

Scheme 7.4    Synthesis route of styrenic ionic liquids.

Scheme 7.5    Schematic illustration of the one-step synthesis of PIL nanogels for 
Co2 cycloaddition reactions with epoxides.
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with these cross-linkers under the same conditions, the copolymers precip-
itated from the solvent, resulting in particles in the submicrometer range.52 
Similar results were also reported by han et al.53,54 The precipitation of ImIL-
based cross-linked copolymers from the solvent during the polymerization 
process was probably due to the lower content of poly(ImIL) chains in the 
copolymer.51 This result was presumably caused by the lower polymerization 
reactivity of the ImIL monomers as compared with the cross-linkers.

To achieve stable nanogels in solution, geminal dicationic ImILs, 
1,4-butanediyl-3,3′-bis-1-vinyl imidazolium halides ([BVIm]X = 1·X; X = Cl or 
Br), were devised and synthesized.55 The copolymerization of 1·X with the 
cross-linkers in selective solvents was conducted under identical conditions 
(see Scheme 7.6). For comparison, 3-butyl-1-vinylimidazolium bromide 
([C4VIm]Br) was also prepared. The results revealed that a stable ImIL-based 
nanogel could be easily obtained via a one-step synthesis. The as-prepared 
solutions with blue opalescence and without any precipitation are very sta-
ble. however, the copolymers precipitated from the solvent when [C4VIm]
Br was copolymerized with the cross-linkers under the same conditions. The 
results confirmed the assumption that the polymer particles were not stable 
because of the low reactivity of the ImIL monomers as compared with the 
cross-linkers. In contrast, the polymer particles could be stabilized by intro-
ducing geminal ImIL monomers. More interestingly, the as-prepared nano-
gels could respond to the temperature. When the temperature decreased, the 
nanogels precipitated from the solution. This performance is reversible with 
a temperature change (see Scheme 7.6).

dynamic light scattering (dLS) measurements demonstrated that the 
sizes of the ImIL-based nanogels could be controlled by altering the feed 
ratio of the ImIL monomer and the cross-linker. Moreover, the nanogel 
with a feed ratio of 5 : 1 (1·Br to egdMA) precipitated from methanol  

Scheme 7.6    Schematic illustration of the one-step synthesis of ImIL-based nano-
gels, and the thermo-sensitive behavior of the nanogel solutions with 
temperature change.
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when the temperature decreased below 25 °C, but a stable nanogel solution 
was recovered immediately at temperatures above 25 °C. This behavior indicates 
that the 1·X-based nanogel was thermo-sensitive. Figure 7.1 shows the tem-
perature dependence of the turbidity and diameter of the nanogel (4.5 wt%) 
solution in methanol. The blue opalescent solution was translucent at tem-
peratures above 28 °C, and suddenly turned cloudy at temperatures below 
25 °C. The discrete transition that occurred within a temperature difference 
of 3 °C indicates that the 1·X-based nanogels are thermo-sensitive particles 
with an upper critical solution temperature (uCST). The thermo-sensitive 
behavior was also testified by dLS. The hydrodynamic diameter (Dh) of the 
nanogel increased rapidly from less than 100 nm to micrometer levels in the 
same temperature range. These results suggest that the free nanogel was 
suddenly desolvated to form larger aggregates, leading to precipitation from 
the solvent at temperatures below the uCST.

Additionally, the nanogels with feed ratios higher than 10 : 1 of 1·Br to 
egdMA did not precipitate from the solvent when the temperature was 
below 25 °C, even at 4 °C. Surprisingly, the nanogel solution gelled instead 
of precipitating from the solvent when the solutions were kept at tempera-
tures below −10 °C. The preliminary results showed that some interactions 
between the nanogel and methanol exist, which can be enhanced by increas-
ing the 1·Br content in the copolymers. dynamic rheological analysis was 
employed to investigate the thermo-responsive performance of the nanogels. 
The temperature at which the storage modulus (G′) curve intersects the curve 
of the loss modulus (G″) indicates the sol–gel transition point. Figure 7.2 shows 
the oscillatory temperature sweep profiles of the 4.5 wt% nanogel solution 
in methanol. When the temperature was above −7 °C, both nanogel solu-
tions exhibited a viscoelastic response because the nanogel was in liquid state.  

Figure 7.1    Temperature dependence of the transmittance (at 500 nm) and hydro-
dynamic diameter (Dh) for the 4.5 wt% nanogel (1·Br/egdMA = 5/1) in 
methanol.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
02

02
View Online

http://dx.doi.org/10.1039/9781788010535-00202


209Thermo-responsive Poly(Ionic Liquid) Nanogels Prepared

Both G′ and G″ increased when the temperature was lower than −7 °C. how-
ever, G′ increased more rapidly than G″. The sol–gel transition occurred 
when G′ was higher than G″ at about −7 °C for both nanogel solutions. The 
results obtained from the temperature-dependent oscillatory shear rheolog-
ical measurements further confirmed the sol–gel transition behavior of the 
nanogel solutions in methanol with a 1·Br feed ratio above 10.

To gain a deeper insight into the mechanism of the thermo-responsive 
behavior of the nanogels, 1h nMr spectra of 1·Br in different protonated sol-
vents were recorded. As shown in Figure 7.3, all of the signals confirmed the 
desired structure of 1·Br. A prominent characteristic found for 1·Br was the 

Figure 7.2    Shear storage modulus (G′) and shear loss modulus (G″) for the nano-
gels (at a concentration of 4.5 wt% in methanol) as a function of tem-
perature. (A) 1·Br/egdMA = 10/1; (B) 1·Br/egdMA = 15/1 (mol mol−1). 
Photographs show the corresponding appearance.

Figure 7.3    1h nMr spectra of 1·Br in different deuterium solvents.
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signal associated with the C-2 proton of the imidazolium ring, which could 
not be observed when the measurements were conducted in deuterated water 
and methanol. however, the signal emerged when the measurements were 
conducted in deuterated dMSo. Moreover, the addition of methanol into the 
1·Br solution in dMSo resulted in a significant decrease in the chemical shift 
and intensity of the C-2 proton of the imidazolium. The results indicate that 
the C-2 proton of the imidazolium can exchange with the protons of polar 
solvents such as water and methanol. Therefore, it is inferred that a strong 
h-bond can form between 1·Br and methanol.

In addition, the Ir spectra of dried imidazolium-based ILs present a prom-
inent absorption band at 3058 cm−1, which is attributed to the C–h stretching 
vibration for C–h⋯X−. upon uptake of water, the peaks associated with the 
aromatic C–h stretching vibration and the C–h stretching vibration of the 
C–h⋯X− shift to higher wavenumbers.56 According to Pimentel and McClel-
lan,57 the stretching mode of an A–h moiety shifts to lower frequencies upon 
h-bond formation. To elucidate the interactions between the nanogel and 
methanol, FTIr spectra of nanogel-containing methanol were continuously 
collected during a temperature-controlled process. As shown in Figure 7.4a, 
two prominent bands centered at around 3125 and 3060 cm−1 were observed, 
corresponding to the vibration region of the aromatic C–h stretching and 
the C–h stretching of C–h⋯Br−, respectively. however, when methanol was 
added, both of these bands shifted significantly to higher wavenumbers 
(3135 and 3087 cm−1, respectively) (see Figure 7.4b). Compared with these 
shifts, most of the other bands of the nanogel remained unchanged upon 
the addition of methanol. The upward shift in the frequency for the C–h 
stretching was consistent with h-bond disruption/diminution between the 

Figure 7.4    FTIr spectra of ImIL-based CLPn. (a) poly(egdMA-co-1·Br); (b) poly 
(egdMA-co-1·Br) containing methanol.
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imidazolium ring and Br− in the presence of methanol. In addition, the peaks 
downshifted to lower wavenumbers again when methanol was evaporated 
at higher temperature. Similarly, the downshift indicated the h-bond forma-
tion between the imidazolium ring and Br− due to the evaporation of methanol.  
At the same time, the position of the o–h stretching band of methanol 
shifted from 3425 cm−1 to 3409 cm−1, and the intensity decreased greatly. 
Therefore, the nanogel solution in methanol involves the partial replace-
ment of C–h⋯Br− bonds with h-bonds between the imidazolium ring and 
methanol. Considering these results, the formation of a thermo-reversible 
nanogel macrogel in methanol involved significant enhancement of h-bonds 
between the imidazolium ring, Br−, and methanol at lower temperatures. 
The formation of a similar h-bonded network was also observed in water.58 
Such a network could serve to enhance the enclosure of methanol, and ulti-
mately formed a physical macrogel (as illustrated in Scheme 7.7). When the 
temperature increased, the h-bonded network was destroyed, leading to the 
formation of a nanogel solution in methanol.

The morphology of the nanogel was examined using electron micros-
copy. From the transmission electron microscopy (TeM) images (see Fig-
ure 7.5A–C), spherical nanoparticles with sizes of less than 50 nm can be 
clearly observed. The sizes observed are smaller than those from the dLS 
measurements because the particles were swollen in the solution. Figure 
7.5d and e show SeM images of the nanogel obtained after precipitating the 
reaction solution using diethyl ether. The nanogel aggregated and formed 

Scheme 7.7    Plausible h-bonded network among the imidazolium ring, Br−, and 
methanol at lower temperatures.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
02

02
View Online

http://dx.doi.org/10.1039/9781788010535-00202


Chapter 7212

larger particles during the precipitation process. It can also be observed from 
Figure 7.5e that the aggregates were crystalline-like particles that consisted 
of spherical nanogels. however, Figure 7.5F shows that the cryo-dried nano-
gel gel has a regularly arranged structure. The crystal structure of the ImIL-
based nanogel may result from poly(1·Br) chains on the nanogel surface.

Moreover, we also prepared 1,n-butanediyl-3,3′-bis-1-vinyl imidazolium 
halides (BIm, n = 6, 8, or 12).59 Stable BIm-based nanogels could also be 
obtained through one-step cross-linking copolymerization in a selective sol-
vent. These BIm-based nanogels were found to be thermo-responsive. Their 
thermo-induced phase transformation behaviors were investigated using 
turbidimetry and dLS. Figure 7.6 shows the temperature dependence of the 
turbidity and particle diameter for 5.0 wt% nanogel solutions in methanol. 
All these nanogel solutions are blue opalescent and translucent above a cer-
tain temperature, and suddenly turned cloudy below that temperature. For 
example, the transmittance of one nanogel solution ([C6VIm]Br : egdMA = 5 : 1,  
Figure 7.6a) is above 80% at a temperature of 18 °C. nonetheless, the 

Figure 7.5    representative TeM (A, B, and C) and SeM (d, e, and F) images of the 
nanogels. (A) 1·Br/dVB = 10/1; (B) nanogel prepared in ethanol; (C) 1·Br/
egdMA = 10/1; (d) 1·Br/dVB = 10/1; (e) 1·Br/egdMA = 10/1; (F) cryo-
dried gel (1·Br/egdMA = 10/1).
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transmittance dropped promptly to below 10% when the temperature 
decreased to 13 °C. The discrete transition that occurred within a narrow 
temperature change indicates that the nanogels are thermo-sensitive parti-
cles with a uCST. The thermo-sensitive behavior of the nanogels was further 
confirmed by dLS measurements. The hydrodynamic diameter (Dh) of the 
nanogels increased rapidly from below 100 nm to the micrometer scale in 
the same temperature range. These results reveal that the free nanogels were 
suddenly desolvated to form large aggregates, and precipitated from the sol-
vent below the uCST. The morphology of the as-prepared nanogels was also 
examined using SeM. As shown in Figure 7.7, spherical particles with sizes 
of less than 200 nm can be clearly observed. Most of the particles are smaller 
than the corresponding hydrodynamic diameter determined by dLS.

The results above revealed that the thermo-response of the PIL-based 
nanogels was attributed to hydrogen bonding interactions between the 
nanogels. unfortunately, this strategy is infeasible when it comes to ILs 
that cannot form hydrogen bonding interactions.51,52 As a result, it can be 
inferred that introducing h-bonding interactions is an efficient technique to 
fabricate novel thermo-responsive polymeric nanomaterials based on PILs. 
hydroxyl, amino and carboxyl groups are the most commonly used groups to 
construct h-bonding systems. Therefore, hydroxyl- and carboxyl-containing 
ILs, including 1-vinyl-3-hydroxyethylimidazolium bromide ([VheIm]Br) and 

Figure 7.6    Temperature dependence of the transmittance at 500 nm and hydro-
dynamic diameter (Dh) of 5 wt% nanogels in methanol. (a) [C6VIm]
Br : egdMA = 5 : 1; (b) [C6VIm]Br : egdMA = 10 : 1; (c) [C6VIm]Br : dVB = 
3 : 1; (d) [C6VIm]Br : dVB = 10 : 1.
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1-vinyl-3-carboxyl methylimidazolium chloride ([VCMIm]Cl) (as shown in 
Scheme 7.8a), were prepared and copolymerized with cross-linkers in meth-
anol.60 owing to the h-bonding interactions between the hydroxyl (carboxyl) 
groups, the as-prepared nanogels were capable of reversible thermo-respon-
sive performance. Thereby, our findings prove that introducing h-bonding 
interactions is an efficient strategy to fabricate thermo-responsive polymeric 
nanogels based on PILs through one-step synthesis (see Scheme 7.8b).

[VheIm]Br and [VCMIm]Cl were synthesized according to the reported 
methods, and characterized using MS, 1h and 13C nMr measurements. how-
ever, it was found that the particles in the micrometer range precipitated 
from the solvent when the above monomers were copolymerized directly 
with the cross-linkers under the same conditions reported. This is possibly 
due to the lower reaction ratio of these as-prepared monomers compared 
with the cross-linkers.51 To obtain stable nanogel solutions, two common 
IL-based monomers, 4-vinylbenzyl-triphenylphosphorous chloride (VBP-Ph) 
and 3-(4-vinylbenzene)-1-vinylimidazolium chloride ([VBVIm]Cl), were syn-
thesized, and copolymerized with [VheIm]Br and ([VCMIm]Cl) under identi-
cal conditions. The results revealed that stable and blue opalescent nanogel 
solutions could be obtained when VBP-Ph and [VBVIm]Cl were used as the 
co-monomers. In previous studies, it has been demonstrated that VBP-Ph 

Figure 7.7    SeM images of BIm-based nanogels. (a) [C6VIm]Br : egdMA = 10 : 1; (b) 
[C8VIm]Br : egdMA = 10 : 1; (c) [C6VIm]Br : egdMA = 5 : 1; (d) [C6VIm]
Br : egdMA = 3 : 1. The scale bar is 500 nm.
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and [VBVIm]Cl are more active monomers and can stabilize nanogels in 
methanol. Therefore, ternary copolymerization is an efficient approach to 
prepare stable nanogels comprising hydroxyl and carboxyl groups.

The as-prepared nanogel solutions are blue opalescent and translucent at 
higher temperatures. owing to the presence of hydrogen-bonding interac-
tions resulting from hydroxyl or carboxyl groups, the as-prepared nanogels 
are promising as thermo-responsive materials. It was found that they sud-
denly turned cloudy at lower temperatures. To specify the transition behav-
iors with the temperature change, the behavior of these nanogel solutions 
was monitored using the turbidimetric method. As summarized in Figure 
7.8a, the transmittance of the PIL-based nanogel solutions is above 70% 
except for ng18, which is of lower transmittance due to its higher concentra-
tion and larger size. With a decrease in temperature, a sharp decrease in the 
transmittance could be observed. The discrete transition induced by the tem-
perature indicates that the PIL-based nanogels are thermo-responsive and 
exhibit uCST transition performances. ng10 and ng12 presented a sharper 
transition compared with the others. This is possibly because the concentra-
tions of the nanogels were different and the temperature was not automati-
cally controlled. Additionally, the uCSTs of the as-prepared nanogels were 

Scheme 7.8    Chemical structures of IL-based monomers and the as-prepared nano-
gels (a) and schematic illustration of the preparation of PIL-based 
nanogels and their thermo-responsive behavior (b).
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further measured by dSC. The results indicated that the uCST of these nano-
gels is highly dependent on the composition. For example, the uCST of ng4 
(32.5 °C) is much higher than that of ng2 (13.3 °C), and the uCST of ng16 
(18 °C) is lower than that of ng18 (23.2 °C). Combining the dLS data,60 it can 
be found that the more functional IL monomers ([VheIm]Br and [VCMIm]Cl)  
in the feed ratio will enhance the uCST of the as-prepared nanogels. 
This result can be reasonably attributed to the hydrogen bonding interac-
tion coming from [VheIm]Br and [VCMIm]Cl. The more [VheIm]Br and 
[VCMIm]Cl are fed in during ternary copolymerization, the more hydrogen 
bonding interactions will be produced. Therefore, a higher uCST could be 
achieved. When the feed ratio of [VCMIm]Cl, VBP-Ph and egdMA is 10 : 1 : 2 
(ng13), the nanogel solution can transform into macrogel at temperatures 
below 20 °C. As demonstrated in Figure 7.8b, both G′ and G″ are very low and 
in the same range when the temperature is above 20 °C, which demonstrates 
that the nanogel solution exhibited a viscoelastic response. When the tem-
perature decreases, both G′ and G″ increased; however, G′ increased much 
more rapidly than G″. A sol–gel transition occurred when G′ was higher than 
G″ at around 20 °C. The results obtained from the temperature-dependent 
oscillatory shear rheological measurements confirmed the sol–gel transition 
behavior of the [VCMIm]Cl-based nanogel solution in methanol. Moreover, 
all of these temperature-induced transitions are reversible. dSC measure-
ment revealed that the uCST of the PIL-based nanogels could be tuned from 
−1 °C to 40 °C via changing the feed ratio. Therefore, our findings further tes-
tify that introducing h-bonding interactions into IL monomers is an efficient 
approach to achieve thermo-responsive PIL-based nanogels.

Figure 7.8    Thermo-responsive behavior of PIL-based nanogels. (a) Temperature 
dependence of the transmittance (at 500 nm) curves of the as-prepared 
nanogel solutions with different feed ratios. (b) Shear storage modu-
lus (G′) and shear loss modulus (G″) for ng9 in methanol solutions  
(12.5 wt%) as a function of temperature. ([VheIm]Br : VBP-Ph : egdMA =  
3 : 1 : 2 (ng2); 8 : 1 : 2 (ng4); [VCMIm]Cl : VBP-Ph : egdMA = 2 : 1 : 2 
(ng10); 8 : 1 : 2 (ng12); [VCMIm]Cl : [VBVIm]Cl : egdMA = 1 : 1 : 3 (ng16); 
4 : 1 : 3 (ng18); [VheIm]Br : [VBVIm]Cl : egdMA = 10 : 1 : 2 (ng9), molar 
ratio).
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until recently, most thermo-responsive polymers were obtained through 
the polymerization of specific monomers whose structures or properties 
change reversibly in response to temperature after the reaction. even in 
our cases of thermo-responsive PIL-based nanogels, it is prerequisite that 
the IL monomers are capable of forming hydrogen bonding interactions. 
Therefore, it will be a challenge to develop a versatile strategy suitable for 
monomers without the aforementioned features for the preparation of ther-
mo-responsive polymers.

reversible addition–fragmentation chain transfer (rAFT) polymerization 
is a versatile and efficient technique for the preparation of polymers with 
controlled structures and molecular weights. however, there have been few 
reports regarding the utilization of the functional groups of the chain transfer 
agent (CTA) to fabricate stimuli-responsive polymers through rAFT polymer-
ization. To confirm our hypothesis, we prepared three CTAs (see Scheme 7.9). 
CTA3 without a carboxyl group was used as a control study. Then, the as-pre-
pared IL monomers were copolymerized with cross-linkers via a rAFT polym-
erization process in a selective solvent. due to the introduction of carboxyl 
groups from the CTAs, these PIL-based nanogels can transform reversibly 
from a nanogel solution into a macrogel with a change in temperature, and 
display reversible thermo-responsive behaviors. SeM, dLS, dynamic rheology, 
and variable temperature FTIr measurements were used to characterize the 
transformations, and a plausible mechanism for the thermo-reversible tran-
sition was suggested. PIL-based nanogels are also ph-sensitive and can be 
further decorated by surface grafting polymerization. Consequently, a simple 
and robust strategy for the preparation of stimuli-responsive polymer nano-
gels is demonstrated in this study, as well as a novel application of CTAs.61

As shown in Scheme 7.10, it can be seen that PIL-based nanogels were pre-
pared successfully through rAFT cross-linking copolymerization. The nano-
gel solutions were very stable and could be stored without any precipitation 

Scheme 7.9    Chemical structures of CTAs and IL monomers prepared in this study.
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for more than several months. The PIL-based nanogels were observed to be 
thermo-responsive when trithiocarbonates containing carboxyl groups (CTA1 
and CTA2) were used as the CTA. Phosphorous-based nanogel solutions in 
methanol, as well as imidazolium-based nanogel solutions, transformed 
reversibly into macrogels when the temperature changed in the range of 
−10 °C to 20 °C. The formation of free-standing physical macrogels was con-
firmed by a tube inversion test at lower temperatures. In contrast, the nano-
gel solutions remained in the form of free-flowing, low-viscosity fluids when 
CTA3 was used in the synthesis (see Scheme 7.10). Presumably, the gelation 
transition results from the formation of a hydrogen bonding network due to 
the presence of carboxyl groups. hence, the nanogels prepared through CTA3 
could not form gels due to the lack of carboxyl groups. As described in pre-
vious studies,50,51 nanogels prepared using phosphorous-based monomers 
were not thermo-responsive due to the lack of groups capable of forming 
hydrogen bonding. however, through introducing CTAs containing carboxyl 
groups, thermo-responsive nanogels based on phosphorous IL monomers 
could also be achieved through rAFT cross-linking copolymerization.

The oscillatory temperature sweep profiles of the phosphorous- and imid-
azolium-based nanogel solutions in methanol are shown in Figure 7.9. A 
sharp increase in G′ and G″ of both the phosphorous- and imidazolium-based 
nanogel solutions was clearly observed as the temperature decreased, which 
was associated with the gelation process. however, the rate of increase of 
G′ was significantly faster, as elastic properties became dominant. Thus, the 
results indicate that the sol–gel phase transition of the PIL-based nanogel 
solutions can be achieved by decreasing the temperature. The Tgel of the phos-
phorous-based nanogels was observed to increase with the feed ratio of CTA1 
in the rAFT copolymerization. For instance, the Tgel of the nanogel is above 
10 °C when the molar feed ratio of CTA1 to AIBn is 10 (1P10e10C1), while 

Scheme 7.10    Schematic representation of the preparation of PIL-based nanogels 
via rAFT cross-linking copolymerization and their thermo-respon-
sive behaviors.
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Tgel is below zero when the molar feed ratio of CTA1 to AIBn is 3 (1P10e3C1). 
The same trend can be seen for the Tgel of the imidazolium-based nanogel 
solutions. Additionally, the Tgel of the nanogel prepared by using CTA1 in the 
rAFT copolymerization was found to be higher than that measured using 
CTA2 under identical conditions. Therefore, it can be inferred that a higher 
Tgel can be achieved when there are more carboxyl groups in PIL-based nano-
gels. It is also important to note that the Tgel of the VBVIm-based nanogel 
(above 15 °C) is the highest among all of the as-prepared nanogels. According 
to our previous study,53 the C-2 protons in the imidazolium rings of the VIm-
based ILs can exchange with the protons in protic solvents, such as water and 
alcohols. Similar behavior was also observed in VBIm-based IL monomers. 
Therefore, the fact that the VBVIm-based nanogels exhibit the highest Tgel 
can be attributed to the enhanced hydrogen bonding interactions resulting 
from the carboxyl groups of CTA and the C-2 proton in the imidazolium ring.

As demonstrated in previous studies, hydrogen bonding interactions are 
responsible for the thermo-responsive behaviors of PIL-based nanogels. To 
clearly establish the role of hydrogen bonding interactions in nanogels pre-
pared via rAFT cross-linking copolymerization, control experiments using a 
CTA without a carboxyl group were conducted. As illustrated in Scheme 7.11, 
the nanogel prepared via CTA3 presented no response to a change in tem-
perature. Additionally, the macrogel could be destroyed by the addition of 
et3n. These results demonstrate that the PIL-based nanogels are ph-respon-
sive, further confirm that the thermo-responsive behavior of PIL-based nano-
gels is due to the presence of carboxyl groups in CTA. The destroyed macrogel 
could not be recovered when trifluoroacetic acid (TFA) was added, likely due 
to the formation of a TFA–et3n salt, which can interfere with hydrogen bond-
ing. however, when the TFA–et3n salt was removed by dialysis, a macrogel can 
achieved again. Therefore, a plausible mechanism for the reversible thermo- 
responsive behaviors of the PIL-based nanogels is illustrated in Scheme 7.11. 

Figure 7.9    Shear storage modulus (G′) and shear loss modulus (G″) for phos-
phorous- and imidazolium-based nanogels in methanol solutions 
(10.0 wt%) as a function of temperature.
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PIL-based nanogels are solvated by methanol at higher temperatures (above 
Tgel), and PIL-based nanogels are well dispersed in the solution. As the tem-
perature decreases below Tgel, the hydrogen bonds between the nanogel and 
methanol are replaced by those between the nanogels, which results in the 
formation of a nanogel network.

rAFT polymerization has been prevailingly employed to control the struc-
ture and molecular weight of polymers. however, the advantages of rAFT 
polymerization were not utilized during the preparation of PIL-based nano-
gels due to their highly cross-linked structure. To explore further advantages 
of rAFT polymerization using the current strategy, surface graft polymeriza-
tion on PIL-based nanogels was investigated using a traditional thermo-re-
sponsive compound, N-isopropylacrylamide (nIPAAm), as the monomer. As 
illustrated in Scheme 7.12, graft polymerization on the PIL-based nanogels 
occurred readily at 70 °C in methanol in the presence of nIPAAm and AIBn. 

Scheme 7.11    Plausible mechanism for the reversible thermo-responsive behaviors 
of PIL-based nanogels.

Scheme 7.12    Schematic illustration of surface graft polymerization on PIL-based 
nanogels and their thermo-responsive performances.
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Following the polymerization, the possible free monomers and PnIPAAm 
homopolymers in the as-prepared solutions were thoroughly removed by 
dialysis against deionized water. The nanogel aqueous solutions were then 
lyophilized. In order to confirm the successful formation of PnIPAAm-g-nano-
gels, dLS, dynamic rheological analysis, FTIr, SeM, element analysis, and 
XPS measurements were conducted.

Firstly, the retention of the trithiocarbonate group derived from CTA in 
the PIL-based nanogels was confirmed by FTIr spectroscopy. The stretch-
ing vibration absorptions of S=C and C–S–C in the trithiocarbonate can be 
found at 1169 and 1065 cm−1, respectively.61 In addition, XPS results (see Fig-
ure 7.10) show the presence of S elements on the surface of the as-prepared 
nanogels. Therefore, the PIL-based nanogels could then be used as the mac-
roCTA for graft copolymerization with nIPAAm. After the graft polymeriza-
tion, the PIL-based nanogel solutions displayed uniform opalescence with 
a pale blue color in comparison to the bright yellow solution before graft 
polymerization. Additionally, strong scattering of light occurred when using 
a laser pointer on the samples after PnIPAAm grafting. XPS results show that 
the content of nitrogen increases a lot due to the grafting of PnIPAAm. Most 
importantly, these solutions were able to transform into free-standing phys-
ical macrogels when the temperature increased, as demonstrated by a tube 
inversion test. The sizes of the PnIPAAm-g-nanogels were also measured, 
and were observed to increase more rapidly at higher feed ratios of nIPAAm 
to AIBn. It is reasonable that PnIPAAm of higher molecular weight can be 
obtained when the nIPAAm feed is increased in the polymerization process. 
grafting of PnIPAAm had a minimal influence on the PdI of the nanogels, 
and the nanogels were still positively charged, as determined by dLS mea-
surements. These results provide evidence that PnIPAAm was successfully 
grafted onto the PIL-based nanogels.

Figure 7.10    XPS S2p (a) and n1s (b) peaks of PIL-based nanogels before and 
after PnIPAAm grafting. In the abbreviation of the sample num-
ber “1P10e5C1”, “1P10e” denotes that the feed ratio of VBP-Ph and 
egdMA is 1 : 10; “5” denotes the feed ratio of CTA to AIBn; “C1” 
denotes CTA1. All other abbreviations are denoted similarly.
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7.4   Summary and Outlook
Polymer nanoparticles have found extensive applications in versatile fields. 
however, the preparation of stable and functionalized polymer nanoparti-
cles usually requires complicated manipulations. Incorporating the unique 
properties of ILs into the polymer nanoparticles gives a new class of poly-
meric materials. As an emerging interdisciplinary topic among polymer 
chemistry and physics, materials science, catalysis, separation, analytical 
chemistry, and electrochemistry, PILs are attracting increasing interest. our 
one-step synthesis provides another optional technique to fabricate these 
kinds of polymer nanoparticles. Additionally, to endow nanoparticles with 
thermo-responsive behavior, we found that introducing hydrogen bond-
ing interactions is a powerful strategy. Considering the designability of the  
cations and anions of ILs, polymer nanoparticles with multistimuli-responsive  
behavior could be devised and prepared. our present studies demonstrated 
that photo- or redox-responsive nanogels based on PILs could also be 
achieved through introducing azobenzene units and disulfide bonds.62 our 
studies thus provide a new platform for the fabrication of stimuli-responsive 
nanomaterials, as well as to explore the potential applications of ILs in smart 
polymers.
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8.1   Introduction
   

“I am enough of the artist to draw freely upon my imagination. Imagination is 
more important than knowledge. Knowledge is limited. Imagination encircles 
the world.” Albert Einstein.1

   
Although the first synthesized ionic liquid was reported at the beginning 

of the last century, we had to wait until the 1990s to see the great innovation 
of this family of compounds. Since then, ionic liquids and their derivatives 
have attracted a lot of interest from the scientific world and have become a 
real pluridisciplinary field. So, what makes ionic liquids different from other 
compounds? According to the common definition, an ionic liquid is a mol-
ten salt with a melting temperature below 100 °C. The characteristics  that 
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Chapter 8226

can be attributed to ionic liquids are a wide liquidus range, very low vapor 
pressure, and thermal stability with unusual solvent properties. These prop-
erties make ionic liquids one of the best choices as solvents for green chem-
istry and for sustainability science. overcome with knowledge about  ionic 
liquids at this time, researchers’ and scientists’ imaginations make ionic liq-
uids rather more useful than only being used in organic synthesis. Thus, the 
limits are being further pushed to tailor the physico-chemical properties of 
ionic liquids by generating new structures for use in the field of electrochem-
istry, in which the development of this type of compound becomes unlim-
ited. Within this chapter, we will focus on describing the use of ionic liquids 
and their derivatives in electrochemistry and their potential applications in 
electrochemical devices.

8.2   Electrochemistry in Ionic Liquids
in  1982,  dialkylimidazolium  chloroaluminate-based  ionic  liquids  were  the 
very first  room-temperature  ionic  liquids  (rTils)  to enter  into  the electro-
chemistry field for use in the electrodeposition of aluminum, according to 
the reported work by Wilkes and co-workers.2 Since then, different studies 
have been performed in order to investigate the electrochemical behaviors 
not only of ionic liquids themselves, but also of other materials in ionic liq-
uids.  From  an  electrochemical  point  of  view,  ionic  liquids  simultaneously 
play  the  role  of  a  solvent  and  a  supporting  electrolyte.  A  good  electrolyte 
for electrochemical measurements and for devices should exhibit a strong 
resistance to electro-oxidation and reduction. This behavior is indicated by 
a large electrochemical window (EW). For different families of ionic liquids 
(imidazolium, pyrrolidium, ammonium, etc.), a broad EW was observed (3.5 
to 6 V), which depends upon the composition of the ionic liquid as listed in 
Table 8.1.

Compared with  the usual organic solvents  in use nowadays, whose EWs 
result  partially  from  the  interactions  between  the  electrolyte  and  the  sol-
vent, the EW of ionic liquids is as an intrinsic value that is characteristic for 
each ionic liquid structure. in addition, the vapor pressure of rTils is much 
lower than that of other organic solvents providing strong stability over time, 
which  is  extremely  beneficial  for  long-term,  non-volatile  electrochemical 
devices.  By  possessing  advantageous  electrochemical  properties,  ionic  liq-
uids are being used in numerous applications in the electrochemistry field, 
especially for electrodeposition processes. indeed, a large variety of metals, 
metal oxides and semiconductors have been deposited in ionic liquid media.

8.2.1   Electrodeposition of Metals, Metal Alloys and 
Semiconductors

As mentioned in the previous subsection, the first metal to be electrodepos-
ited in an ionic liquid was aluminum. The main problem with this process 
is that the precursor, AlCl3, which is a lewis acid, is highly sensitive to the 
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227Redox-active Immobilized Ionic Liquids and Polymer Ionic Liquids

presence of water, which induces the formation of basic AlCl3 and as a conse-
quence inhibits the electrodeposition process. however, this deposition pro-
cess becomes much more feasible in an ionic liquid11 and the morphology 
of the deposits can also be controlled.12 From this successful process, a large 
number of metals and metal alloys (pd, Cu, Fe, Al–mn, etc.) have been elec-
trodeposited onto different substrates in ionic liquid media.13–15

Besides the electrodeposition of different metals, the electrodeposition of 
semiconductors in ionic liquids has also been investigated. only a few pub-
lished studies mention the use of ionic liquids for the electrodeposition of 
semiconductors.15–17 despite the feasibility of generating different SCs on a 
surface  (iV,  iii–V,  and  p-type  SCs)  from an  il,  the  main problem  with  this 
process is the homogeneity of the generated surface.

8.2.2   Electropolymerization of Conducting Polymers
in this context, it would be remiss not to discuss the possible electropolymer-
ization of conducting polymers in ionic liquid media. high quality, homoge-
neous  and  smooth-surface  poly(3-alkylthiophene)s  were  electrochemically 
prepared in [1-But-3-meim+][pF6

−] as promising materials for electrochromic 
devices.18 Another typical example  is  the electrochemical polymerization of 
poly(aniline), which is well-known for its use in energy applications. in addi-
tion, CF3Cooh-doped poly(aniline) nanotubule structures, with a diameter of 
around 120 nm, were obtained after electrochemical polymerization in an il 
solution containing aniline monomers and trifluoroacetic acid19 (Figure 8.1).

Table 8.1    Typical electrochemical windows of different types of ionic liquid.

ionic liquidref

Cathodic 
potential 
limit (V)

Anodic 
potential 
limit (V)

Electrochemical 
window (V)

reference 
electrode

Working 
electrode

[1-Et-3-meim+]
[Tf2n−]3

−1.8 2.3 4.1 i−/i3
− pt

[1-Et-3-meim+][oTf−]3 −1.7 2 3.7 i−/i3
− pt

[1-Bu-3-meim+] 
[BF4

−]4
−1.6 2.5 4.1 pt QrE pt

[1-Bu-3-meim+] [pF6
−]4 −1.6 2.55 4.15 pt QrE pt

[1,2-me2-3-prim+]
[Tf3C−]5

0.28 5.65 5.37 li+/li gC

[1,2-me2-3-prim+]
[Tf2n−]5

0.2 5.4 5.2 li+/li gC

[1-me-3-prpyrro+]
[Tf2n−]6

−2.5 2.8 5.3 Ag Wire pt

[1-Bu-3-mepyrro+]
[Tf2n−]7

−3 2.5 5.5 Ag/Ag+ gC

[Et3hexAmm+][Tf2n−]8 −2.5 2 4.5 Ag/Ag+ gC
[Butpyri+][BF4

−]9 −1 2.4 3.4 Ag wire pt
[Et3S+][Tf2n−]10 −2 2.7 4.7 pt gC
[But3S+][Tf2n−]10 −2.1 2.8 4.8 pt gC
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Chapter 8228

others conducting polymers have also been electrochemically synthesized 
in  ionic  liquids,  such  as  poly(pyrrole),20  poly(p-phenylene),21  and  poly(3,4- 
ethylenedioxythiophene).22 Compared to a classical solvent, the use of ionic 
liquids as an electrolytic medium provides different morphological structures 
and offers new interface properties.

8.3   Redox-active Ionic Liquid
in the previous subsection, the different aspects of electrochemistry in ionic 
liquids were briefly described. nevertheless, the potential of ionic liquids in 
electrochemistry is much more considerable than just being limited to their 
use as a  solvent–electrolyte. recently, new  families of  ionic  liquids known 
as “task specific ionic liquids” have been introduced that are based on ionic 
liquids bearing functional groups. As an example, the introduction of a redox 
group  to an  ionic  liquid  framework  led  to  the  formation of a new class of 
ionic liquids labeled as redox-active ionic liquids. The first redox-active ionic 
liquids  were  prepared  by  grätzel’s  group  in  2004;  they  contained  a  redox 
active counter-anion ([i−] and [SeCn−]) and were successfully used in a dye 
sensitized solar cell system.23,24 r. Balasubramanian et al. in 2006 reported 
the  electrochemical  behaviors  of  ferrocenated  imidazolium  compounds25 
whose ferrocenyl group is connected to the imidazolium ring by an organic 
linker (Figure 8.2, left).

This work shows that  the viscosity of  the redox  ionic  liquid depends on 
the  length of  the  linker and  the side chains.  in Figure 8.2,  right,  the elec-
trochemical response of the undiluted ferrocenated ionic liquid is strongly 
influenced  by  the  temperature  and,  as  a  consequence,  the  viscosity  of  the 

Figure 8.1    SEm images of pAni deposited onto iTo synthesized from BmipF6 con-
taining 1.0 m CF3Cooh. reprinted from Electrochemistry Communi-
cations, 8 (10), d. Wei, C. kvarnström, T. lindfors, A. ivaska, polyaniline 
nanotubules obtained  in  room-temperature  ionic  liquids, 1563–1566, 
Copyright (2006) with permission from Elsevier.19
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229Redox-active Immobilized Ionic Liquids and Polymer Ionic Liquids

medium  following  the  Williams–landel–Ferry  (WlF)  model.26  Compared 
to the electrochemical behavior of ferrocene in solution, a positive shift in 
terms of the formal potential is observed for the ferrocenated ionic liquid. 
indeed,  linking an electron attractor group (imidazolium) to  the  ferrocene 
induces a withdrawing effect due to the positive charge. The electron density 
of ferrocene decreases, resulting in a lower energy level of the highest occu-
pied  molecular  orbital  (homo)  and  an  increase  in  terms  of  the  oxidation 
potential.27

recently, a hybrid redox system based on imidazolium ionic liquids was 
investigated by X. Chen et al.28 A mixture of 2  redox  ionic  liquids contain-
ing  imidazolium  functionalized  with  2,2,6,6-tetramethyl-piperidinyl-1-oxyl 
(TEmpo)[TFSi−] and [1-pro-3-meim+][i−] was used to produce a gratzel-type 
cell. The reported bi-redox couple electrolyte showed strong absorption only 
in the uV region and a higher redox potential compared with the i−/i3

− redox 
couple.

later, a bi-redox ionic liquid molecule was reported by o. Fontaine et al.29,30 
in these studies, a series of ionic liquids containing anions and cations that 
are  functionalized  with  anthraquinone  (AQ)  and  TEmpo  moieties,  respec-
tively, was electrochemically studied (Figure 8.3).

Tethering redox-active moieties onto both the cation and the anion allows 
the density of the redox-active groups in the liquid state to be increased up to 
the bulk density of a redox-active solid. in addition, the bi-redox il provided 
double the specific energy in a supercapacitor based on activated carbon and 
graphene oxide electrodes compared to  the same approach without redox- 
active groups. At the same time, the power capability and cycling stability 

Figure 8.2    (left) intrinsically electroactive ionic liquids. (right) (A) CV (10 mV s−1) 
of undiluted 8.pF6 with a 12.5 µm radius pt microdisk electrode, under 
vacuum at the indicated temperatures. (B) CV of 1‚Ch3‚pF6 (right curve) 
and carboxylated 3‚Ch3‚pF6 (left curve) in dilute Ch2Cl2 solution with 
0.2  m  Bu4nClo4  electrolyte.  (C)  digitally  simulated  (blue  curve)  CV 
(10 mV s−1) of undiluted 8.pF6 at 75 °C, compared to the experimental 
results (red curve). The green curve is the ideal CV curve with no irunC 
effect. Adapted with permission from ref. 25. Copyright (2006) American 
Chemical Society.
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Chapter 8230

were  maintained.  The  enhanced  capacitance  is  sustained  for  2000  cycles 
without degradation. moreover, the bi-redox il enabled high-capacity/high-
rate charge storage, overcoming a major hurdle for high-energy supercapac-
itors, opening up a wide new field for redox materials and their applications.

8.4   Immobilization of Ionic Liquids and  
Redox-active Ionic Liquids

8.4.1   Introduction
From laboratory research to real-life applications, the role of surface modifi-
cation with organic layers is always crucial. indeed, the atoms at the surface of 
a material behave completely differently compared to the bulk atoms because 
of the leakage in terms of the coordination number. As a consequence, they 
have a different free energy, density of states, structure and reactivity. Thus, 
the  attachment  of  organic  molecules  onto  the  surface  is  considered  to  be 
a  facile  approach  to  provide  novel  physico-chemical  properties  to  mate-
rials.31,32  The  immobilization  of  organic  molecules  has  been  successfully 
integrated in several applications, including smart surfaces, molecular elec-
tronics, photovoltaics, catalysis and surface wettability, and several reviews 
have been devoted to this topic and related applications.33–40 it is well-known 
that the surface atoms are more reactive than the other atoms in the bulk 
of  the  material,  which  implies  the  enhancement  of  the  physisorption  and 
chemisorption of molecules from the ambient environment at the surface.  

Figure 8.3    Comparison of charge storage  in an EdlC with an  il electrolyte and 
a  bi-redox  il-enhanced  pseudocapacitor.  (a)  Structure  of  the  herein 
used BmimTFSi il and the bi-redox il comprising a perfluorosulfonate 
anion bearing an anthraquinone moiety (AQ–pFS−) and a methyl imid-
azolium cation bearing a TEmpo moiety  (mim+–TEmpo·).  (b) and  (c) 
Charge storage in a purely capacitive EdlC comprising porous carbon 
electrodes and an il electrolyte. reprinted with permission from mac-
millan publishers ltd: Nature Materials (ref. 30). Copyright (2016).
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231Redox-active Immobilized Ionic Liquids and Polymer Ionic Liquids

introducing an organic layer onto the surface could act as an organic barrier 
for protection and/or to generate new interfaces involving novel properties, 
which  can  be  helpful  in  different  fields  such  as  anti-corrosion,  super-hy-
drophobic/super-hydrophilic  surfaces,  inks  and  paints,  etc.  ionic  liquids 
could  also  be  deposited  onto  a  surface,  providing  new  properties  to  the 
interface.41–45

8.4.2   Approaches to form Thin Layers of Ionic Liquids
Self-assembled monolayers (SAms) of organic molecules consist of organic 
assemblies  formed  by  the  well-arranged  adsorption  of  organic  molecules 
that have a specific functionalized head group from the solution or the gas 
phase onto the surface of a solid or onto the surface of a liquid (in the case 
of liquid metals and its alloys). The most widely studied branch of SAms is 
the adsorption of alkanthiols on gold, silver and copper. The strong affinity 
of thiols (–Sh) for the surface of noble metals is the key factor leading to the 
generation of well-defined organic  layers  that have other  functionalities at 
the exposed interface.

Thiol-terminated imidazolium-based ionic liquids have been immobilized 
onto Au substrates by dipping the Au substrate into a millimolar ethanolic 
solution of the thiol-terminated il for a few hours.41 This procedure is widely 
used for the formation of alkanethiols on gold substrates (Figure 8.4).

Actually,  a  well-defined  structure  of  the  SAm  can  only  be  achieved  by 
immersing the substrate for a few hours in order to overcome the slow rear-
rangement rate of the adsorbates. different parameters such as temperature, 
purity  of  the  adsorbate,  concentration  of  oxygen  in  the  solution,  solvent, 
immersion time, etc., should be considered to achieve a good SAm. A gener-
alized scheme of the surface modification of a noble metal by a thiol-termi-
nated il SAm is presented in Figure 8.4.

B.  lee  et al.41  also  demonstrated  direct  counter-anion  exchange  from 
the  1.9  nm  il-SAm  layer  by  simple  immersion  of  the  ionic  liquid-modi-
fied substrate  into different solutions containing the target counter-anion.  

Figure 8.4    Self-assembled monolayer of a thiol-functionalized imidazolium-based 
ionic liquid on a noble metal (Au, Ag, Cu, etc.).
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Chapter 8232

The influence of the counter-anion on the water wettability of the substrate 
was also demonstrated. different counter-anions were  found to  influence the 
water contact angle  of  the substrate  in  the  following  order: nTf2

−  > pF6
−  > 

CF3So3
− > Clo4

− > BF4
− > Br−. Shortly after this work, an il-SAm on a gold sub-

strate was reported to be able to exhibit selective redox-switchable behaviors 
toward ru3+/ru2+ in the presence of [Fe(Cn)6]3− as a counter-anion.42 The elec-
trons pass through the il-SAm layer in the presence of [Fe(Cn)6]3− showing 
the redox signal of the ru3+/ru2+ couple. however, the detected signal is cut-
off by adding SCn− or oCn−  into the solution. A self-assembled monolayer 
of ionic liquid was also applied to gold nanoparticles in order to selectively 
detect counter-anions46 or to make a new class of enzymatic biosensors47 by 
studying the displacement of the plasmonic band of the il-functionalized Au 
nanoparticles.

Besides  the  formation  of  a  self-assembled  monolayer  using  thiol-termi-
nated ils on noble metal surfaces, il-SAms can also be formed on hydroxyl- 
modified  surfaces  by  using  alkoxysilanes  bearing  imidazolium  moieties.  As 
reported by B. gadenne et al.,48 well-ordered silica particles were synthesized 
via  template-directed  polycondensation  of  triethoxysilylated  imidazolium. 
The materials prepared via this technique depend strongly on the length of 
the alkyl side chain. Whereas a short alkyl chain (methyl, allyl) gave a lamellar 
structure, longer chains lead to the formation of nanostructured silica with 
hexagonal symmetry, which can be attributed to the micellar arrangement of 
the surfactant molecules. in the case of short chains, the ionic liquid mole-
cules interact only with the polar head of the surfactant, while in the case of 
longer chains, in addition to the interaction described for the previous case, 
the alkyl chain of the ionic liquid can also interact with the hydrophobic tail 
of  the  surfactant  by  being  incorporated  into  a  micellar  arrangement.  more 
recently, the surface of modified silica gels functionalized with a monolayer of 
covalently  attached  1-(1-trimethoxysilane)propyl-2,3-dimethyl-imidazolium 
chloride, tetrafluoroborate or hexafluorophosphate ionic moieties was used 
to catalyze the aldol reaction. later, m. zhang et al.49 proposed the use of silica 
spheres modified with an ionic liquid to make stationary phases for hplC, 
thanks to their facile preparation, high bonding amount and excellent design 
ability as illustrated in Figure 8.5. Besides the alkoxysilane group, other func-
tional groups can be used for the formation of a self-assembled monolayer via 
a condensation process, such as alkylphosphonium-bearing ionic liquids.50

in parallel with the self-assembled monolayers of ionic liquids with highly 
oriented molecules, the electrochemical grafting of a thin layer of ionic liq-
uid with an electrochemically assisted method  is also considered to be an 
efficient way to immobilize ionic liquid moieties onto a conductive substrate. 
This  method  involves  the  generation  of  radicals  from  oxidizable  or  reduc-
ible group by applying a suitable potential  to  the substrate. Although  this 
technique is one of the most powerful, there are very few reports on surface 
functionalization with molecules based on ionic liquids.

Electrochemically assisted oxidation grafting of ionic liquid moieties can 
be carried out in one or multiple steps. To the best of our knowledge, there 
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are very few reports that mention the oxidative grafting of an ionic liquid. The 
oxidative grafting of a  redox-molecule-based  ionic  liquid onto an electrode 
surface was first  reported by m. gomez-mingot et al.51  in  this  report, N-(2- 
aminoethyl)-N-(4-nitrophenylethylimidazolium) bromide was grafted onto a 
glassy carbon electrode via electrochemical oxidation of the amine group at 
around 1.2 V vs. SCE. during the grafting process, aminyl radicals that were 
electrochemically generated near the electrode surface reacted rapidly with 
the surface leading to the formation of a thin ionic liquid layer (Figure 8.6).

The immobilization of the ionic liquid on the surface was evidenced by 
XpS. Figure 8.6 shows the electrochemical characterization of the modified 
electrode  recorded  in  0.1  m  sulfuric  acid  aqueous  solution,  and  exhibits 
the  presence  of  a  reduction  wave  at −0.4  V  vs.  SCE  corresponding  to  the 
irreversible reduction of the nitro group. next, during the second cycle, a 
new redox reversible signal of the generated nhoh/no group is observed 
at 0.3 V. These results give  rise  to a promising material  functionalization 
technique, which combines the attachment of ionic liquids to the surface, 
the presence of a redox active  interface, and the ability  to perform anion 
exchange.

later on, the immobilization of a ferrocene-based ionic liquid onto a car-
bon  electrode  using  a  stepwise  procedure  was  investigated.52  The  general 
procedure  is  based  on  the  electrochemical  grafting  of  a  first  layer  bearing 
terminal groups that can be engaged in a chemical reaction, followed by a 
second step to attach the desired molecules. Figure 8.7a presents an example 
of this two-step procedure leading to the immobilization of ferrocene-based 
ionic liquid moieties through aryl–aryl coupling. First, oxidative grafting of 
2-(4-aminophenyl)acetic acid was performed onto a glassy carbon electrode. 
next, in the presence of sodium nitrite and perchloric acid, a diazotization 

Figure 8.5    Synthetic strategy for SCil stationary phases. reprinted with permis-
sion from ref. 49. Copyright (2004) The royal Society of Chemistry.
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reaction occurs at the surface leading to the conversion of the attached nh2 
head group into a diazonium group. The latter is accessible for further trans-
formation. indeed, the gomberg–Bachmann reaction through aryl–aryl cou-
pling allows the attachment of an aryl radical to one of the cyclopentadienyl 
moieties of the ferrocene-based ionic liquid.53

in this work, the immobilization of the ferrocene-based ionic liquid was 
evidenced by electrochemical characterization, showing the reversible redox 
signal  of  the  ferrocene  group.  in  addition,  a  two-step  functionalization 
process was also  investigated  that  involved  the electrochemical grafting of 
4-azidoaniline, followed by a copper(i) catalyzed click reaction with 1-ferro-
cenylethyl-3-propargylimidazolium bromide (Figure 8.7b).45 The as-prepared 
electrode contained a compact monolayer of redox-active ionic liquid, which 
was evidenced by using scanning electron microscopy, resulting in 2-d elec-
tron transport within the ionic liquid layer.

in  parallel  with  oxidative  grafting,  electrochemical  reduction  grafting  of 
ionic liquids has also been a subject of scientific investigation. Among the 
different functional groups, diazonium derivatives are the most investigated 
molecules for electrochemical grafting. S. Bouden et al.44 immobilized a bi- 
redox ionic liquid, 1-nitrophenylethyl-3-methylferrocenylimidazolium Tf2n, 
onto an electrode surface by the electrochemical reduction of in situ-gener-
ated  diazonium  functional  groups  (Figure  8.8).  By  sweeping  the  potential 
to  the  cathodic  side  (from −0.2  V  to −1.1  V  vs.  SCE)  in  an  meCn  solution 
containing a bi-redox ionic liquid, nitro-phenyl groups in the vicinity of the 

Figure 8.6    Schematic illustrating the grafting of a redox-based ionic liquid through 
the electrochemical oxidation of a primary amine onto a carbon elec-
trode  and  the  cyclic  voltammetry  curve  of  the  modified  carbon  elec-
trode in 0.1 m h2So4. Scan rate: 0.1 V s−1. Adapted with permission from 
m. gomez-mingot, V. Bui-Thi-Tuyet, g. Trippe-Allard, J. ghilane and h. 
randriamahazaka, ChemElectroChem,51 John Wiley and Sons. Copyright 
© 2014 WilEy-VCh Verlag gmbh & Co. kgaA, Weinheim.
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electrode surface were reduced via 6 electron pathways to give amines, which 
were transformed into diazonium groups in the presence of sodium nitrite 
under acidic conditions. under negative potential, the in situ-generated dia-
zonium  groups  within  the  diffusion  layer  were  reduced  into  radicals  and 
then attached rapidly to the electrode surface.

The  immobilized  ionic  liquid  layer  was  evidenced  by  XpS  and  electro-
chemistry  by  observing  the  signature  of  the  ferrocene  moieties  (Figure 
8.8).  This  approach  leads  to  the  generation  of  a  multifunctional  material 
bearing  redox-active  molecules  and  ionic  liquid  components.  This  new 
interface shows versatile applications toward electrochemically switchable 
wettability.

recently, a simple and general route for the immobilization of molecules 
containing an ionic liquid framework was proposed as shown in Figure 8.9.

inspired by the classical synthesis of  ionic  liquids, surface-initiated syn-
thesis was  investigated. This process  is based on building  the  ionic  liquid 
structure on the surface. Thus, a bromide-terminated layer was immobilized 

Figure 8.7    Two  strategies  for  stepwise  processes  for  the  immobilization  of  fer-
rocene-based  ionic  liquids.  (a)  reprinted  from  Electrochemistry 
Communications,  70,  T.  n.  pham-Truong,  F.  lafolet,  J.  ghilane,  h. 
randriamahazaka,  Surface  functionalization  with  redox  active  mole-
cule-based  imidazolium  via  click  chemistry,  13–17,  Copyright  (2016) 
with permission from Elsevier45 and (b) reprinted from Journal of Elec-
troanalytical Chemistry,  713,  V.  Bui-Thi-Tuyet,  g.  Trippé-Allard,  J.  ghi-
lane,  h.  randriamahazaka,  Surface  functionalization  of  ferrocene 
based ionic liquid onto carbon surface using stepwise grafting, 28–31, 
Copyright (2014) with permission from Elsevier.52
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on the electrode surface, and the modified surface was then immersed in a 
solution containing imidazole derivatives. The generated structures provide 
multifunctional systems containing  ions,  immobilized cations and mobile 
anions, and redox species.43

originally, J. ghilane et al.54 proposed a novel route for the surface mod-
ification  of  a  pt  electrode  using  a  bi-redox  system  containing  an  imidaz-
olium-based  ionic  liquid.  The  pt  electrode  was  polarized  under  cathodic 
polarization at −2.2 V vs. SCE in the presence of 1-ferrocenylethyl-3-methylim-
idazolium nTf2 as a supporting electrolyte (0.1 m) in dry acetonitrile solution.  

Figure 8.8    proposed pathway for the electrochemical grafting of ferrocene-based 
ionic liquid molecules. Cyclic voltammogram of the grafted electrode 
in acetonitrile solution containing 0.1 m liTFSi as the supporting elec-
trolyte; scan rate: 0.1 V s−1. inset: contact angles obtained on the mod-
ified  electrode  before  and  after  electrochemical  oxidation.  reprinted 
from Electrochemistry Communications, 58, S. Bouden, g. Trippé-Allard, 
J.  ghilane,  h.  randriamahazaka,  Electrochemical  immobilization  of 
redox active molecule based ionic liquid, 65–68, Copyright (2015) with 
permission from Elsevier.44

Figure 8.9    proposed  approach  for  the  surface-initiated  attachment  of  molecules 
based on ionic liquids. reprinted with permission from ref. 43. Copy-
right (2016) American Chemical Society.
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As a result, pt reduction occurs concomitant with the insertion of the sup-
porting electrolyte cation, generating a new metal–organic phase, [ptn

δ−, Aδ+, 
AX] (where A+ is the cation and X− is the anion electrolyte), as illustrated in 
Figure  8.10.  This  surface  functionalization  procedure  changes  greatly  the 
nature  of  the  starting  material  by  forming  ferrocene  imidazolium  plati-
nide-like phases.

Furthermore,  a  second  redox  couple  was  introduced  by  spontaneous 
reaction  between  a  4-nitrophenyldiazonium  tetrafluoroborate  salt  and 
the  reduced  platinum  phase.  indeed,  thanks  to  the  reducing  power  of  the 
cathodically  activated  platinum,  the  spontaneous  reduction  of  diazonium 
occurs leading to the attachment of nitrophenyl groups onto the reduced pt, 
as shown in Figure 8.10. As a result, bi-redox molecules were attached onto 
the  pt,  with  the  ferrocenyl-based  ionic  liquid  inside  the  pt  and  nitro-phe-
nyl  at  the  surface.  The  electrochemical  and  XpS  characterizations  confirm 
the presence of two redox systems on the pt surface (Figure 8.10). in sum-
mary, the immobilization of a thin layer of redox ionic liquids will bring new 
insight in the understanding of the properties of an electrical double layer at 
ionic  liquid/electrode  interfaces and will open new applications  in various 
electrochemical devices.

Figure 8.10    Schematic illustrating the spontaneous grafting of a nitrophenyl layer 
onto  activated  platinum.  (a)  XpS  survey  scans  of  the  platinum  sub-
strate (black line) without any polarization and (red line) after 200 s 
of  cathodic  polarization  at −2.2  V  in  a  ferrocene-based  ionic  liquid. 
high resolution XpS spectra for the (b) pt(4f) and (c) Fe(2p) core levels. 
(d) Electrochemical characterization of the modified pt electrode in a 
solution containing 0.1 m Bu4nBF4 in ACn. The scan rate was 0.1 V s−1. 
reproduced with permission from ref. 54. Copyright (2013) American 
Chemical Society.
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8.5   Approaches for Polymer Ionic Liquids
recent developments in polymer science have allowed the synthesis of vari-
ous polyelectrolytes that are continuously being introduced with controlled 
morphology,  such  as  linear  polymers,  nano/micro  particles,  and  dendritic 
and star structures. The term poly(ionic liquid) (pil) refers to a subclass of 
polyelectrolytes  that  feature  an  ionic  liquid  (il)  species  in  each  monomer 
repeating unit, connected through a polymeric backbone to form a macro-
molecular structure.55 in the last decade, poly(ionic liquid)s have been widely 
investigated as new polyelectrolytes, leading to rapid growth in terms of pub-
lications and applications in diverse fields.56–61 ohno et al. were the pioneers 
of  the use of pils as solid electrolytes  in electrochemical applications.62–65 
These studies inspired researchers to use pils with different structures and 
properties in several applications. There are some reviews provided by Fires-
tone, long, Texter, mecerreyes and Antonietti that summarize the synthesis, 
characterization, and applications of pils.55,66–71 in this subsection, the state-
of-the-art in this area will be described, presenting a systematic view of the 
preparation and typical properties of pils that have already been reported in 
the literature.

8.5.1   Synthetic Route and Structure of PILs
monomer-based ionic  liquids have been studied leading to the emergence 
of  novel  solid  materials  bearing  ionic  liquid  frameworks.  Several  reviews 
were devoted to this new class of ionic polymer, highlighting the formation 
of new structures, new interfacial properties and potential applications.66–68 
depending on the nature of  the polymeric backbone,  two types of pil are 
classified, called polymerized cationic ionic liquids and polymerized anionic 
ionic  liquids.  For  each  series  of  pils,  different  approaches  can  be  used, 
such as direct polymerization of ionic liquid monomers or modification of 
polymeric polymers by forming repeating units containing ionic liquids. in 
1973, the first pils were synthesized by Salamone et al.72 however, this work 
did not receive much attention from the scientific community at the time, 
and we had to wait until the 1990s for the next reports by ohno et al. on the 
free  radical  polymerization  of  ionic  liquids.  Since  the  importance  of  poly-
mer-based ionic  liquids has been recognized, numerous publications have 
appeared  reporting  different  structures  of  ionic  liquid  monomers  bearing 
commonly vinyl or acryloyl groups, as shown in Figure 8.11.

Vinyl-functionalized ionic liquid monomers can be prepared in a one-step 
synthesis  via  a  quaternization  reaction  by  mixing  halo-alkane  molecules 
bearing vinyl groups and n–r imidazolium molecules (r = alkyl, redox-active 
or  other  functional  groups).  Further  anion  exchange  might  offer  interest-
ing properties to the monomer. Acryloyl-functionalized ionic liquid mono-
mers can be synthesized in a 3-step process. Firstly, (meth)acryloyl chloride 
is  treated  with  a  hydroxyl-containing  halo-alkane  resulting  in  the  corre-
sponding  ester.  in  the  second  step,  the  as-prepared  halo-alkane  bearing  a  
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(meth)acryloyl group is added leading to a quaternization reaction where the 
imidazolium is connected to the (meth)acryloyl group. Finally, most of the 
pils can be commonly synthesized by conventional radical polymerization. 
in addition, other polymerization approaches can also be applied for pil sys-
tems, such as atom transfer radical polymerization (ATrp)73,74 and reversible 
addition–fragmentation  transfer  polymerization  (rAFT).75,76  The  only  part 
that determines the structure and properties of the pil is the chemical struc-
ture of the ionic liquid monomer. most pils were successfully synthesized 
in bulk solution, in micro-emulsions or in dispersed media. however, it has 
been shown to be feasible to polymerize ionic liquids onto material surfaces 
by  surface-initiated  atom  transfer  radical  polymerization  (Si-ATrp).61,77  in 
addition  to  linear  polymers,  cross-linked  pil  networks  have  been  synthe-
sized by classical radical polymerization. To achieve a pil network, an ionic 
liquid monomer bearing bi-, tri-, or multi-vinyl/acryloyl groups must first be 
prepared.  The  cross-linking  reaction  is  initiated  under  thermal-  or  photo- 
activation leading to the formation of a pil network.78

Beside  these  polymeric  structures,  block  polymers  have  received  some 
attention thanks to their ability to provide new and well-defined structures. 
indeed,  hyperbranched,79–84  dendrimeric85–88  and  star-like89–94  poly-  and  
oligo(ionic liquid)s have been successfully synthesized. A hyperbranched pil 
with an onion-like  topography, containing a poly(1,3 diether) core, a polar 
imidazolium inner shell and a non-polar outer alkyl shell, was synthesized.79 
This system was proven to be highly stable under harsh conditions resulting 
in it being a promising material for use in nano-reactors and as a host for 
various functional materials. k. pu et al.95 reported a novel route to prepare 

Figure 8.11    Examples of poly(ionic liquid) chemical structures.
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fluorescent core–shell nanoparticles based on a hyper-branched pil (hCpE) 
for cell imaging. hyper-branched cationic poly-fluorine (pF) constitutes the 
core  component  of  the  hCpE  and  serves  as  a  stable  light-emitting  center. 
This pF is covered by linear poly(ethylene glycol) (pEg), which acts as a pas-
sive layer on the macromolecular surface and, moreover, adds good cytocom-
patibility properties to the whole structure. Because of the shape persistence 
of the rigid core, the hCpE molecules form single-molecular nano-spheres, 
facilitating their uptake for cell imaging. in a number of publications, star-
like pil structures were synthesized by using mainly polyhedral oligomeric 
silsesquioxane (poSS)-bearing ionic liquids and tetraalkylammonium com-
pounds.91,96,97 For smart material applications, redox-active pils have great 
potential. This kind of pil is made from an ionic liquid monomer bearing 
redox-active sites.77,98 like others pils, redox-active pils can be synthesized 
either in bulk solution or at a surface. X. Sui et al.98 reported the preparation 
of cross-linkable pils bearing ferrocene moieties by using a pES–pil hydro-
gel as described in Figure 8.12.

poly(ferrocenyl(3-iodopropyl)-methylsilane) was mixed with 1-vinylimidaz-
olium leading to quaternarization. A pES–pil hydrogel (Figure 8.12) was then 
prepared by performing photo-initiated polymerization under uV-irradiation 
in the presence of a photoinitiator (irgacure 2959). A relatively low glass tran-
sition and high decomposition temperature was observed  for  the pES–pil 
(Tg = 48 °C, Td = 350 °C). reversible oxidation and the reverse reaction were 
carried out by adding an oxidant and a reducer to the hydrogel,  leading to 
a color change of the gel. This work highlighted the feasibility of this new 
class of redox-responsive organometallic polymers. later, randriamahazaka 
et al. prepared surfaces functionalized with poly(3-(2-methacryloyloxy ethyl)- 
1-(N-(ferrocenylmethyl)  imidazolium  Tf2n)) by  using Si-ATrp.77,99  The  initi-
ator was first immobilized onto the surface by electrochemical oxidation of 
the primary amine in aqueous solution (chronoamperometry at a potential 
of  1.2  V  vs.  SCE  for  200  s).  The  polymerization  process  was  performed  by 

Figure 8.12    (left) Synthesis of the cross-linkable pFS–pil. (right) (A) photograph 
of  a  pFS–pil  macroscopic  hydrogel.  (B)  SEm  image  of  a  pFS–pil 
hydrogel  after  freeze-drying.  reproduced  with  permission  from  ref. 
98. Copyright (2012) American Chemical Society.
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dipping the surface-initiated electrode into an ionic liquid solution contain-
ing a millimolar concentration of the monomer, a catalytic amount of acti-
vator, a small amount of deactivator and a complexing agent under an inert 
atmosphere (Figure 8.13).

The thickness of the polymer film was followed over time by both electro-
chemistry and surface characterization techniques (XpS, AFm, and SEm) as 
demonstrated  in Figure 8.13. The Fc-pil-modified electrodes were electro-
chemically characterized in usual organic solvents and ionic  liquid media, 
showing a high stability with a small decrease in the ferrocene signal. inter-
estingly, it was proven that the Fc-pil could act as a self-double layer. indeed, 
the ferrocene electrochemical signal of the attached poly(Fcil) was observed 
in free-supporting electrolyte acetonitrile solution. The authors also demon-
strated a possible application of the poly(Fcil) as an electrochemically reversi-
ble surface wettability system and as an electrochemical sensor for catalytic 
activity toward the oxidation of tyrosine.

8.5.2   Physicochemical Properties
poly(ionic  liquid)s  are  used  nowadays  as  important  ionic  polyelectrolytes 
for  solid  state  devices.  recent  studies  have  been  performed  in  order  to 
gain  insight  into  the  intrinsic  properties  of  pils  (ionic  conductivity,  glass 

Figure 8.13    (left) Attachment of the initiator layer through electrochemical oxida-
tive grafting of bromo-ethylamine  followed by polymerization using 
ATrp in an ionic  liquid medium. (right)  (a) AFm topography image 
of  Au  modified  with  the  initiator  layer.  (b)  SEm  image  of  poly(Fcil) 
growth  on  the  Au.  Scale  bar:  1  µm.  (c)  AFm  topography  image  of 
poly(Fcil) on the Au substrate; image size: 4 × 4 µm2. (d) AFm topo-
graphy image of the same area as in (c) using a scanning angle of 45°. 
(e) Cross-section after a scratch AFm experiment. (f) Evolution of the 
poly(Fcil) film thickness as a function of polymerization time for the 
Si-ATrp. reproduced with permission from ref. 77. Copyright (2016) 
American Chemical Society.
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transition  temperature,  decomposition,  etc.).  different  parameters  should 
be  taken  into consideration  for  influencing  the  ionic conductivity of pils. 
The nature of the cation can strongly affect the ionic conductivity of the pil. 
Thus, when changing  the cation  from ammonium,  to  imidazolium or pyr-
rolium, the conductivity changes considerably (10−7 S cm−1, 3 × 10−7 S cm−1 
and 3 × 10−6 S cm−1, respectively).100 in addition, the length of the spacer also 
plays an important role. it was proven that shortening the spacer between 
the cation and  the polymeric main chain  results  in a decrease  in  the con-
ductivity. As an example, the conductivity changes from 2.4 × 10−10 S cm−1 to  
3.2 × 10−6 S cm−1 when the spacer is changed from ethyl to undecyl in poly(im-
idazolium)-based ils.100 When introducing a flexible spacer, such as poly- or 
oligo(ethyleneoxide), a drastic increase in the conductivity was recorded with 
a 2 orders of magnitude enhancement (10−4 S cm−1) compared to the equiva-
lent alkyl spacer.101 unlike for cationic pils, in the case of anionic pils, the 
spacer has to be as short as possible to get a high conductivity.62 When keep-
ing the same cation (Etim+), the conductivity increases from poly(p-styrene-
sulfonate)  (σ = 1.1 × 10−8 S cm−1)  to poly(sulfonate)  (σ = 1.1 × 10−4 S cm−1). 
The explanation for this change might be attributed to the size effect of the 
anion on the mobility of the imidazolium cation. in summary, the ionic con-
ductivity of a pil is partially due to the degree of freedom of the positively 
charged ion, either in the main chain or free in the anionic polymer matrix. 
This is evidenced by the augmentation of the conductivity with an increase 
in the length of the spacer for cationic polymers and a decrease in the linker 
length  for  anionic  pils.  moreover,  for  cationic  pils,  the  anions  also  have 
an  impact  on  the  conductivity  of  the  corresponding  pil.  The  influence  of 
different anions on the conductivity of poly(1-Et-3-meim+) was investigated 
and found to be in the following order (50 hz, 20 °C): CF3So3

− (6.52 × 10−11 
S cm−1) < (CF3So2)2n− (1.27 × 10−10 S cm−1) < (Cn)2n− (2.09 × 10−6 S cm−1).102 
The  influence  of  the  anions  was  also  investigated  for  1-[2-(methacryloy-
loxy)ethyl]-3-butylimidazolium-based pils, where pF6

−  (2.5 × 10−6 S cm−1) < 
BF4

− (5 × 10−6 S cm−1) < CF3So3
− (1.25 × 10−5 S cm−1) < (CF3So2)2n− (3.2 × 10−4  

S cm−1) at 110 °C.103 This effect is attributed to several parameters, including 
the anion size,  the delocalization of  the negative charge and  the ability of 
the anion to interact with the polymer backbone. Besides the impact of the 
pil structure on its conductivity, the environment also plays an important 
role. Typically, the addition of an ionic liquid solution to the polymer matrix 
results in an enhancement in the ionic conductivity of pil electrolytes. The 
ionic conductivities were 6.76 × 10−3 S cm−1, 2.92 × 10−3 S cm−1 and 5.83 × 10−3 
S cm−1  for  the  il-, poly[BVim][Tf2n]/il mixture- and poly[BVim][him][Tf2n]/il 
mixture-based electrolytes, respectively.104 other parameters should also be 
taken into consideration, such as the water content in the pil matrix or the 
impact of the co-block polymer on the final conductivity, etc.

in parallel with the ionic conductivity of the pil, the thermal properties of 
the material are a key factor that makes pils interesting materials for various 
applications. generally, ionic liquids and poly(ionic liquid)s have rather low 
Tg  values  in  comparison  to  other  salts.  As  there  is  a  relationship  between 
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conductivity and Tg, the parameters mentioned above also have an impact on 
Tg. At the same temperature, a pil that has a lower Tg is more flexible and more 
dynamic than the others, resulting in a high mobility of the residual ions. 
poly[Vim][TmEn][Tf2n]  bearing  2  cations  (imidazolium  and  ammonium) 
exhibits  a  relatively  high  glass  transition  temperature  of  around  106.6  °C105  
compared  to  monocationic  pils  (Tg  =  80  °C  for  poly[2-(methacryloyloxy)
ethyl]-N,N,N-trimethylammonium]  and  28  °C  for  poly[1-[2-(methacryloy-
loxy)ethyl]-3-methylimidazolium]100). The introduction of boron into the il 
monomer  structure  causes  the  corresponding  polymer  to  have  a  very  low 
glass transition temperature (Tg = −59 °C to −45 °C).106 it has been empirically 
accepted  that  there  is a  linear  relationship between  the  ionic conductivity 
and the glass transition temperature (when a pil has a lower glass transition 
temperature, its conductivity is higher).

8.6   Applications of Poly(ionic liquid)s
8.6.1   Nanostructuration
Since  ionic  liquids  and  poly(ionic  liquid)s  were  considered  as  advanced 
materials  for  green  chemistry,  new  efforts  to  make  micro/nano-structures 
from and/or with poly(ionic liquid)s have been launched. Among the differ-
ent forms of nanostructuration, nanoparticles, which are the bridge between 
the  bulk  material  and  molecules,  have  attracted  a  great  deal  of  scientific 
interest. recently, poly(ionic liquid) nanoparticles with controllable and tun-
able shapes and well-organized inner structural domains below 5 nm were 
reported for the first time.81,107 it was also proven that a small change in the 
chemical structure of the ionic liquid monomers or the ph of the medium 
changes the morphology of the synthesized particles. As a consequence, by 
increasing the length of the alkyl chain of 1-vinyl-1,2,4-triazolium-type ionic 
liquids,  self-assembled  wasp-like  ellipsoids  and  onion-like  particles  were 
obtained. This results from the energy balance between 3 components, the 
hydrophobic  side  chain,  the  positively  charged  triazolium  and  the  surface 
energy of the particle. indeed, with a longer hydrophobic tail (Tilm-C16Br), 
the exposure of the surface to the aqueous phase is energetically unfavorable, 
which  causes  a  morphological  change  from  lamellar  ellipsoid  to  vesicular 
particles. understanding the physico-chemical properties and the self-order-
ing in a complex polymer system can be utilized to make functional polymer 
nanoparticles.

Benefitting  from  the  extremely  low  vapor  pressure  of  rTils,  poly(ionic  
liquid)s were prepared under high vacuum using focused ion beam (FiB)108 
and  electron  beam  (EB)  irradiation109  (Figure  8.14).  These  techniques  use 
high energy particles to generate radicals inside the ionic liquid monomer, 
which makes the polymerization process possible. The difference between 
the  two  techniques  is  related  to  the  penetration  distance  of  the  irradiated 
beam. The polymerization using FiB  irradiation  is carried out at  the  ionic 
liquid/vacuum interface, while electron beams penetrate deeper inside the 
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Chapter 8244

liquid resulting in polymerization throughout the whole irradiated volume 
(Figure 8.15). The resolution of the FiB and EB approaches can reach sub-hun-
dred nanometer scales (Figure 8.16). The development of these techniques 
for making poly(ionic  liquid)s with well-defined patterns can be helpful  to 
fabricate micro-devices and micro-machines, or even for ionic liquid-based 
electronic devices. however, the biggest drawback of the ion/electron beam 
techniques is that they are time consuming, high cost, and only suitable for 
small-scale  fabrication,  so  they  are  not  suitable  for  industrial  production. 
large-area  preparation  of  ionic  liquid  patterns  is  continuously  improving 
through ongoing research. A mesoporous ionic liquid network was success-
fully prepared by using a hard-template of silica nanoparticles, in which the 
ionic liquid was grown by polymerization  at the interstitial voids, resulting 

Figure 8.14    illustrations of the polymer formation mechanism for (a) the FiB-rTil 
method  and  (b)  the  EB-rTil  method.  reproduced  with  permission 
from ref. 109. Copyright (2015) American Chemical Society.

Figure 8.15    (a) A famous Japanese picture entitled, ‘‘Beauty looking Back.’’ This 
picture  was  painted  by  a  Japanese  artist,  moronobu  hishikawa,  in 
the Edo period. (b) Bitmap image of ‘‘Beauty looking Back’’ created 
for FiB drawing. (c) SEm image of a 2d polymer structure fabricated 
from the bitmap image. The enlarged view of the flower painted on the 
‘‘kimono’’ is shown under each picture. The irradiation conditions for 
fabrication of this structure were an ion dose of 100 × 1015 ions cm−2 
and a number of scans of 33. reprinted with permission from macmil-
lan publishers ltd: Scientific Reports, (ref. 108) Copyright (2014).
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in inorganic–organic networks. By etching the silica template in 1 m naoh, 
a mesoporous ionic liquid structure is produced with a specific surface area 
of around 150–220 m2 g−1 (by applying Brunauer–Emmett–Teller theory) and 
a determined pore volume in the range of 0.45 cm3 g−1.

on the other hand, based on poly(ionic liquid)s, different nanostructured 
materials have already been made. Briefly,  imidazolium-based  ionic  liquid 
polymers  were  used  as  precursors  for  the  preparation  of  mesoporous  gra-
phitic carbon materials.110,111 Typically, 1-vinyl-3-ethylimidazolium bromide 
(il-a),  1-vinyl-3-ethylimidazolium  dicyanamide  (il-b),  1-vinyl-3-cyanome-
thylimidazolium bromide (il-c), and 1-vinyl-3-cyanopropylimidazolium bro-
mide (il-d) were pyrolyzed at 900 °C–1000 °C in the presence of FeCl2, and 
the polymerization process occurred simultaneously with the carbonization 
process resulting highly conductive, mesoporous, n-doped graphitic carbon 
materials.  These  recent  results  opened  a  new  and  facile  route  to  prepare 
interesting metal-free materials for energy applications.

8.6.2   Switchable Devices
like some chameleon species, pils can adapt their behaviors upon external 
stimuli or environmental change. researchers in the field of polymer mate-
rials have been trying  to mimic  this  interesting behavior  for  the  last  three 
decades. Their efforts have given birth to a novel concept, smart polymers. 
By following this rational idea, poly(ionic liquid)s with their unique proper-
ties were used for the construction of smart polymers for switchable devices. 
Among  different  aspects,  the  wettability  of  the  material  surface  plays  an 
important role for self-cleaning materials and anticorrosion. As ionic liquids 
and poly(ionic liquid)s are sensitive to water, pils can be used for the efficient 
switchable wetting of surfaces based on counter-anion exchange. X. he et al.61 
reported the preparation of poly[1-(4-vinylbenzyl)-3-butylimidazoliumpF6] by 

Figure 8.16    Cross-shaped  structures  prepared  by  two-step  irradiation:  (a)  irra-
diation  design  indicating  the  two-step  irradiation,  (b)  top-view  SEm 
image of the deposited structures, and (c and d) side-view SEm images 
observed from the direction represented in (b) by (c) orange and (d) 
green  arrows.  The  dose  condition  was  200  mC  cm−2.  reproduced 
with permission from ref. 109. Copyright (2015) American Chemical 
Society.
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Si-ATrp on a  silicon  wafer and  its  application  to  static  tunable-wettability 
surfaces. The as-prepared pil with pF6

− as the anion showed a rather hydro-
phobic  response  (95°).  Then  ion  exchange  was  carried  out  by  dipping  the 
substrate into naCl solution, which promoted the formation of a hydrophilic 
surface due to the formation of pil–Cl− (contact angle = 41°). By switching 
again from Cl− to pF6

− anions, the hydrophobic behavior was reversed leading 
to reversible and tunable wetting of the surface (Figure 8.17a and b). Based 
on the same ion exchange concept, switchable permeability poly(ionic liquid) 
hollow particles were prepared by using suspension polymerization utilizing 
the SapSep method.60 Tf2n− and Br− were chosen as exchangeable anions for 
the surface wetting study. As expected, the particles containing Tf2n− exhib-
ited  hydrophobic  behavior,  whereas  the  particles  containing  Br−  exhibited 
a  hydrophilic  response.  The  concept  of  ion  exchange  is  interesting,  but  it 
is not suitable for practical use. Electroactive pils have entered the field as 
novel materials for electro-stimuli-switchable devices. The redox-active pils 

Figure 8.17    (a) AFm topography and 3d image of the pVBim-pF6 brush-modified 
silicon  surface and  (b)  changes  in  static water contact angles  corre-
sponding  to  various  surfaces  of  silicon  substrates.  The  insets  show 
five photographs of the shapes of water droplets on different surfaces. 
reproduced with permission from ref. 61. Copyright (2008) American 
Chemical  Society.  (c)  All-polymeric  five-layer  electrochromic  device 
configuration, and (d) variation of Δod as a function of the number 
of  cycles  for ECds using  polymer  electrolytes  with  different  [Emim]
[Br] : poly[ViEtim][Br]  ratios  and  using  a  pEo/lithium  triflate  elec-
trolyte. reprinted from Electrochemistry Communications, 8(3), r. 
marcilla, F. Alcaide, h. Sardon, J. A. pomposo, C. pozo-gonzalo, d. 
mecerreyes,  Tailor-made  polymer  electrolytes  based  upon  ionic  liq-
uids and their application in all-plastic electrochromic devices, 482–
488, Copyright (2006) with permission from Elsevier.113
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are based on concerted electron transfer coupled with anion transport. ran-
driamahazaka et al.77 introduced poly(3-(2-methacryloyloxyethyl)-1-(N-(ferro-
cenylmethyl)imidazolium Tf2n)) prepared by Si-ATrp for this concept. The 
contact angle in the neutral state of the pil-modified Au substrate was deter-
mined  to  be  around  90°,  while  after  oxidizing  the  ferrocene  moieties,  the 
contact angle decreased to rather hydrophilic (60°) and vice versa. originally, 
pEdoT-bearing  ionic  liquid moieties were demonstrated to be eligible not 
only for tunable wettability surfaces but also for electrochromic devices.112

A reversible hydrophobic/hydrophilic switch was observed depending on 
the nature of the counter-anion. higher fluorinated anions yield higher con-
tact angles. By flushing liTf2n solution onto a rough surface, the contact angle 
was determined to be around 107 ± 3°, while when flushing liBF4 solution 
onto the same surface, the contact angle decreased dramatically to 24 ± 3°.  
This process was  fully reversible. By heating/cooling oxidized pEdoT-imB-
F4Cl between 20 °C and 70 °C, the color of the membrane changes revers-
ibly from blue to purple. previously, this group also proposed the assembly 
of  a  symmetric  device  in  which  the  pil  layer  is  sandwiched  between  2 
pEdoT-electrochromic  layers.113  different  il/pil  mixtures  were  tested  for 
their  ECd  performance.  it  was  found  that  the  poly[1-vinyl-3-ethylim][Br−]/
[1-vinyl-3-ethylim][Br−]  mixture  (75 : 25)  offered  the  best  performance, 
exceeding 70 000 pulsed cycles (0 and 3 V) (Figure 8.17c and d). however, no 
long-life requirements are needed, giving preference to using mixtures with 
a higher content of il in order to get a higher optical contrast (Δod). This is 
a promising result for the development of higher performance ECds using 
pils rather than traditional polyelectrolytes.

8.6.3   Energy Applications

8.6.3.1  Supercapacitors
Electrochemical  capacitors  or  supercapacitors  are  referred  to  as  “electric 
double-layer capacitors” or “pseudo-capacitors”. The term double-layer refers 
to capacitors that physically store electrical charge at the surface–electrolyte 
interface, which has a high surface-area, while pseudo-capacitors are related 
to a fast surface redox reaction.114 Supercapacitors can be used as a comple-
ment to batteries or as an alternative solution for energy storage. Since the 
development of ionic liquids and poly(ionic liquid)s, they have been consid-
ered to be interesting materials for supercapacitors thanks to the ionic spe-
cies contained inside their structures. in the past 5 years, poly(ionic liquid)
s have started to be used in high performance supercapacitors. T. kim and 
co-workers115  investigated  the  energy  storage  possibility  of  a  poly(1-ethyl- 
3-vinylimidazolium) Tf2n-modified graphene electrode (Figure 8.18).

The poly(ionic liquid) is linked to reduced-graphene oxide (rgo) through 
non-covalent interactions (cation–π interactions) resulting in a hybrid struc-
ture with advantageous performance for energy storage. A synergetic effect 
due  to  the  hybrid  rgo  and  poly(ionic  liquid)  was  revealed  by  using  cyclic 
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voltammetry and galvanostatic charge–discharge with a specific capacitance 
of around 187 F g−1, a power density of 2.4 kW h−1 and an energy density of  
6.5 W h kg−1 as shown in Figure 8.18e and f. recently, a zwitterionic poly(ionic 
liquid) gel electrolyte, poly(propylsulfonate dimethylammonium propylmeth-
acrylamide), deposited on a flexible graphene electrode was reported to have 
a high stability  (10 000 charge–discharge cycles) and a high volume capaci-
tance (300.8 F cm−3 at 0.8 A cm−3).57 A bi-redox ionic liquid bearing anthra-
quinone in the il anion and tetramethylpiperidinyl-1-oxyl (TEmpo) in the il 
cation has been proposed to enhance the performance of supercapacitors.29 
in this work, the specific energy of the supercapacitors based on activated car-
bon and graphene oxide electrodes could be doubled with the use of a bi-re-
dox ionic liquid electrolyte (Figure 8.19). An immobilized redox-pil based on 
imidazolium bearing ferrocene and anthraquinone was also proven to provide 
not only electrochromic properties but also electrochemical energy storage.99

Beside  these highlighted works, other structures have also been  investi-
gated that exhibit an electrochemical responses toward energy storage.59,116,117

8.6.3.2  Li-batteries
li-ion batteries, which were first reported by m. S. Whittingham,118 were com-
mercialized by Sony in 1991. Since their initial introduction, li-ion batteries 
have become the most produced and consumed batteries in the world. due to 
the nativity of the technique, polymer electrolytes have already been used119  

Figure 8.18    (a) optical images of a suspension of graphene oxide (go) in propyl-
ene carbonate (pC) and poly(ionic liquid)-modified reduced graphene 
oxide (pil : rgo) in pC. (b) Scanning electron microscopy (SEm) and 
(c)  transmission  electron  microscopy  (TEm)  images  of  pil : rgo 
platelets.  (d) Schematic diagram of  the supercapacitor based on the 
pil : rgo electrodes and an ionic liquid electrolyte (Emim–nTf2). (e) 
plot of the specific capacitance versus the current density. (f) plot of 
the energy density versus the power density at operating voltages of 3.0 
and 3.5 V. The energy and power density were normalized to the total 
mass of the two electrodes employed including the electrolyte and cur-
rent collector (solid circle), and the mass of two pil : rgo electrodes 
(dashed circle). reproduced with permission from ref. 115. Copyright 
(2011) American Chemical Society.
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in order to prevent the decomposition of the organic electrolyte, and in the 
worst case, explosions or fires caused by using a liquid electrolyte. however, we 
had to wait until 2010 for the first report on the use of poly(dyallildimethylam-
monium) nTf2 as a polyelectrolyte for li-ion batteries.120 This ternary polymer 
electrolyte was proven to have good mechanical and chemical stability with an 
ionic conductivity above 10−4 S cm−1. This material was tested as both an elec-
trolyte separator and a binder for the cathode material in li/lFp batteries. The 
resulting battery was able to deliver 140 mA h g−1 with good capacity retention 
up to the medium current rate (C/5) at 40 °C. later, m. li et al.121,122 reported 
the use of an ion gel based on guanidinium-based polymeric ionic liquids for 
rechargeable li-batteries. it was found that their system showed good activity 
for li/lFp batteries (discharge capacity around 140 mA h g−1 at C/10). how-
ever,  the  working  temperature  is  relatively  high  for  industrial  applications  
(T = 80 °C). To fix this problem, k. yin et al.105 proposed the use of a dicationic 
polymeric ionic liquid (Figure 8.20), poly(N,N,N-trimethyl-N-(1-vinlyimidazoli-
um-3-ethyl)-ammonium Tf2n). The li/lFp cell assembled with this polyelec-
trolyte can deliver discharge capacities of about 160 mA h g−1, 140 mA h g−1 
and 120 mA h g−1 at 40 °C, 30 °C and 25 °C, respectively. it should be noted 
that the batteries exhibited good capacity retention at each temperature.

Toward  effective  ion-conducting  channels  with  high  ionic  conductivity, 
surface-initiated  atom  transfer  radical  polymerization  (ATrp)  of  poly(N,N- 
diethyl-N-(2-methacryloylethyl)-N-methylammonium Tf2n) on monodisperse 
silica particles (Sio2 nps with d = 130 nm) was performed and reported by 
Sato et al.123 living radical polymerization of the ionic liquid monomer lead 
to the formation of a Sio2/poly(ionic liquid) core–shell structure in which the 
polymer layer had Mn = 25 000 and Mw/Mn = 1.13 at a monomer conversion 
of around 53%. By casting the hybrid particles onto an ionic liquid solution, 

Figure 8.19    ragone  plot  of  supercapacitors  using  various  electrolytes.  0.5  m  bi- 
redox il in BmimTFSi is compared to other electrolytes in symmetric 
piCA-based supercapacitors: 0.5 m nEt4BF4 in acetonitrile (ACn), 0.5 m 
BmimTFSi  in acetonitrile and 0.5 m nEt4BF4 + 0.5 m bi-redox  il  in 
acetonitrile. The energy and power densities are relative to the weight 
of  piCA  carbon  in  both electrodes.  reprinted  with  permission  from 
macmillan publishers ltd: Nature Materials (ref. 30), copyright (2016).
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N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium nTf2, colloidal crystals 
were formed with an adequate composition of pSip/dEmE-nTf2 (75 : 25 wt%), 
and a solid film was formed with sufficient physical strength to maintain the 
film shape. The fabricated solid electrolyte was  tested  in bipolar li batter-
ies where two unit-cells were connected with a bipolar electrode of li4Ti5o12 
and  limn2o4  layers.  The  charge  and  discharge  operation  were  observed 
between 3.0 and 6.0 V, twice as high as the unit-cell voltage (Figure 8.20). in 
addition, the discharge specific capacity was found to be at the mA h scale  
(2.3 mA h) with 95% Coulombic efficiency, which was the best performance for 
a  leak- and vapor-free  (solid) bipolar liB of prismatic aluminum-laminated, 
thin film-type. Very recently, y. yuan et al.124,125 demonstrated that poly(ionic 
liquid)s act as efficient binders for strong improvement of the charge transfer 
between the solvent/salt, binder/salt and active material. different choices of 
polymer moieties can give more stable binders in the high voltage region in 
order for them to be applied to cathode materials such as liCopo4.

8.6.3.3  Fuel Cells
polymer electrolytes that can conduct protons or hydroxyl groups have been 
investigated  to  develop  electrolyte  membranes  for  fuel  cells.  A  variety  of 
pils have already been used for ion-exchange membranes in fuel cells.126–131 
recent reports  from y. Feng et al.132–134 have opened up a promising route 
to  prepare  anion-exchange  membranes  in  alkaline  media.  C2-substituted 
imidazolium pils exhibit a high  ionic conductivity above 10−2 S cm−1 with 

Figure 8.20    (left)  (a)  Synthetic  route  for  the  imidazolium–tetraalkylammonium- 
based pil. (b) Structure of im(2o2)11TFSi. (c) picture of a pil–liTFSi–
im(2o2)11TFSi  electrolyte  (pVimn-95  sample).  (right)  Cell  perfor-
mance of li/pVimn-95/liFepo4 cells. (a) Charge–discharge curves for 
the initial cycles at three temperatures, (b) cycling performance of the 
cells at 0.1 C as a  function of  temperature,  (c) cycle-number depen-
dence of the coulombic efficiency and (d) discharge curves of selected 
half cycles at various current rates at 40 °C, charging at a 0.1 C rate and 
discharging  at  various  current  rates. reproduced  from  ref. 105 with 
permission from The royal Society of Chemistry.
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excellent stability over time for up to 60 h in 2 m koh without any deteriora-
tion (poly[dmVim][Br]). however, serious care has to be taken when prepar-
ing fuel cells with pils bearing imidazolium rings because the imidazolium 
can  undergo  a  ring  opening  reaction  at  high  temperature  in  concentrated 
alkaline solution leading to the degradation of the membrane. Very recently, 
a membrane based on different quaternary ammonium triblock copolymers 
was reported to have advantageous properties for use as an anion-exchange 
membrane.135 A small amount of degradation of the membrane was observed 
after exposure to 1 m naoh at 80 °C for 4 weeks. during a full life test for 110 
h at 60 °C and 80 °C, even though the cell voltage decreased over time, there 
was  no  sign  of  degradation  of  the  membrane.  high  fuel  cell  performance 
with a peak power density of 223 mW cm−2 was observed at 60 °C. When the 
temperature is raised up to 80 °C, the maximum power density was obtained 
(240 mW cm−2). membranes based on pils represent an important innova-
tion in the development and application of fuel cells.

8.6.3.4  Solid State Dye-sensitized Solar Cells (SS-DSSCs)
The use of poly(ionic liquid)s in solid state dSSCs was first investigated by 
studying  the behaviors of poly(ionic  liquid)s containing  iodide as a count-
er-anion.136,137 pils can prevent problems caused by ionic liquid electrolytes, 
such  as  leakage  of  the  liquid  electrolyte  and  the  evaporation  of  iodine  in 
solution. A poly(pyridinium)-based il containing iodide as a counter-anion/
SWnTs was found to exhibit high performance (η = 3.7% under 100 mW cm−2 
illumination) and good stability for more than 1000 h at room temperature 
without sealing.137 poly(1-vinyl-3-propylimidazolium) iodide also gave a sim-
ilar  light-to-electricity  conversion  efficiency  of  3.73%  under  10  mW  cm−2 
illumination.136 later, poly(1-[(4-ethenylphenyl)methyl]-3-butyl-imidazolium 
iodide) (pEBii)138 was used as a solid electrolyte in a dSSC. The polymer was 
cast directly onto the prepared photoelectrode and then covered with a count-
er-electrode. The as-prepared solid state dSSC showed a higher performance 
of  up  to  5.93%  at  100  mW  cm−2,  which  is  one  of  the  highest  energy  con-
version efficiencies reported for n719 dye-based, i2-free solid state dSSCs. A 
bis-imidazolium-based  poly(il),  poly(1-butyl-3-(1-vinylimidazolium-3-hexyl) 
imidazolium nTf2), which was mixed with a rTil solution containing i2, gave 
a quasi-solid-state gel electrolyte.104 The resultant dSSCs exhibit a higher effi-
ciency than those based on the monocationic pil poly(1-butyl-3-vinylimidaz-
olium nTf2) (η = 5.92%). These results provide a novel method to synthesize 
(quasi) solid-state dSSCs for future applications.

8.6.3.5  Actuators
The  concept  of  an  electromechanical  actuator  involves  the  migration  of 
charged  species  and  the  solvation  shell  under  an  electric  field  to  the  elec-
trode surface. When these species pile up near  the electrode surface,  they 
create an over pressure at the electrode, which leads to the deformation of 
the material.
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A flexible thin membrane, which was originally flat, tends to exhibit spon-
taneous bending depending on the applied electric field. From this notion, 
long et al. developed a triblock and pentablock copolymer in which one of 
the  components  is  a  poly(ionic  liquid).139–141  The  polymer  materials  were 
swelled  in different  ionic  liquids  in order  to achieve an effective actuation 
response at low applied potential (typically <4 V). mechanical property char-
acterization using dynamic mechanical analysis displayed well-defined rub-
bery  plateaus  with  high  modulus  storage  (around  700  mpa).  it  should  be 
noted that the fabrication of the ionic liquid-containing n-block copolymer 
afforded  tunable  polarity  toward  polar  guest  molecules,  such  as  ionic  liq-
uids. The incorporation of an ionic liquid into the polymer matrix increased 
the ionic conductivity, which can decrease the response time and increase 
the curvature amplitude to 0.26 mm−1 within 20 s. The device then decayed 
back to the original position during 46 s and bent to the other side (cathode) 
with a final curvature of 0.67 mm−1 after 120 s.

Very recently, J. yuan and co-workers142–144 reported a series of materials 
based on poly(ionic liquid)s for multi-responsive behavior driven by solvent 
molecule  adsorption.  This  novel  approach  can  turn  any  inert  object  into 
an actuator by coating  it with a cationic poly(ionic  liquid). The pilTf2n/C- 
pillar[5]arene  membrane  exhibits  an  unprecedented  fast  actuation  speed 
in response to acetone stimulus (Figure 8.21). under acetone vapor (24 kpa, 
20 °C), the flat membrane bent rapidly into a closed loop within 0.1 s, with 
the top surface inwards (Figure 8.21a), and the twisting continued until the 
maximum curvature was reached (after 0.4 s). After removing the membrane 
from  the  acetone  vapor  chamber,  the  ribbon  switched  back  to  the  initial 
form after 2 s. The actuators were tested under harsh conditions. After stor-
age in liquid nitrogen, the membrane was cooked for 24 h at 150 °C under 
high pressure (100 mpa). The treated membrane remained active but with a 
slower response rate (0.5 s for bending into a semicircle). This novel concept 
opens a new route for making soft actuators that can work with a huge num-
ber of materials, like human hair, or complex systems by capture of perfume 
or tea tree oil vapor.143

8.6.4   Sensors
The worldwide increase in human health troubles and environmental pol-
lution has been a driving force for the development of analytical techniques 
that can help people to quantify target substances. Following this direction, 
poly(ionic liquid)s have also been used for making sensor devices. in this 
subsection, we will highlight  the most recent  important developments  in 
this field using poly(ionic liquid)s across different approaches. k. Cui et al. 
reported148 the use of fluorescent nanoparticles (Flnps) based on poly(ionic 
liquid)s  for  the  selective  detection  of  copper  ions.  Their  Flnps  were  syn-
thesized  by  mixing  poly(pyridinium)-based  ionic  liquids  with  fluorescent 
organic molecules (2-(4-amino-2-hydroxyphenyl) benzothiazole derivatives) 
and additional secondary ions (azo-compounds bearing different groups). 
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The inter-connection and the hydrophobic balance between these 3 com-
ponents resulted in their assembly into nanoparticles, in which the fluores-
cent organic molecules quench the poly(ionic liquid) and secondary ion in 
the inner part of the particles, while free poly(ionic liquid) chains cover the 
outside part of  the particles. The Fl molecule–poly(ionic  liquid) complex 
structure is crucial for enhancing the fluorescence properties of the organic 
molecules. indeed, a common problem with Fl organic molecules is photo- 
bleaching in the presence of oxygen in the solution. By using a poly(ionic 

Figure 8.21    Actuation of the membrane actuator. (a) Adaptive movement of a pilT-
f2n/C-pillar[5]arene membrane (1 mm × 20 mm × 30 mm) placed in 
acetone vapor (24 kpa, 20 °C, left) and then back in air (right). note: 
acetone solvent is stained in blue. (b) plot of curvature against time 
for the membrane actuator in (a); on the left: a schematic of how the 
curvature is calculated. (c) plot of ‘curvature × thickness’ against time 
for the membrane actuator in (a) and from literature results (blue tri-
angle) compared with lines of constant actuation speed. (d) plot of the 
force generated by the membrane actuator  in  (a) against  time when 
the membrane was exposed to acetone vapor (24 kpa, 20 °C) and air 
alternately; M is the force that the actuator exerted on the balance; M0 
is the weight of the actuator membrane. on the left: schematic illus-
tration of the experimental force measurement set-up. reprinted with 
permission  from  macmillan  publishers  ltd:  Nature Communications 
(ref. 142), Copyright (2014) nature publishing group.
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liquid) as the backbone,  the final complex  leads not only to enhanced Fl 
intensity, with an increase in thermal stability and overall stability, but also 
retardation  of  the  photo-bleaching  problem.  in  addition,  these  nanopar-
ticles  exhibit  highly  selective  recognition  for  copper  ions  due  to  the  for-
mation  of  a  AhBTA–Cu2+  complex,  which  dramatically  decreases  the  Fl 
intensity (down to 10%). For ph sensing applications, Q. zhao et al. demon-
strated that poly(ionic liquid)-coated optical fibers can provide a high ph 
sensing  performance  with  a  fast  response  time  as  shown  in  Figure  8.22 
(right).145 The charged membrane using poly[1-cyanomethyl-3-vinylimidaz-
olium Tf2n] and poly(acrylic acid) was activated by immersion in aqueous 
ammonia resulting in the formation of a thin layer of macropores, followed 
by a thick layer of nanopores (Figure 8.22 (left)). The activated membrane 
is stable  in both aqueous and non-aqueous solution with high sensibility 
(2.04 and −2.48 nm per ph unit corresponding to acidic and basic medium, 
respectively).

poly(ionic  liquid)s  were  also  used  for  detecting  bio-molecules  such  as 
dopamine, a neurotransmitter that is released by neurons to send a signal to 
other cells in order to control our feelings. 1-Vinyl-3-ethylimidazole bromide 
that was polymerized onto poly(pyrrole)-modified graphene oxide (pil/ppy/
go) was used for dopamine detection in the presence of ascorbic acid.56 For 
the ppy/go and go electrodes, the oxidation signals of 3 mm of l-ascorbic 
acid (AA) and 2 µm of dopamine (dA) cannot be distinguished, resulting in 1 
oxidation peak at around 0.4 V vs. Ag/AgCl. however, in the case of poly(il)/
ppy/go, two clearly separated peaks were observed at 0.18 V and 0.4 V for 

Figure 8.22    (left)  (a)  Cartoon  illustrating  pore  generation  controlled  by  the  dif-
fusion  of  aqueous  nh3  into  the  membrane.  (b)  Fluorescent  confo-
cal  laser  scanning  microscopy  image  of  the  ppm  cross-section  after 
the  film  was  soaked  for  2  h  in  0.2  wt%  aqueous  nh3  doped  with  
15 ppm rhodamine B. (c–e) Time-dependent cross-section structures 
of  the  membrane  soaked  in  0.2  wt%  aqueous  nh3  for  10,  25,  and  
50 min, respectively. The scale bars in the insets are 100 nm. (right) (a) 
response of the TCFmi ph sensor versus ph. (b) dynamic responses 
of the TCFmi ph sensor in solution with the ph alternating between 
6.68 and 3.96. reproduced with permission from ref. 145. Copyright 
(2013) American Chemical Society.
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the oxidation of AA and dA, respectively. This result might be explained by a 
double catalysis system where the hybrid material catalyzed the oxidation of 
AA by shifting the oxidation potential to a lower value (from 0.4 V to 0.18 V 
vs. Ag/AgCl) and the oxidation of dA by enhancing the current intensity. The 
double catalysis system is applicable in real-life because in biological media, 
AA and dA always coexist with a concentration ratio of around 100 to 1000, 
and the poly(il)/ppy/go-modified gC electrode can identify the presence of 
dA at the same concentration ratio as reported. on the other hand, the detec-
tion limit of this system is much better than that in previously reported work 
(down to 73.3 nm) and the linear range is determined to be between 4 and 
18 µm. Beside these cited applications of poly(ionic liquid)s, these materials 
can also be used for the determination of humidity146 and for the detection 
of hydrogen peroxide.147

8.7   Concluding Remarks
during the past two decades, ionic liquids and their derivatives have attracted 
increasing research interest as solvent–electrolytes for electrochemical pro-
cesses. however, recent studies have indicated the feasibility of using ionic 
liquids  and  ionic  liquid-based  polymers,  called  task-specific  ionic  liquids, 
as  the  main  component  for  a  large  spectrum  of  applications.  despite  the 
develop ment of these materials, the number of reports is relatively limited 
and a fundamental understanding of il and pil properties is still open for 
further  investigation.  in  this chapter, we have attempted to provide recent 
advances from fundamental research into practical uses in the field of ionic 
liquids. Even when being used as a green solvent, ionic liquids and their deriv-
atives are quite harmful to the environment and human health. To resolve 
this problem, different approaches have been proposed in order to immobi-
lize the ionic liquid onto various substrates, which can reduce the quantity 
of il required and generate new interesting interfaces from thin layer ionic 
liquids to polymeric ionic liquids. in this context, self-assembled monolay-
ers  and  electrochemical  tools  are  among  the  most  powerful  techniques  to 
graft ils and pils onto material surfaces from the nanoscale to a large area. 
These il-modified substrates exhibit unusual behaviors compared to other 
organic materials, providing the possibility to use them for sensor, catalysis 
and energy applications, and so on. in parallel with the traditional ionic liq-
uids, redox-active ionic liquids (rils) and redox-active polymer ionic liquids 
have appeared as new candidates for  integration into electrochemical pro-
cesses. By introducing ionic liquid moieties onto redox active compounds, 
the intrinsic properties of both the ionic liquid and the redox-active group 
change,  resulting  in  multifunctional  materials.  These  materials  have  been 
successfully used as electro-responsive materials for reversible electrochemi-
cally switchable wettability and electrochemical energy storage. We expect 
that redox-active ils and polymers will boost the whole field of ionic liquids 
toward  multifunctional  materials  and  will  open  up  possibilities  for  their 
integration into various applications.
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Chapter 9

Doping Polymers with Ionic 
Liquids to Manipulate Their 
Morphology and Membrane 
Gas Separation Properties
Xianda hou†, Junyi Liu†, hien nguyen and haiqing 
Lin*

department of Chemical and Biological engineering, university at Buffalo, 
the State university of new york, Buffalo, ny 14260, uSa
*e-mail: haiqingl@buffalo.edu

† these authors contributed equally.

9.1   Introduction
polymeric membranes have emerged as an important technology for indus-
trial gas separations, due to their inherent advantages such as high energy- 
efficiency, simplicity, small footprint, and easy scalability.1–3 the core of 
membrane technology is polymers with superior gas separation prop-
erties, such as high gas permeability and gas selectivity. however, there 
exists an intrinsic trade-off, i.e., polymers with higher gas permeability 
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tend to exhibit lower gas selectivity.4–7 therefore, there is great interest in 
developing polymer-based hybrid materials to overcome this limitation, 
while retaining good processability for membrane formation derived from 
polymers.

polymers doped with ionic liquids (iLs) have been widely explored for 
membrane gas separation. iLs exhibit essentially no vapor pressure, giv-
ing them good stability and low viscosity, providing high gas diffusivity 
and thus high permeability.8–10 More importantly, iLs containing imid-
azolium exhibit high Co2 solubility and high Co2/n2 solubility selectiv-
ity, due to specific interactions between amine groups in imidazolium 
and Co2.11–15 While these iLs can be fabricated into liquid membranes 
supported on porous supports to achieve good separation properties for 
Co2/n2 and Co2/Ch4, such membranes are not stable under high pres-
sures across the membranes.16–20 therefore, iLs have often been blended 
with polymers to achieve both good separation properties and good  
stability.12,21,22

iLs doped in polymers behave like plasticizers and they can significantly 
change the polymer morphology, as shown in Figure 9.1.13 iL doping increases 
the polymer chain flexibility or decreases the glass transition temperature 
(Tg) of the blends; for semi-crystalline polymers, iL doping only occurs in 
the amorphous phase, and it can decrease the polymer melting temperature 
(Tm) and even the crystallinity,12,13,23–26 which can inevitably influence the gas 
separation properties.

this chapter critically reviews the effect of iL doping on the physical prop-
erties of polymers, such as Tg and crystallinity, and their gas transport prop-
erties. Without exhaustively reviewing the literature on polymer/iL blends 
for membrane gas separation, we aim to elucidate a quantitative relationship 
between changes in Tg, crystallinity, and gas permeation properties derived 
from iL doping, providing guidelines to select suitable iLs for polymer dop-
ing to enhance gas separation properties.

Figure 9.1    Schematic showing the effect of iL doping on chain flexibility and crys-
tallinity in a semi-crystalline polymer. data from ref. 13.
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9.2   Background
the permeability of gas component a in a polymeric thin film, Pa, can be 
written as:27
  

 
 

•A
A

m 2A 1A

N lP
A p p




 (9.1)

  
where Na is the steady state gas flux (cm3 (Stp) s−1), l is the film thickness 
(cm), Am is the film area (cm2), and p2a and p1a are the feed and permeate 
pressure (cmhg) of component a, respectively. the permeability coefficient 
has a unit of Barrer (1 Barrer = 10−10 cm3 (Stp) cm cm−2 s−1 cmhg−1). Within a 
framework of the solution–diffusion model for gas permeation in polymers, 
Pa can also be expressed as:27
  

 Pa = Sa × Da (9.2)
  
where Sa is the solubility coefficient of the gas in the polymer (cm3 (Stp) cm−3 
atm−1), and Da is the gas diffusion coefficient (cm2 s−1). the gas selectivity 
(αa/B) is the ratio of the gas permeabilities, and it is also a combination of the 
solubility selectivity (Sa/SB) and the diffusivity selectivity (Da/DB):
  

 A A A
A/B

B B B

P S D
P S D


   

     
   

 (9.3)

  
gas solubility in a polymer is determined by the gas condensability and 

its interaction with the polymer.6 therefore, by doping a polymer with an 
iL exhibiting a stronger interaction with gas a than the polymer, Sa can be 
increased, as well as Sa/SB. gas diffusivity is determined by gas molecular 
size, polymer chain rigidity and free volume.6,28 the iL doping of a polymer 
typically decreases the polymer chain rigidity, and thus increases Da and 
decreases the polymer size sieving ability.

For semi-crystalline polymers, crystallinity can significantly influence gas 
permeability, since crystals are not accessible for gas sorption and diffusion. 
the following simple model is often used to describe the apparent gas solu-
bility (Sa,SC) in a semi-crystalline polymer:13,29–31
  

 Sa,SC = Sa,am × ϕam (9.4)
  
where Sa,am is the estimated solubility in the wholly amorphous polymer, and 
ϕam is the volume fraction of the amorphous phase in the polymer.

the gas diffusivity in a semi-crystalline polymer (Da,SC) can be described 
using the following simplified model:13,29–31
  

 Da,SC = Da,am × ϕam (9.5)
  
where Da,am is the estimated gas diffusivity in the wholly amorphous polymer. 
Combining eqn (4) and eqn (5) gives the following equation:13,29,30
  

 Pa,SC = Pa,am × ϕam
2 (9.6)
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265Doping Polymers with Ionic Liquids to Manipulate Their Morphology

where Pa,SC is the measured permeability in the semi-crystalline polymer, and 
Pa,am is the estimated permeability in the wholly amorphous polymer. eqn 
(6) indicates that the gas permeability in semi-crystalline polymers depends 
sensitively on the crystallinity.

9.3   Effect of IL Doping on the Tg of Blends
9.3.1   Tg Depression and Modeling Using the Gordon–Taylor 

Equation
Figure 9.2 shows the effect of iL doping on the Tg of two representative 
blends, Cta/[emim][BF4]13 and pMMa/[emim][tf2n].32 the detailed names 
are shown in the caption, and the chemical structure of the iLs is also shown 
in Figure 9.3. While pMMa is amorphous, Cta is semi-crystalline. therefore, 

Figure 9.2    effect of iL content in the amorphous phase (wt%) on the Tg of two 
blends, cellulose triacetate/1-ethyl-3-methylimidazolium tetrafluoro-
borate (Cta/[emim][BF4]),13 and poly(methyl methacrylate)/1-ethyl-3- 
methylimidazolium bis(trifluoromethylsulfonyl)imide (pMMa/[emim]
[tf2n]).32 the curves are best fits based on eqn (7).

Figure 9.3    Chemical structures of representative cations and anions for iLs.
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the iL content in the amorphous phase is used for correlation, assuming that 
the iLs do not co-crystallize with the polymers and only exist in the amor-
phous phase. in general, increasing the iL content decreases the Tg, since the 
iLs have a much lower Tg than the polymers.

the effect of iL doping on the Tg of the blends can be described using the 
gordon–taylor equation:13,33
  

 P,am g,P IL,am g,IL
g

P,am IL,am

T K T
T

K
 

 





 (9.7)

  
where ωam is the weight content in the amorphous phase, K is an adjust-
able parameter, and the subscripts p and iL represent the pure polymer 
and iL, respectively. as shown in Figure 9.2, the gordon–taylor equation 
can satisfactorily model the data, with K values of 1.4 and 2.0 for Cta/
[emim][BF4] and pMMa/[emim][tf2n], respectively. Similar behavior has 
also been observed for poly(vinyl alcohol) (pVa),34 poly(l-lactide) (pLa),35 
poly(vinyl chloride) (pVC),36 and poly(styrene-b-2-vinylpyridine)37 doped 
with iLs.

9.3.2   Estimation of the Tg for ILs
to predict the Tg for a polymer/iL blend, the Tg,iL values need to be deter-
mined, which can also be estimated using the following equation:38
  

 Tg,iL = K1δiL
0.25 (9.8)

  
where δiL is the hildebrand solubility parameter for iLs (Mpa0.5), and K1 is an 
adjustable parameter (K Mpa−0.125). the value of δiL can be estimated from the 
ionic cohesive energy density.39 Figure 9.4 presents the modeling of Tg,iL and 
δiL for several iLs using eqn (8). the fitting is satisfactory with a K1 value of 
84 K Mpa−0.25. this is expected since Tg is an indication of the flexibility of liquid 
molecules, while δiL indicates the strength of ionic interactions in iLs, which 
would influence the molecule flexibility.

Figure 9.4    relationship between the solubility parameter (δiL) and Tg for iLs. data 
from ref. 39–43. the line is the best fit based on eqn (8).
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267Doping Polymers with Ionic Liquids to Manipulate Their Morphology

9.4   Effect of IL Doping on Polymer Crystallization
9.4.1   Effect of IL Doping on Tm Depression
the crystallization of polymer chains is driven by intermolecular forces such 
as hydrogen bonds and van der Waals forces. iLs have polarity and the anions 
(such as Cl−44 and Br−45) can act as good hydrogen bond acceptors. therefore, 
the iL doping of semi-crystalline polymers weakens the intermolecular forces 
among the polymer chains and thus disrupts crystallization, resulting in a 
decrease in both Tm and crystallinity,46,47 and even a change in the crystalline 
structure.48,49 Figure 9.5 shows the decrease of Tm in representative polymers 
such as p(VdF-hFp),50 pVa,34 pVdF,46 and pa 6 49 caused by iL doping. Similar 
behaviors have also been observed in poly(vinyl pyrrolidone) (pVp)51 and pVC.52

For semi-crystalline polymers, the depression of Tm in the polymers by iL 
doping can be estimated using the equation shown below:46,53
  

  2P
IL IL0

m m m IL

1 1 VR
T T H V

   


 (9.9)

  
where χ is the interaction parameter between the polymer and iL at Tm, Tm

0 is 
the melting temperature of the pure polymer (K), R is the gas constant (8.314 
J mol−1 K−1), ΔHm is the melting enthalpy of the crystalline phase in the poly-
mer (J mol−1), and Vp and ViL are the molar volumes of the polymer repeat 
unit and iL (cm3 mol−1), respectively. the χ parameter may be estimated from 
the solubility parameter using the following equation:54,55
  

  2IL
p ILs

V
RT

     (9.10)

where δp is the solubility parameter of the polymer (Mpa0.5).

Figure 9.5    effect of the iL content in the blends on the Tm of polymers, including  
poly(vinylidenefluoride-co-hexafluoropropylene)/1-butyl-3-methy l-
imidazolium tetrafluoroborate) (p(VdF-hFp)/[bmim][BF4]),50 pVa/ 
1-ethylpyridi nium bromide (pVa/[etpy][Br]),34 polyamide 6/1-butyl-3- 
methylimidazolium chloride (pa 6/([bmim][Cl]),49 and pVdF/[bmim]
[pF6].47 the curves are best fits using eqn (9).
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as shown in Figure 9.5, the Tm data can be satisfactorily described using 
eqn (9) with ΔHm and χ as adjustable parameters. More details on the model-
ing of pVdF/[etpy]Br blends are also presented in the literature.46 however, 
for other blends, a comparison of the adjustable parameters with the litera-
ture is not available, due to the lack of parameters (such as χ) in the literature. 
in general, with the right choice of iLs, the Tm of the blends could be reduced 
to the membrane operating temperature, and thus, the crystallinity is elimi-
nated to achieve high gas permeability.

9.4.2   Effect of IL Doping on Polymer Crystallinity
the crystallization of polymers can be influenced by the chemical structure 
and processing conditions.53 the ultimate crystallinity (ϕc,max or the attain-
able maximum crystallinity) in polymers has been related to the parameter 
of Tg/Tm, as shown below:56,57
  

 
3 2

g g g
c,max

m m m

13475 19.664 10.898 2.987
T T T

T T T


     
         

     
 (9.11)

  
this empirical equation was generated from more than 10 polymers, and it 

is valid for polymers with Tg/Tm values ranging from 0.352 to 0.791. generally, 
the equation predicts that ϕc,max increases with decreasing Tg/Tm, presumably 
because polymers with chain structures suitable for crystalline packing tend 
to have low Tg (or good chain flexibility) and high Tm (strong intermolecular 
interaction).59

this model can also shed some light on the effect of iL doping on poly-
mer crystallinity. iL doping decreases Tg, as indicated by eqn (7), and 
decreases Tm, as indicated by eqn (9), though there may not be a single 
trend for the Tg/Tm values. as shown in Figure 9.6, increasing the iL con-
tent increases ϕc,max for pVdF and p(VdF-hFp), and decreases ϕc,max for Cta 
and Ca. nevertheless, the ϕc,max (which is defined for the crystallinity in 
the polymers, instead of the polymer/iL blends) can be estimated for the 
polymer/iL blends.

9.4.3   Effect of ILs Doping on Dissolution of Cellulose Acetate
iLs have been extensively explored to dissolve semi-crystalline cellulose and 
its derivatives, due to the wide applications of these materials.60,61 on the 
other hand, cellulose acetate with different degrees of acetylation (ranging 
from 2.0 to 3.0) has been widely used for commercial membranes for indus-
trial Co2/Ch4 separation, due to its low price and availability on an industrial 
scale.62–64 therefore, it would be useful to review the effect of iLs on Ca dis-
solution, which can elucidate the interactions between iLs and Ca, and thus 
the change in Ca morphology due to iL doping.
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269Doping Polymers with Ionic Liquids to Manipulate Their Morphology

the dissolution of semi-crystalline cellulose follows two steps: (1) cellulose 
decrystallization to an amorphous polymer, and (2) disentanglement of the 
polymer chains for dissolution in the solvent.65 in general, iLs with greater 
hydrogen bond basicity and polarity tend to have higher efficiency for cellu-
lose dissolution.66,67 For example, coordinating anions with good hydrogen 
bond acceptors (such as oac−, hCoo−, Cl−, and Br−68–71) can dissolve cellu-
lose much more rapidly than non-coordinating ones such as tF2n−, BF4

−, and 
pF6

−.70 Figure 9.7 depicts the interactions between an example iL ([emim][Cl]) 
and Ca, which lead to the dissolution of Ca. the anion of Cl− forms a new 
hydrogen bond with the oh groups in Ca, and the [emim] cation forms a bond 
with the oxygen atom to replace the hydrogen atom. therefore, the hydrogen 
bond leading to the crystallization is disrupted and Ca is decrystallized.45

Figure 9.8 shows the effect of the hydrogen bond accepting ability of the 
anions (as indicated by the Kamlet–taft parameter) on the cellulose solubility. 
the oac− anion shows the highest Kamlet–taft parameter and also the highest 
cellulose solubility. the interactions between oac− and the oh groups in cel-
lulose have also been confirmed using nuclear magnetic resonance (nMr).72

Figure 9.6    effect of the iL weight percentage in the blends on the polymer crystal-
linity (ϕc,max), including (p(VdF-hFp)/[bmim][BF4]),50 Ca/[bmim][Cl],58 
Cta/[emim][dCa],13 pVdF/[bmim][pF6],46 and peo/[bmim][pF6].59 the 
lines are to guide the eye.

Figure 9.7    Schematic of the dissolution of cellulose in [emim][Cl] by disrupting 
the hydrogen bonding in cellulose. For further reading see ref. 45.
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the type of cation also has an important effect on the cellulose solubility 
in iLs. Cations with longer alkyl chains tend to have greater hydrophobicity, 
resulting in lower cellulose solubility. For example, [C6mim][Cl] shows much 
higher cellulose solubility than [C8mim][Cl] at 100 °C.70 pyridinium and 
imidazolium cations contain nitrogen-based aromatic rings and thus high 
polarizability, which leads to a high capability to dissolve cellulose.74,75

9.5   Effect of IL Doping on Gas Permeation 
Properties

iLs have been extensively evaluated for Co2 removal from mixtures contain-
ing n2 or Ch4.11,12 this section briefly reviews the effect of iL doping on Co2 
solubility and diffusivity, and the separation properties of Co2/n2 and Co2/
Ch4. quantitative models to define such effects are also described.

9.5.1   Gas Solubility in ILs
Figure 9.9 shows Co2 solubility at 35 °C in various iLs with different solubility 
parameter values (δiL). these iLs contain imidazolium with amine groups 
to interact favorably with Co2. the Co2 solubility can be correlated with δiL 
using the equation below:11,76
  

 lnSCo2 = a + b(δiL − δCo2)
2 (9.12)

  
where δCo2 is the solubility parameter (Mpa0.5) of Co2, and a and b are adjust-
able constants. as shown in Figure 9.9, this model can satisfactorily describe 
the data. there also appears to be a maximum Co2 solubility when the iL has 
a δiL value of 38 Mpa0.5, which would suggest that δCo2 has a value of 38 Mpa0.5. 
this result is different from an early study (showing a δCo2 value of 21.5 Mpa0.5) 

Figure 9.8    effect of the hydrogen bond accepting ability (Kamlet–taft parameter) 
of the anions in various iLs containing [bmim] on the cellulose solubility 
at 70 °C. data from ref. 70, 72 and 73.
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271Doping Polymers with Ionic Liquids to Manipulate Their Morphology

based on the Co2 solubility in various hydrocarbon-based liquids,76 partially 
because the δiL values are overestimated.77 nevertheless, eqn (12) provides a 
useful guideline in designing iLs to achieve high Co2 sorption.

Light gases such as n2 and Ch4 have very low solubility (Sa) in iLs, and the 
following equation has been used to correlate Sa with δiL:11,76
  

 lnSa = α + βδiL
2 (9.13)

  
where α and β are adjustable constants. eqn (13) is mathematically consis-
tent with eqn (12), since n2 and Ch4 have solubility parameters of 5.3 and 
11.6 Mpa0.5, respectively,11 which are much lower than those of the iLs.

9.5.2   Effect of IL Doping on Gas Solubility in Polymer/IL 
Blends

Figure 9.10 shows the effect of iL doping on the Co2 solubility in three poly-
mer/iL blends, pVdF/[emim][B(Cn)4],80 Cta/[emim][BF4],13 and pebax 1657/
[bmim][CF3So3].25 except for the blend based on pebax 1657 (which is a 
block copolymer containing amorphous peo and semi-crystalline pa6 with 
low crystallinity), the estimated solubility in the amorphous phase is used 
for comparison to eliminate the effect of crystallinity. two opposite trends 
can be observed. For glassy polymers such as Cta, increasing the iL con-
tent decreases the Co2 solubility;13 for rubbery polymers such as pVdF80 and 
pebax 1657,25 increasing the iL content increases the Co2 solubility. these 
behaviors can be explained by the unique gas sorption behavior in glassy 
polymers, which is often described using a dual mode model:
  

 H
A D,A

A1
C bS k
bp



 


 (9.14)
  

Figure 9.9    Co2 solubility at 35 °C in iLs as a function of δiL.11,78,79 the curve is the 
best fit based on eqn (12).
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where kd,a (cm3(Stp) cm−3 atm−1) is henry’s sorption coefficient, C′
h (cm3(Stp) 

cm−3 polymer) is the Langmuir capacity constant, and b (atm−1) is the Lang-
muir affinity of the gas. rubbery polymers do not have Langmuir sorption 
sites (i.e., C′

h = 0). therefore, glassy polymers often have a higher gas solubility 
than rubber polymers. the addition of an iL in glassy polymers decreases 
the free volume or Langmuir sites available (C′

h) and thus gas sorption. the 
decrease in gas sorption has been correlated with the decrease in Tg of the 
polymer/iL blends.81 on the other hand, when the iLs have a higher gas 
sorption than the rubber polymers, increasing the iL content is expected to 
increase the gas sorption in the blends.

the gas solubility in the blends can be related to that in the individual iL 
and polymer components using the following equation:82,83
  

 lnSam = ϕam,plnSam,p + ϕam,iLlnSiL (9.15)
  
where Sam,p and SiL are the gas solubilities in the amorphous phase polymer 
and iL, respectively. as shown in Figure 9.10a, the gas solubility can be sat-
isfactorily described by the equation, despite the different trends for glassy 
and rubbery polymers.

Figure 9.10b shows that increasing the iL content also increases the Co2/
n2 and Co2/Ch4 solubility selectivity, since the iLs (such as [emim][dCa] and 
[emim][BF4]) exhibit much higher Co2/light gas selectivity than the polymer 
matrix (i.e., Cta),13 though Cta has been widely used for commercial mem-
brane applications for Co2/Ch4 separation.

9.5.3   Effect of IL Doping on Gas Diffusivity in Polymer/IL 
Blends

increasing the iL content in the blends often increases the gas diffusivity, 
mainly because of the plasticization by iLs, increasing the flexibility of the 
polymer chains. For example, in Cta/[emim][BF4] blends, increasing the iL 
content from 0 to 50% decreases Tg from 198 °C to 11 °C, and increases the 
Co2 diffusivity from 1.4 × 10−8 to 7.4 × 10−8 cm2 s−1.13 the increase in the diffu-
sivity cannot be described using the free volume model, presumably because 
of the high uncertainty in estimating the free volume in iLs.13

Figure 9.11 shows the effect of iL content on the estimated Co2 diffusivity 
in the following amorphous polymer/iL blends: Cta/[emim][BF4],13 p(VdF-
hFp)/[emim][tFSi],26 pVdF/[emim][B(Cn)4],80 and polyimide (pi)/[bmim]
[tF2n]81 at 35 °C. in the first three blends, the amorphous phase Co2 diffusivity  
increases continuously with increasing iL content. however, for the last 
blend, increasing the iL content initially decreases the gas diffusivity (such 
as Co2) before increasing it, presumably due to the anti-plasticization effect, 
i.e., the addition of a low content of iLs decreases the free volume in the 
polymers, leading to lower gas diffusivity.84 at higher contents, the iL can 
plasticize the polymer chains and increase the gas diffusivity. the minimal 
Co2 diffusivity reflects the balance of these two counteracting factors in  
pi/[bmim][tF2n].81
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Figure 9.10    effect of iL content on (a) the estimated Co2 solubility in amorphous 
polymer/iL blends, pVdF/[emim][B(Cn)4],80 Cta/[emim][BF4],13 and 
pebax 1657/[bmim][CF3So3],25 and (b) Co2/Ch4 solubility selectivity in 
Cta/[emim][BF4], and Cta/[emim][dCa] at 35 °C.13 the lines are best 
fits using eqn (15).

Figure 9.11    effect of the iL content on the Co2 diffusivity at 35 °C in the follow-
ing amorphous polymer/iL blends: Cta/[emim][BF4],13 p(VdF-hFp)/
[emim][tFSi],26 pVdF/[emim][B(Cn)4],80 and pi/[bmim][tF2n].81 the 
curve and lines are to guide the eye.
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9.5.4   Effect of IL Doping on Gas Separation Properties
the following equation has often been used to model gas permea-
bility in homogeneous blends using the properties of the individual 
components:13,82,83
  

 lnPam = ϕam,CtalnPam,Cta + ϕam,iLlnPiL (9.16)
  
where pam,Cta and PiL are the gas permeability in the amorphous phase Cta 
and iL, respectively. as shown in Figure 9.12, the fittings are generally good 
for Cta/[emim][BF4] blends.13

Figure 9.13 shows examples of iL doping to improve the Co2/n2 sep-
aration properties in a robeson’s plot. the upper bound line shows the 
trade-off between Co2 permeability and Co2/n2 selectivity.5–7 pure iLs 
such as [emim][dCa] and [emim][BF4] exhibit superior Co2/n2 separa-
tion properties, as their performance is above the upper bound. as shown 
in Figure 9.13a, the addition of [emim][dCa] in poly(ionic liquid)s such 
as poly(1-vinyl-3-butylimidazolium dicyanamide) (p[vbim][dCa]) and 
poly(1-vinyl-3-heptylimidazolium dicyanamide) (p[vhim][dCa]) increases 
both the Co2 permeability and Co2/n2 selectivity.85–89 Similar behavior has 
been observed when [emim][dCa] and [emim][BF4] are used to dope Cta, 
as shown in Figure 9.13b.13,22 these results demonstrate the effectiveness 
of this strategy in improving polymer-based materials for membrane gas 
separation.

Figure 9.12    effect of the iL loading (ϕam,iL) in the amorphous phase of the Cta/
[emim][BF4] blends on the amorphous phase gas permeability at 
35 °C. the lines are the best fits based on eqn (16).13 reprinted with 
permission polymer, 89, B. Lam, M. Wei, L. Zhu, S. Luo, r. guo, a. 
Morisato, p. alexandridis, h. Lin, Cellulose triacetate doped with ionic 
liquids for membrane gas separation, 1–11, Copyright (2016) with 
permission from elsevier.
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9.6   Conclusion
this review aims to elucidate the effect of the interactions between iLs and 
polymers on physical properties, such as morphology and gas transport 
properties, and thus provides guidelines to design and identify suitable iLs 
for doping to enhance the membrane gas separation properties in polymers. 
iL doping decreases Tg, and depresses Tm and the crystallinity for semi-crys-
talline polymers, which, in turn, increases the gas permeability. iLs based on 
[emim] exhibit favorable interactions with Co2, and thus, their doping can 
significantly increase the Co2 permeability and Co2/n2 selectivity.

Figure 9.13    enhancement of Co2/n2 separation properties in polymers by iL dop-
ing. (a) poly(ionic liquid)s doped with [emim][dCa],22,85–89 and (b) Cta 
doped with [emim][BF4] and [emim][dCa] at 35 °C.13,22 data for Figure 
9.13a is taken from ref. 22, and Figure 9.13b is reprinted from polymer, 
89, B. Lam, M. Wei, L. Zhu, S. Luo, r. guo, a. Morisato, p. alexandridis, 
h. Lin, Cellulose triacetate doped with ionic liquids for membrane gas 
separation, 1–11, Copyright (2016) with permission from elsevier.13
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this review also uses examples of cellulose derivatives (including Cta and 
Ca, commercial membrane materials for Co2/Ch4 separation) to elucidate 
the interaction between iLs and semi-crystalline polymers. the effect of iL 
structures on cellulose decrystallization is presented, where doping using 
two promising iLs ([emim][dCa] and [emim][BF4]) results in enhancement 
in the Co2/n2 separation properties according to the robeson’s upper bound.
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10.1   Introduction
Poly(vinylidene fluoride) (PVDF) has stimulated intensive interest due to its 
intriguing features in applications in the field of electronic devices.1–5 The 
inherent properties of PVDF, such as high polarity, high dielectric constant, 
good strength and favourable flexibility, conferred by the CF2–CH2 structure 
units that alternately form the PVDF backbone, make it a promising candi-
date as a matrix or a precursor for the design of electronic devices among 
common polymers. However, neat PVDF cannot meet all of the requirements 
for practical application due to its insulating characteristics, non-polar phase, 
and relatively low dielectric constant compared with inorganic ceramics.6–8 
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Therefore, considerable effort has been devoted to modifying PVDF for spe-
cific purposes, such as improvement of the polar phase content,9–24 thermal 
conductivity,25,26 dielectric performance,27–46 and so on.

room temperature ionic liquids (rTiLs) have recently been utilized as 
modifiers in common polymers due to their unique physical properties, 
including low melting temperature (commonly lower than 100 °C), non-vol-
atility, non-flammability, high ionic conductivity, unique capacity against 
bacteria, etc.47–49 The entirely ion-based chemical structures of ionic liquids 
(iLs) are responsible for their intriguing physical properties. The reported 
roles that iLs have played in the modification of polymers include as plasti-
cizers for PVDF,50 poly(methyl methacrylate) (PMMa),51,52 poly(vinyl chloride) 
(PVC)53 and polylactic acid (PLa),54 compatibilizers for polymer matrices 
with nanofillers including carbon nanotubes (CnTs)55–58 and montmoril-
lonite (MMT),59 anti-static agents for PVDF,50 polycarbonate (PC),60 thermo-
plastic polyurethanes (TPU)61 and polypropylene (PP),62 a flame retardant for 
PP63 and an anti-bacterial agent for TPU.61 it is suggested that the success-
ful modification of polymers with iLs is based on the good thermodynamic 
miscibility of iLs with polymers.50,60,61,67 On the other hand, research into 
the modification of PVDF or its fluoride copolymers by using iLs has been 
investigated intensively.64,65 Overall, several preparation strategies to form 
PVDF/iL composites can include spin-coating,66 melt-blending,50 electro-
spinning,67 dip-coating,68 and so on. Most studies have demonstrated good 
physical interactions between PVDF and the iL, namely static interactions 
of the positively charged cations of the iL with the negatively charged >CF2 
dipoles50 and/or the negatively charged anions of the iL with the positively 
charged >CH2 dipoles.66 However, the former is more reasonable and mean-
ingful.69 To the best of our knowledge, there were no studies regarding the 
chemical modification of PVDF by an iL until the very recent reports by our 
group, which may open up a new avenue to create PVDF/iL-based conductive 
nanostructures.70–73

in this chapter, iL-integrated PVDF composites (PVDF/iLs) are introduced. 
The structure–property relationships of these PVDF/iL composites are also 
discussed in detail. in terms of the different potential applications of such 
PVDF/iL composites, two distinguished cases based on PVDF and iLs are pre-
sented, as shown in Figure 10.1: (1) high-performance anti-static composites 
(Figure 10.1a–c); (2) dielectric composites (Figure 10.1d–f).

10.2   Anti-static PVDF/IL Composites
10.2.1   Anti-static Miscible PVDF/IL Films
Like most common plastics, semi-crystalline PVDF is insulating; on the 
other hand, iLs are highly ion-conductive and are built entirely from cations 
and anions. it is therefore reasonable to integrate PVDF with iLs to improve 
the electrical properties of PVDF. in this case, the thermodynamic compati-
bility of PVDF with the iL is of great importance, and plays a crucial role in 
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determining the physical properties of the PVDF/iL system. it was suggested 
in our previous study50 that PVDF is thermodynamically miscible with the 
imidazolium-based iL 1-butyl-3-methylimidazolium hexafluorophosphate 
([BMiM][PF6]), and a negative value of the Huggins–Flory interaction param-
eter was found (−2.84) in the melt (i.e. at 190 °C), obtained by using the 
revised nishi–Wang equation.75 The absolute value is much larger than that 
of the classically miscible systems of PVDF/PMMa75 and PVDF/PBSU.76 More-
over, such an evaluation of the compatibility between PVDF and the iL can 
be supported by the depression of the melting point (Tm), equivalent melting 
point (Tm

0), melt-crystallization temperature (Tc) and glass transition tem-
perature (Tg) of PVDF as the loading level of iL increases.50 as a consequence, 

Figure 10.1    Various kinds of PVDF/iL-based system: (a) a miscible PVDF/iL system, 
in which the iL molecules are only located in the amorphous regions 
of PVDF and are fully miscible with the amorphous PVDF chains;50 
(b) electrospun PVDF/iL composite nanofibers;67 (c) iL-coated car-
bon nanotube (CnT)-integrated PVDF (PVDF/iL–CnT) nanocompos-
ites with all-trans conformations of the PVDF chains;74 (d) iL-grafted 
PVDF amorphous chains (PVDF-g-iL), forming block-like copolymers 
with structures of crystalline PVDF-b-amorphous PVDF-g-iL-b-crystal-
line PVDF chains;70,72 (e) nanostructured PVDF/iL composites, formed 
by microphase separation of PVDF-g-iL chains from ungrafted PVDF 
chains;73 (f) PVDF nanocomposites with simultaneous organic PVDF-
g-iL nanodomains and inorganic carbon black (CB) nanoparticles with 
nanodomain@CB nanoparticle structures.71
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miscible binary PVDF/iL blend films were obtained by melt-blending with 
uniform morphologies, as shown in Figure 10.2a (with 10% iL) and Figure 
10.2b (with 20% iL). it is noteworthy that the iL molecules are only located in 
the amorphous regions of PVDF and that they are fully miscible with PVDF’s 
amorphous chains, strongly supported by both the depression of Tg mea-
sured by dynamic mechanical analysis (DMa) and the increase in crystal long 
period (L) obtained by small angle X-ray scattering (SaXS) with an increase in 
iL content.50

a good PVDF/iL miscibility results in excellent physical properties for 
PVDF/iL blend films, especially electrical, mechanical and optical properties.  
Table 10.1 shows the electrical properties of PVDF/iL blend films with 300 µm  
thickness. The surface resistivity (Rs) of the PVDF/iL samples is significantly 
decreased by the addition of iL, and the best electrical properties of the 
PVDF/iLs are found in the case of PVDF/iL 100/20. Moreover, this sample 

Figure 10.2    Morphologies and physical properties of miscible PVDF/iL blend films 
prepared by melt-blending: transmission electron microscopy (TeM) 
images of PVDF/iL blend films with 10% (a) and 20% (b) iL loadings; 
strain–stress curves of PVDF/iL blend films (c) and a photo of a PVDF/
iL blend film (with 20% iL) with a surface resistivity value of 1.27 × 108  
ohm per square (d). reprinted from ref. 50 with permission from the 
royal Society of Chemistry.
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simultaneously exhibits considerable improvements in tensile strength (82.7 
MPa vs. 42.5 MPa for neat PVDF) and elongation at break (693% vs. 252% of 
neat PVDF), as shown in Figure 10.2c. it is noteworthy that the 20% iL-filled 
PVDF film is still optically transparent (higher than 85% transparency) and 
no bleeding phenomena are observed in this sample, as shown in Figure 
10.2d. Their desirable anti-static properties, together with these excellent 
mechanical and optical properties, enable the PVDF/iL blend films to be 
promising in electronics design.

10.2.2   Anti-static PVDF/IL Nanofibrous Films
Owing to the good miscibility of PVDF with iLs, in addition to compact PVDF/
iL blend films, PVDF/iL composite nanofibrous films/mats can also be readily  
fabricated through an electrospinning technique. Figure 10.3 shows the 
morphologies of PVDF/iL-based nanofibers.67 it has been shown that add-
ing an iL into PVDF not only improves the spinnability of the PVDF nano-
fibers by increasing the conductivity of the PVDF solution, which results in 
the disappearance of beads on the fibers (Figure 10.3a–f), but also makes the 
PVDF nanofibers rougher (Figure 10.3D and F) relative to neat PVDF nanofi-
bers (Figure 10.3a). The increased roughness of the PVDF nanofiber surface 
improves the hydrophobicity of PVDF, as shown below.

Similar to neat PVDF films, neat PVDF nanofibrous mats have a large sur-
face resistivity (Rs), which is out of the instrument range as shown in Figure 
10.4a. adding an iL into the PVDF precursor solution can lead to PVDF/
iL composite nanofibers with enhanced electrical properties compared 
with the PVDF counterpart without iL. Moreover, the PVDF/iL composite 
nanofibrous mats also possess enhanced stretchability, as shown in Figure 
10.4b, and exhibit good flexibility, as shown in the inset of Figure 10.4b. 
Compared with compact PVDF-based films, PVDF-based nanofibrous mats 
are known to have a large specific surface area and porous structure, as 
well as being lightweight. Therefore, neat PVDF in the form of nanofibers 
has a water contact angle (WCa) value of 140° (Figure 10.4c2), while a neat 

Table 10.1    anti-static properties of PVDF/iL blend films with 300 µm thickness. 
The evaluation of the anti-static effect of the PVDF/iL blend films was 
performed as described in the literature.77,78 reprinted from ref. 50 
with permission from the royal Society of Chemistry.

PVDF/iL blend 
films

Surface resistivity 
(ohm/square)

Volume resistivity 
(ohm cm)

anti-electrostatic 
effect

neat PVDF Out of range Out of range none
100/2 1.44 × 1011 2.06 × 1010 good
100/4 3.01 × 1010 2.4 × 109 Very good
100/10 3.13 × 109 3.92 × 108 excellent
100/20 1.27 × 108 1.52 × 107 excellent
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PVDF film only exhibits a WCa value of 90° (Figure 10.4c1). The WCa value 
is increased to about 147° in the case of a PVDF/iL composite nanofibrous 
mat with 20% iL, as shown in Figure 10.4c3. The significantly increased 
WCa value can be attributed to the nano-size effect of the nanofibers and 
the good hydrophobicity of the iL. Due to the favourable hydrophobicity 
of the PVDF/iL-based nanofibrous mats, a mixture of CCl4 and water can 
be effectively separated using these films. in Figure 10.4d1, the size of the 
water droplets in the CCl4/water mixture is about 2–10 µm; after separation, 
as shown in Figure 10.4d2, the water content in the CCl4 is as low as 45.6 ppm,  
which is slightly lower than the 48.2 ppm obtained by using a neat PVDF 
nanofibrous mat.

Figure 10.3    Field emission scanning electron microscopy (FeSeM) micrographs of 
electrospun PVDF and PVDF/iL composite nanofibers with different iL 
contents: (a and a) 0 wt% (i.e. neat PVDF); (b) 5 wt%; (c) 10 wt%; (d and D)  
20 wt%; (e) 30 wt%; (f and F) 40 wt%. note that the micrographs in a, 
D, and F are high-magnification SeM images with a scale bar of 200 nm. 
reprinted with permission from ref. 67. Copyright (2014) american 
Chemical Society.
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10.2.3   Anti-static PVDF/IL–CNT Nanocomposites
Carbon nanotubes (CnTs) have gained considerable attention in recent 
years in the polymer modification research field due to their extraordinary 
unique properties, including outstanding electrical, thermal, transport, 
and mechanical properties. However, the poor compatibility of inorganic 
CnTs with organic polymers makes the strategy of integrating CnTs with 

Figure 10.4    Physical properties of electrospun PVDF/iL nanofibrous mats: (a) sur-
face resistivity (Rs) as a function of iL loading in the PVDF/iL nanofi-
brous mat; (b) strain–stress curves of neat PVDF (black) and the PVDF/
iL nanofibrous mat with 20% iL (red); (c) water contact angle (WCa) 
of a neat PVDF hot-pressed film (c1), neat PVDF (c2) and the PVDF/
iL nanofibrous mat with 20% iL loading (c3); (d) CCl4–water separa-
tion experiment for the PVDF/iL nanofibrous mat with 20% iL load-
ing, with optical microscope images of the CCl4–water mixture before 
(d1) and after (d2) separation. reprinted with permission from ref. 67. 
Copyright (2014) american Chemical Society.
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polymers to fabricate conductive composites challenging. it has been 
reported that iLs can enable CnTs to be disentangled via a green physi-
cal interaction, that is, cation–π and/or π–π interactions.55–58 Together 
with the good miscibility of PVDF with iLs, fabricating conductive PVDF–
CnT-based composites with the aid of iLs is promising in this context. We 
have reported that iL-coated multi-walled carbon nanotubes (MWCnTs) 
(i.e. iL–CnT hybrids) can not only be dispersed homogeneously within a 
PVDF matrix, but also effectively induce 100% polar-PVDF crystals (mainly 
β phase) in the final PVDF/iL–CnT nanocomposites.74 as shown in Figure 
10.5, compared with raw CnTs (Figure 10.5a), the iL can not only disen-
tangle the CnTs (Figure 10.5b) but also coat the surface of the CnTs form-
ing iL layers (Figure 10.5c). as a result, the iL-modified CnTs can be well 
dispersed in the PVDF matrix (Figure 10.5e and f) relative to the PVDF/
CnT sample without using an iL (Figure 10.5d), leading to the improve-
ment of the electrical properties of PVDF. as for the PVDF crystal forms, 
it is believed that the iL-coated CnTs with the iL cations aligned on the 
CnT surface create long-range templates for PVDF all-trans conformations  
(i.e. the β phase) through interactions between the cations of the iL and the 
CF2 groups of PVDF, as shown in Figure 10.1c.

Figure 10.5    TeM images of raw multi-walled carbon nanotubes (MWCnTs) (a), 
iL-modified CnTs (iL–CnT: 1 : 5) (b) and the corresponding magni-
fied image (c). SeM images of PVDF sample cross-sections: (d) PVDF/
CnTs (100/2) (d), PVDF/iL–CnTs (100/10–2) (e) and PVDF/iL–CnTs 
(100/20–2) (f ).
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10.3   Dielectric PVDF/IL Composites
10.3.1   Formation of PVDF-g-IL Films
PVDF is of great interest in the fabrication of flexible dielectric devices as 
an important precursor due to its large dielectric constant, good flexibility 
and excellent processability. generally, PVDF’s dielectric performance can 
be further improved by increasing its dielectric constant, which can be real-
ized by blending PVDF with inorganic nanofillers with a very high dielectric 
constant, such as dielectric ceramic, carbon nanotubes (CnTs), noble metal 
nanoparticles, etc. Like these rigid inorganic nanofillers, iLs have also been 
reported to exhibit great dielectric constants.79,80 More importantly, iLs are 
soft and thermodynamically miscible with the PVDF matrix and therefore 
may be used as fillers to improve the permittivity of PVDF.50 However, the 
small molecule characteristics of iLs, as well as their ionic structure, make 
this idea challenging due to the fact that the iL ions can generate significant 
loss in the PVDF matrix due to the movement of the ions under an external 
electric field.72,73,81 The iL-induced loss in the PVDF/iL system is detrimental 
to the overall dielectric performance of PVDF. as shown in Figure 10.6, add-
ing a small amount of iL into PVDF can largely increase the dielectric con-
stant of PVDF. For example, in the case of the PVDF sample with 8% iL, the 
permittivity of PVDF can reach up to 52, which is ∼8 fold that of neat PVDF 
with a value of 7.5 (Figure 10.6a). Unfortunately, the loss of this sample can 
reach up to 2.1, which should be avoided/depressed in practical application 
(Figure 10.6b).72

in order to reduce the ion-movement-induced dielectric loss of the iL 
in the PVDF matrix, our group employed a solid electron beam irradiation 
(eBi) method to immobilize the iL on the PVDF chains for the first time.72 as 
shown in Figure 10.6c (left), in a typical PVDF/iL crystalline structure, iL mol-
ecules are only located in the PVDF’s amorphous regions and they are misci-
ble with these amorphous chains. When the PVDF/iL blend films (with a 300 
µm thickness) are exposed to an electron beam field, the iL molecules with 
unsaturated double bonds in the cations are grafted onto the PVDF amor-
phous chains through a possible radical grafting polymerization, as shown 
in Figure 10.6c (right). PVDF-based macromolecular radicals are probably 
formed by breaking C–F, C–H and even C–C bonds with the bombardment 
of accelerated electrons during the irradiation procedure. it is noted that the 
electrons with an applied accelerated voltage can readily, homogeneously 
and completely penetrate the PVDF/iL films with 300 µm thickness. in other 
words, the iL grafting onto the PVDF chains is uniform and homogeneous. 
Moreover, the crystalline form, morphology, and crystal long period of PVDF 
remain unchanged after irradiation.72

after irradiation, the formed PVDF-g-iL films exhibited effectively reduced 
dielectric loss, as shown in Figure 10.6e. at the same time, due to the immo-
bilization of the cations of the iL in the PVDF-g-iL films, the dielectric con-
stant, along with the electrical properties, are also reduced, but still higher 
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Figure 10.6    Dielectric properties and mechanism schematic of a PVDF-g-iL sys-
tem. (a) and (b) Frequency dependence of the dielectric permittivity 
and loss tangent of miscible PVDF/iL blend films with 1, 3, 5 and 8% 
iL loading (i.e. un-irradiated samples), respectively; (c) the formation 
of PVDF-g-iL with the aid of solid electron beam irradiation at room 
temperature; (d) and (e) frequency dependence of the dielectric per-
mittivity and loss tangent of PVDF-g-iL blend films with 8% iL load-
ing at various absorbed doses, respectively. reprinted with permission 
from ref. 72. Copyright (2015) american Chemical Society.
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than those of neat PVDF, as shown in Figure 10.6d. Optimal iL loading in 
PVDF, as well as the optimal applied absorbed dose, can lead to PVDF-based 
dielectric composites with flexibility, high dielectric constant and low loss.72

10.3.2   Dielectric PVDF/IL Nanostructured Composites
The reported PVDF/iL-based composites in the literature are usually misci-
ble and it is the miscibility between PVDF and the iL that can lead to intrigu-
ing physical properties, including good electrical conductivity, nice optical 
transparency and good mechanical properties, etc.50,66–68 Furthermore, uni-
form structures can be observed in this kind of miscible PVDF/iL system.50 in 
sharp contrast, our group has reported an interesting type of PVDF/iL com-
posite with nanostructures, as shown in Figure 10.7.73 Typically, these nano-
structured PVDF/iL (100/8) composites are composed of a PVDF matrix with 
PVDF-g-iL nanodomains that are 20–30 nm in size homogeneously dispersed 
within the matrix (Figure 10.7a–c). Further elemental mapping analysis 
confirmed the chemical composition of the nanodomains (Figure 10.7d–f). 
Compared with neat PVDF (Figure 10.7g), miscible PVDF/iL (100/8) (Figure 
10.7h) and irradiated PVDF/iL (100/8) (i.e. PVDF-g-iL composites) (Figure 
10.7i), these nanostructured PVDF/iL composites can show properties differ-
ent from those of the other three.

Figure 10.8 illustrates the formation of nanostructures based on PVDF and 
an iL. First, neat PVDF (state i) is melt-blended with the iL to form miscible 
iL-filled PVDF composites (state ii). The PVDF/iL films with 300 µm thick-
ness were then exposed to electron beam irradiation at room temperature 
in air. in this irradiation process, the iL’s cations in the amorphous regions 
are grafted onto the PVDF amorphous chains in situ by grafting polymer-
ization (state iii).72 The formed PVDF-g-iL chains are immiscible with the 
ungrafted PVDF chains and subsequent melting of the irradiated samples 
can result in microphase separation, forming PVDF-g-iL nanodomains in the 
melt (state iV). nanostructured PVDF/iL composites can then be obtained by 
a crystallization process (state V). it is interesting that nanostructures can 
be fabricated only from a homopolymer and a small molecule in view of the 
commonly well-established routes to construct nanostructures in polymers, 
including self-assembly of block copolymers,82–84 melt-blending85 and high-
shear processing.86,87

When it comes to dielectric properties, the nanostructured PVDF/iL (100/8) 
composite shows higher performance relative to other PVDF-based compos-
ites. as shown in Figure 10.9a, an increased dielectric constant is observed 
in the case of the nanostructured PVDF/iL composites compared with neat 
PVDF. Moreover, the nanostructured sample also has a lower dielectric loss 
than that of the PVDF/iL (100/8) and irradiated PVDF/iL (100/8) samples, as 
shown in Figure 10.9b. This is due to the further confinement of the iL ions 
in the PVDF-g-iL nanodomains. What is more, the obtained nanostructured 
PVDF/iL sample exhibited excellent mechanical properties and flexibility, as 
shown in Figure 10.9c and d, respectively.



291Ionic Liquid-modified Poly(Vinylidene Fluoride)

10.3.3   Block-like Copolymers of PVDF-g-IL Chains and Their 
Microphase Separation Behaviours

From the chain structure point of view, neat PVDF, PVDF/iL blends and irradi-
ated PVDF/iL blends were compared with each other, as shown in Figure 10.10. 
Just like other semi-crystalline polymers, neat PVDF is comprised of a crys-
talline region, amorphous regions and the interfaces between them (Figure 
10.10a). Due to the presence of tie molecules that bridge the crystalline region 
and amorphous regions, neat PVDF can be regarded as a block-like copoly-
mer with structures of crystalline PVDF-b-amorphous PVDF-b-crystalline 

Figure 10.7    Morphologies of nanostructured PVDF/iL (100/8) samples (a–f) and 
their counterparts, including neat PVDF (g), a PVDF/iL (100/8) blend 
(h) and irradiated PVDF/iL (100/8) (i.e. a PVDF-g-iL composite) at an 
absorbed dose of 45 kgy (i). (a), (c) and (g–i) Transmission electron 
microscopy (TeM) images; (b) high-resolution scanning electron 
microscopy (HrSeM) image; (d–f) elemental mapping images (eMi). 
reprinted with permission from ref. 73. Copyright (2015) american 
Chemical Society.
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PVDF chains (Figure 10.10b). When blended with an iL, the PVDF block-like 
copolymer chain structures remain unchangeable, as shown in Figure 10.10c 
and d, due to the fact that PVDF interacts with the iL through static physi-
cal interactions.50 However, in the case of irradiated PVDF/iL samples (Figure 
10.10e and f), a block-like copolymer with the structure of crystalline PVDF-
b-amorphous PVDF-g-iL-b-crystalline PVDF chains is formed. Other possible 
chains of PVDF-g-iL are also shown in Figure 10.10g and f. More importantly, 
the amorphous PVDF-g-iL chains are immiscible with the crystalline PVDF 
(i.e. ungrafted PVDF chains, Figure 10.10i) and microphase separation of the 
PVDF-g-iL chains can then occur in the PVDF matrix in the melt, thus creating 
nanostructures.70 Such a simple method of producing a block-like copolymer 
is greatly different from the traditional radical polymerization route. There-
fore, it may be safe to draw the conclusion that a common crystalline polymer 
and its miscible unsaturated ionic liquid can be readily fabricated into con-
ductive nanostructures using our strategy.70

To deeply understand the microphase separation of these block-like copo-
lymers in the melt, in-situ SaXS measurements were performed, as shown 
in Figure 10.11.70 neat PVDF (Figure 10.11a-a1), irradiated PVDF/iL (100/10) 
(Figure 10.11a-b1) and irradiated PVDF/iL (100/20) (Figure 10.11a-c1) exhib-
ited crystal scattering signals at 80 °C. in the melt, neat PVDF only shows 
signals of the beam stopper and air (Figure 10.11a-a2), just like air (Figure 

Figure 10.8    Formation of nanostructures originating from homopolymer PVDF 
and a small molecule ionic liquid. The typical PVDF/iL-based states 
in the preparation procedure include: neat PVDF (state i), miscible 
PVDF/iL blends (state ii), irradiated PVDF/iL blends, namely, PVDF-
g-iL composites (state iii), and nanostructured PVDF/iL composites in 
the melted (state iV) and crystallized states (state V). reprinted with 
permission from ref. 73. Copyright (2015) american Chemical Society.
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10.11a-a3), suggesting the homogeneous phase of neat PVDF. However, in 
the case of the irradiated PVDF/iL samples, small and clear scattering signals 
can be observed, as shown in Figure 10.11a-b2 and Figure 10.11a-c2, respec-
tively. Such scattering signals originate from the PVDF-g-iL nanodomains in 
the melt (200 °C), and they can also be reflected in both the I ∼ q and Iq2 ∼ q 
curves, as shown in Figure 10.11B and C, respectively.

Figure 10.12a and b show that the occurrence of PVDF-g-iL nanodomains 
in the melt is accompanied by a gradual increase in the scattering intensity 
with time. Moreover, the q values of the PVDF-g-iL nanodomains are gradu-
ally decreased with time, and then reached a steady state (Figure 10.12c). This 
phenomenon means that the size of the PVDF-g-iL nanodomains increased 
with time, which leads to a possible mechanism regarding the evolution of 
the PVDF-g-iL nanodomains, as shown in Figure 10.12d–g. Typically, irra-
diated PVDF/iL blends (i.e. PVDF-g-iL composites) are composed of PVDF 

Figure 10.9    Physical properties of the nanostructured PVDF/iL (100/8) composite 
and its counterparts including neat PVDF, a miscible PVDF/iL (100/8) 
blend and an irradiated PVDF/iL (100/8) blend. (a) Frequency depen-
dency of the dielectric permittivity; (b) frequency dependency of the 
loss tangent; (c) strain–stress curves and (d) a photo of the nanostruc-
tured PVDF/iL (100/8) composite. reprinted with permission from ref. 73.  
Copyright (2015) american Chemical Society.



Figure 10.10    Chain structures of neat PVDF (a and b), miscible PVDF/iL (c and d), 
irradiated PVDF/iL, namely, PVDF-g-iL, (e–h), and ungrafted PVDF 
chains (i). reproduced with permission from C. Xing, J. Li, C. Yang, Y. 
Li, Local grafting of ionic Liquid in Poly(vinylidene fluoride) amor-
phous region and the Subsequent Microphase Separation Behaviour 
in Melt, Macromolecular Rapid Communications, John Wiley and Sons, 
Copyright © 2016 WiLeY-VCH Verlag gmbH & Co. Kgaa, Weinheim.70

Figure 10.11    (a) SaXS patterns of neat PVDF (a1 and a2), air (a3), irradiated PVDF/
iL (100/10) (b1–b3), and irradiated PVDF/iL (100/20) (c1–c3) at cer-
tain temperatures for different annealing times. (B) intensity (I) ∼ q 
curves; (C) Iq2 ∼ q curves. reproduced with permission from C. Xing, 
J. Li, C. Yang, Y. Li, Local grafting of ionic Liquid in Poly(vinylidene 
fluoride) amorphous region and the Subsequent Microphase Sep-
aration Behaviour in Melt, Macromolecular Rapid Communications, 
John Wiley and Sons, Copyright © 2016 WiLeY-VCH Verlag gmbH & 
Co. Kgaa, Weinheim.70
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Figure 10.12    The evolution of PVDF-g-iL nanodomains in the melt (200 °C) with time: (a) I ∼ q curves; (b) Iq2 ∼ q curves; (c) qmax ∼ time 
(t) curves, and the corresponding mechanism (d–g): (d) the crystalline structure of the PVDF-g-iL sample; (e) the melt of 
PVDF crystals with unchangeable PVDF-g-iL chains; (f) the nucleation of PVDF-g-iL nanodomains when the PVDF crystals 
are totally melted; (g) the growth of PVDF-g-iL nanodomains with time in the melt. reproduced with permission from C. 
Xing, J. Li, C. Yang, Y. Li, Local grafting of ionic Liquid in Poly(vinylidene fluoride) amorphous region and the Subsequent 
Microphase Separation Behaviour in Melt, Macromolecular Rapid Communications, John Wiley and Sons, Copyright © 2016 
WiLeY-VCH Verlag gmbH & Co. Kgaa, Weinheim.70
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crystals, PVDF amorphous chains and PVDF-g-iL chains, especially tie mole-
cules, in the amorphous region (Figure 10.12d). The microphase separation 
of the PVDF-g-iL chains only occurred when the PVDF crystals were totally 
fused because the PVDF crystal chains can strongly restrict the movement of 
the PVDF-g-iL chains (Figure 10.12e), and PVDF-g-iL nanodomains were thus 
formed (Figure 10.12f). The size of these nanodomains increased with time 
before reaching a steady state (Figure 10.12g). it is therefore concluded that 
the formation of PVDF-g-iL nanodomains probably occurs via nucleation and 
growth procedures, which can help in understanding the creation of nano-
structures based on PVDF and iLs.70

10.3.4   Dielectric PVDF/IL–CB Nanocomposites
it is well-established that integrating inorganic nanofillers possessing great 
dielectric constants with polymers can give rise to flexible dielectric nano-
composites with excellent dielectric performances. neither of them can ever 
meet the requirements for practical applications due to the relatively low 
dielectric constant for raw polymers and the lack of flexibility of inorganic 
nanofillers. at this point, dielectric ceramics (for instance, BaTiO3) and con-
ductive nanoparticles, such as carbon nanotubes (CnTs) and graphene, are of 
great effectiveness for enhancing the dielectric performance of polymers.27–46 
Moreover, given their very small loading levels within the polymer matrix, 
conductive nanoparticles have recently gained considerable attention.41 
However, the poor compatibility of inorganic nanofillers with polymers is 
very common in these systems, resulting in poor dispersion of the nanofill-
ers with large domain sizes, considerable dielectric loss, and low breakdown 
strength. Therefore, the dispersion issue of nanoparticles in polymer matri-
ces should be first addressed when it comes to integrating inorganic nano-
fillers into polymers to fabricate high dielectric constant nanocomposites.

On the other hand, when it comes to improving the dispersion of con-
ductive nanofillers in polymers, especially CnTs, ionic liquids (iLs) can be 
regarded as promising candidates for two reasons: (1) iLs can interact with 
CnTs via physical cation–π and/or π–π interactions between the cations of 
the iL and the electron-rich structures of the CnTs;55–58 (2) the good misci-
bility of iLs with certain polymers is found in some systems, such as PVDF/
iL,50,67,74 PMMa/iL,51,52 TPU/iL,61 etc. it is therefore feasible to disperse con-
ductive nanofillers by using iLs. Despite these interesting findings, PVDF/iL 
systems suffer from considerable dielectric loss that is caused by the move-
ment of the ions of the iL in an electric field, as also discussed in Section 
10.2.72,73

Very recently, we have demonstrated interesting PVDF nanocomposites 
with simultaneous carbon black (CB) nanoparticles and PVDF-g-iL nano-
domains (termed as nano-PVDF/iL–CB composites).71 For the nano-PVDF/
iL–CB composites, the use of an iL can help to disperse the CB dispersion 
within the PVDF matrix, and the cations of the iL are grafted onto the PVDF 
chains, and subsequently, together with the anions of the iL, are confined 
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within PVDF-g-iL nanodomains, which depresses the loss of iL considerably. 
Figures 10.13 and 10.14 depict the fabrication of the nano-PVDF/iL–CB com-
posites and their corresponding microstructures, respectively. CB is incom-
patible with PVDF and large domains of CB can be observed in the PVDF 
matrix. in order to disperse CB homogeneously within the PVDF matrix, 
an iL was first ground with CB (Figure 10.13a) to form an iL–CB bulky gel 
(Figure 10.13b) and the as-prepared iL–CB was melt-blended with the PVDF 
matrix (Figure 10.13c). in physically mixed PVDF/iL–CB nanocomposites 
(Figure 10.13c), the iL molecules are free, partially coating the surface of the 
CB with others being miscible with the PVDF molecules. To suppress the 
dielectric loss of the iL, the iL was chemically grafted onto the amorphous 
PVDF chains by electron beam irradiation (Figure 10.13d), generating block-
like chains of crystalline PVDF-b-(amorphous PVDF-g-iL)-b-crystalline PVDF, 
just like the binary PVDF/iL system under irradiation treatment. Micro-
phase separation of the PVDF-g-iL chains from the ungrafted PVDF chains 
occurred in the presence of homogeneously dispersed CB nanoparticles in a 
subsequent melting procedure for the irradiated PVDF/iL–CB nanocompos-
ites. nano-PVDF/iL–CB composites can then be obtained via a crystalliza-
tion process. Compared with binary PVDF/CB (Figure 10.14a) and PVDF/iL 

Figure 10.13    Fabrication of PVDF nanocomposites with simultaneous carbon 
black (CB) nanoparticles and PVDF-g-iL nanodomains (termed 
as nano-PVDF/iL–CB composites). (a) raw CB nanoparticle; (b) 
iL-coated CB nanoparticles (termed as iL–CB) prepared by ground-
ing CB with the iL; (c) the PVDF/iL–CB (100/16–2) nanocomposite; 
(d) the irradiated PVDF/iL–CB (100/16–2) nanocomposite at 45 kgy; 
(e) the final nano-PVDF/iL–CB (100/16–2) composites with morphol-
ogies of nanodomains@CB nanoparticles (f). reprinted with permis-
sion from ref. 71. Copyright (2016) american Chemical Society.
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(Figure 10.14b), the nano-PVDF/iL–CB composites simultaneously contain 
inorganic CB nanoparticles with good dispersion and organic PVDF-g-iL nan-
odomains (Figure 10.14c). interestingly, the CB nanoparticles adhered to the 
PVDF-g-iL nanodomains, forming nanodomain@CB nanoparticle structures 
(Figure 10.14d).

Figure 10.15 shows the dielectric properties of neat PVDF, binary PVDF/
CB, binary PVDF/iL, nanostructured PVDF/iL and the nano-PVDF/iL–CB 
composites, respectively. neat PVDF exhibits both a low dielectric constant 
and a low loss tangent, although it has excellent flexibility. Both CB and 
an iL can largely improve the dielectric constant of PVDF by enhancing 
the average electric field intensity and through dipole movements of the 
iL, respectively, as shown in Figure 10.15a. However, the poor dispersion 
of CB in the PVDF matrix results in a considerable leakage current in the 
binary PVDF/CB system, leading to severe dielectric loss (Figure 10.14b). 
Owing to the movement of the ions in the iL, binary PVDF/iL blend sam-
ples also exhibit serious dielectric loss (Figure 10.14b). These large loss 
tangents are detrimental for energy storage in dielectric materials. in our 

Figure 10.14    TeM images of (a) PVDF/CB (100/2), (b) nanostructured PVDF/iL 
(100/16), and (c) nano-PVDF/iL–CB (100/16–2) composites with nan-
odomain@CB nanoparticle morphologies (d). reprinted with per-
mission from ref. 71. Copyright (2016) american Chemical Society.



299Ionic Liquid-modified Poly(Vinylidene Fluoride)

work,71 the CB agglomeration-induced loss can be suppressed by using an iL 
to help disperse CB in the PVDF matrix, and the iL ion movement-induced 
loss can be effectively decreased by confining the iL ions within PVDF-g-iL 
nanodomains. Therefore, the nano-PVDF/iL–CB composites with the sup-
pression of these two kinds of losses exhibited the minimal dielectric loss 
relative to binary PVDF/CB, miscible PVDF/iL blends, and ternary PVDF/
iL–CB nanocomposites, as shown in Figure 10.15b. More interestingly, it 
was found that nano-PVDF/iL–CB (100/16–2) and nanostructured PVDF/iL 
(100/16) show almost identical dielectric loss values, suggesting the com-
plete suppression of the dielectric loss of CB, which is rare in the reported 
literature on PVDF/conductive nanofiller systems (Figure 10.15b). addition-
ally, further increases in the CB content in the nano-PVDF/iL–CB samples 
not only increase the dielectric constant of PVDF (Figure 10.15c), but also 
increase the dielectric loss of the system (Figure 10.15d) by forming conduc-
tive CB networks in the PVDF matrix. Therefore, the appropriate CB content 
in the PVDF matrix should be considered. On the other hand, the unique 
nanodomain@CB nanoparticle structures not only hinder the direct con-
nection of the CB nanoparticles, but also provide a good PVDF–CB interface, 
which is responsible for the good dielectric performance of the nano-PVDF/
iL–CB composites.

Figure 10.15    Dielectric properties of PVDF-based samples. (a) and (c) Frequency 
dependency of the dielectric permittivity; (b) and (d) frequency depen-
dency of the loss tangent. reprinted with permission from ref. 71.  
Copyright (2016) american Chemical Society.
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10.4   Conclusion and Outlook
PVDF-based materials modified by iLs were introduced in this chapter. it 
was demonstrated that PVDF is miscible with iLs through a physical static 
interaction between the cations of the iL and the negatively charged CF2 
groups of PVDF. Furthermore, iL molecules are only located in the amor-
phous regions of PVDF and are miscible with these amorphous chains. as a 
result, miscible PVDF/iL blend films, PVDF/iL fibrous nanofibers and PVDF/
iL–CnT nanocomposites can be fabricated using a physical mixing method. 
Using this good miscibility of PVDF and iLs, along with a radiation grafting 
chemical strategy, iL-grafted PVDF composites (PVDF-g-iL) with block-like 
structures of crystalline PVDF-b-(amorphous PVDF-g-iL)-b-crystalline PVDF 
chains can be created, the synthesis route of which is totally different from 
the traditional radical polymerization used to synthesize block copolymers. 
Microphase separation of the PVDF-g-iL composites resulted in nanostruc-
tured PVDF composites with conductive PVDF-g-iL nanodomains. Based on 
the nanostructures in the PVDF/iL system, when CB nanoparticles were inte-
grated, PVDF nanocomposites with simultaneous organic PVDF-g-iL nano-
domains and homogeneously dispersed CB nanoparticles were produced. 
The microstructures of nanodomains@CB nanoparticles in these PVDF 
nanocomposites are responsible for the improvement in the dielectric per-
formance of PVDF. The modification of PVDF by using an iL, either through 
a physical or chemical method, described in this chapter may offer opportu-
nities to develop other common polymers in the future, and a large amount 
of work to gain a deep understanding regarding polymer–iL systems, espe-
cially PVDF–iL systems, should be done. Further investigations are needed to 
enable the use of these materials in real applications in industry.
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11.1   Introduction
The application of ionic liquids (ILs) in the development of functional tai-
lor-made materials has grown over the years. This interest has been motivated 
by the unique physico-chemical properties of ILs, enabling the utilization of 
IL-based materials in a broad range of fields, namely the chemical, pharmaceu-
tical, energy, and biotechnology fields, among others. ILs are organic salts that 
contain organic cations such as imidazolium, pyridinium, pyrrolidinium or 
ammonium derivatives.1,2 These can be associated with organic anions such as 
CH3COO− or inorganic anions such as Cl−, Br−, I− or BF4− to design a particular IL.  
ILs are stable in the liquid form at a temperature below 100 °C. They have high 
ionic conductivity (10−4 to 10−2 S cm−1), are inflammable and exhibit negligible 
vapor pressure.1 Furthermore, they also exhibit high thermal (up to 300 °C) 
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and electrochemical stability (4–5.7 v).3 Since ILs have low volatility, they can 
be recycled through their separation from liquid solutions by evaporation of 
water or another volatile solvent (e.g. ethanol) and re-used.4

The role of ILs not only as a solvent but also as a reaction medium for dif-
ficult biomacromolecules has been demonstrated in a number of different 
publications in the literature. In fact, renewable materials like natural poly-
mers have many properties, such as availability in nature, biocompatibility, 
and biodegradability, that are useful for the development of renewable smart 
materials, e.g. hydrogels, membranes, and scaffolds. despite these benefits, 
some natural biomacromolecules, such as chitin, chitosan and cellulose, 
exhibit a lack of solubility in water and organic solvents due to their high 
crystallinity and rigid inter/intramolecular hydrogen bonds. Therefore, the 
dissolution, functionalization, and blending of natural biomacromolecules 
using certain ILs have opened up new possibilities for the potential use of 
the aforementioned polymers. The dissolution mechanism of these macro-
molecules with certain ILs has been associated with their ability to disrupt 
the hydrogen bonds, creating quasi-solid materials termed as ion gels, which 
offer good mechanical strength and conductivity. Other authors have also 
reported the application of ILs to extract biopolymers such as agarose5 or 
chitin6 from biomass, based on simple, easy and efficient methodologies.

In the literature, it is also possible to find references to the ability of ILs 
to create hydrogels.7–10 Hydrogels are three-dimensional (3d) polymeric net-
works that are highly swollen and possess hydrophilic character. They are 
able to absorb large amounts of water or biological fluids.11 polymeric hydro-
gels have been made using natural (e.g. cellulose, chitin, chitosan, xanthan 
gum, agarose, or silk fibroin)7,8,10 and synthetic polymers, like poly(N-iso-
propyl acrylamide) (pnIpam) and poly(benzyl methacrylate) (pBzMa),9 or a 
combination of the two. These approaches have also been used to produce 
stimuli responsive (Sr) hydrogels. Sr hydrogels can change their physico-
chemical properties in response to variations in external stimuli, e.g. pH, 
temperature and magnetic or electric fields.9,11

another possible approach to prepare polymeric hydrogels is the produc-
tion of poly(ionic liquid)s, pILs, which result from the combination of ILs 
with polymers.12–14 pILs are a subclass of polyelectrolytes that feature IL spe-
cies in each monomer repeating unit, connected to a polymeric backbone to 
form a macromolecular architecture.13,15,16

In this chapter, we will review the most important and interesting features 
of polymeric materials, mainly hydrogels resulting from the combination of 
natural and synthetic polymers prepared in ILs (Figure 11.1), highlighting 
their potential application in different fields.

11.2   Polymeric Hydrogels Using Ionic Liquids
Many reports on ILs and polymers have dealt with the use of ILs as solvents 
for poorly soluble macromolecules. For instance, different studies have 
reported that ILs containing strong hydrogen-bond-accepting anions such as 
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chloride and acetate anions can dissolve natural polymers. Most of the work 
in the literature related to biopolymer solubility in ILs is mainly focused on 
polysaccharides (e.g. agarose, cellulose, chitin/chitosan, xanthan gum and 
starch) and proteins (gelatin, and silk fibroin).7,17–19 Their dissolution is a 
useful tool as it allows them to be processed into composites, fibres, ion gels, 
microspheres, and hydrogels.

The preparation of IL-based polymer gels can be based on diverse method-
ologies, which can be classified into three major types: gelation of ILs within 
polymers/biopolymers, in situ polymerization of vinyl monomers in ILs, and 
polymerization of ILs containing polymerizable groups.20

In this chapter, the physicochemical properties and characteristics of the 
natural and synthetic polymers most used in the preparation of polymeric 
ionogels and hydrogels in ILs are also reviewed.

11.2.1   Agarose
agarose is a linear polysaccharide present in red algae. It is composed of 
(1→3)-β-d-galactopyranose-(1→4)-3,6-anhydro-β-l-galactopyranose units.21 
recent studies have explored the use of ILs as a medium for the efficient 
extraction of agarose via the dissolution of red algae, under various condi-
tions of heating or microwave irradiation.5 This method is easy, simple and 
highly efficient when compared to the conventional methods of agarose 
extraction. When solubilized in water, this neutral polysaccharide forms 
thermoreversible gels, which solidify upon cooling below 35–40 °C.8 To take 
advantage of its thermoresponsive character, agarose has been associated 
with chitosan, gelatin, and fibrin.9,22–24 These approaches have been utilized 
in the formation of hydrogels useful for biomedical applications.

The preparation of composites of agarose/chitosan in 1-butyl-3-methylim-
idazolium chloride (BMIMCl) has been demonstrated.25 Besides composite 
preparation, it is also possible to form ionogels by cooling biopolymer/IL 
solutions at room temperature (rT). Ionogels can act as smart polymeric 

Figure 11.1    Overview of the strategies applied for using natural polymers and 
ionic liquids for the development of materials.
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conducting materials that combine the chemical versatility of an IL with the 
morphological versatility of a biopolymer. In such ionogels, the IL is immo-
bilized in a way that involves the formation of a three dimensional network. 
as an example, agarose ionogels have been produced from agarose in ammo-
nium-based ILs and further mixed with imidazolium- or pyridinium-based 
ILs.26 The obtained agarose/IL ionogels present good strength and conduc-
tivity when the agarose/IL solutions are cooled to rT. Such ionogels can be 
suitable for application in electrochemical devices. In another approach, 
agarose (CaG) ionogels were prepared from a protic–aprotic mixed-IL sys-
tem (BMIMCl and N-(2-hydroxyethyl)ammonium formate).27 These ionogels 
demonstrated superior self-healing properties. In addition, these ionogels 
were suitable as a flexible solid electrolyte for activated-carbon-based super-
capacitors. This type of smart polymeric-material ionogel will also have 
broad applications in the biomedical and electronic fields.

11.2.2   Cellulose
Cellulose is the most abundant polysaccharide in nature. It is constituted 
by β(1→4)-linked d-glucopyranose units. This polymer is recognized for its 
wide availability, low cost and biocompatibility. nevertheless, its application 
has been limited due to its high crystallinity degree and rigid intra/inter-
molecular hydrogen bonds, resulting in its insolubility in water as well as 
organic solvents, thus reducing its applications. a series of studies has been 
initiated on dissolving cellulose in ILs. In 2002, Swatloski and co-workers 
reported, for the first time, the dissolution of cellulose using an IL, BMIMCl, 
in relatively high concentrations.28 The success of this work stimulated other 
studies on the dissolution mechanism, processability, and functionalization 
of cellulose in ILs. Besides BMIMCl, other ILs, namely 1-ethyl-3-methylimid-
azolium acetate (BMIMac), 1-allyl-3-methylimidazolium chloride (aMIMCl), 
and 1-allyl-2,3-dimethylimidazolium bromide (aMIMBr), have been investi-
gated either to dissolve cellulose or as a reaction media for the functional-
ization of cellulose.28–33 Therefore, many aspects related to the dissolution 
mechanism and interactions of cellulose in ILs have been reviewed by several 
authors.32,34,35 These studies provide molecular insights into the interactions 
of cellulose with ILs and suggest that hydrogen-bonding is critical to govern-
ing/managing cellulose dissolution. In addition, the chemical versatility of 
both cellulose and ILs has been investigated for the next generation of  
cellulosic materials for application in different fields. For instance, shape- 
persistent and tough cellulose hydrogels can be moulded by step-wise solvent 
exchange from a homogeneous cellulose/IL solution to methanol vapour 
exposure (Figure 11.2). These tough cellulose hydrogels may find applications 
as scaffolds for tissue engineering or micro-reactors using microfluidics.

Cellulose and its derivatives are also excellent building blocks for hydro-
gel fabrication. Kadokawa and co-workers reported a facile approach for the 
preparation of a flexible cellulose hydrogel material from cellulose/BMIMCl 
(15 wt%) solution by keeping it at room temperature for 7 days.29 In addition, 
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it has been found that the preparation of cellulose/biopolymer composites, 
e.g. cellulose/collagen hydrogel beads,37 cellulose/chitosan hydrogel beads 
and microspheres,38 and cellulose/agarose beads,39 relies on the ability of 
the IL to dissolve cellulose and its regeneration in ethanol or water. These 
hydrogels have been used for heavy metal adsorption and enzyme immo-
bilization, and as an adsorbent for dye contaminants. another interesting 
approach is one described by Xu and co-workers where cellulose/graphene 
hydrogels (CGH) were manufactured by regenerating a mixture of wood pulp 
and reduced graphene oxide (rGO) from a BMIMCl solution using water as 
a coagulant.40 It was found that incorporating rGO into the cellulose matrix 
improved its mechanical properties, forming highly tough composite hydro-
gels. These materials hold great potential for applications in wide fields, 
such as biomedicine and the environment.

11.2.3   Chitin and Chitosan
Chitin is the second most abundant polymer after cellulose.21,41 This structure 
is composed of N-acetyl-d-glucosamine units linked through β-(1→4)-glyco-
sidic linkages. It is found in the shells of crustaceans such as crabs, shrimps, 
and squid.42 Chitin itself has attractive propertiesfor biomedical applications, 

Figure 11.2    (a) Optical images of flower-shaped cellulose hydrogels prepared from 
a 5 wt% IL solution of wood pulp. The inset is an optical image of the 
bridged cellulose hydrogel. (b) SeM image of the surface of the dried 
cellulose hydrogel. (c) Schematic gelation process of the cellulose solu-
tion. reprinted from Macmillan publishers Ltd: Scientific Reports, ref. 36. 
Copyright 2015.
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namely the acceleration of woundhealing, tumor cell growth suppression, 
nontoxicity, and biocompatibility.21,41 despite these properties, and the huge 
annual production and easy accessibility of biomass resources, chitin has some 
limitations due to its lack of solubility in water and some organic solvents. The 
solubility behaviour of chitin is affected by its crystalline structure. α-chitin 
(e.g. chitin isolated from crab and shrimp cells) is formed by strong intermo-
lecular hydrogen bonding, which implies a lack of solubility, while β-chitin 
(e.g. chitin extracted from squid pens) has a parallel arrangement, resulting 
in weaker intermolecular forces, higher reactivity and higher affinity for sol-
vents when compared to α-chitin.42 Therefore, much attention has been paid 
to applying ILs as a solvent for chitin as a way to expand its processability and 
potential uses. In fact, many ILs have been reported in the literature with the 
ability to dissolve chitin, such as aMIMBr, BMIMac, 1-ethyl-3-methylimidaz-
olium acetate (eMIMac), and BMIMCl.43–45 It seems that chitin requires a more 
basic anion such as acetate due to the increased number of hydrogen bond 
donors and acceptors.46 It has also been shown that not only the structure of 
the anion or the cation is important, but also the features of chitin such as its 
origin, polymorphic form, molecular weight and degree of acetylation.47 The 
complete dissolution of chitin was achieved using aMIMBr to obtain a flowing 
solution or an ionic gel depending on the chitin concentration.48 It was sug-
gested that the reason behind chitin dissolution in aMIMBr could be related 
to the IL composition, which is a combination of an allyl substituent and a 
bromide counter anion on the imidazolium. despite the promising findings 
revealed by these studies, it can be difficult to predict the behavior of chitin 
in a given IL, probably due to the large number of structural variations of ILs.

an IL platform could also lead to economically and environmentally sus-
tainable isolation methodologies and processing of chitin directly from 
marine sources, e.g. crab shells, replacing the use of hazardous solvents and 
reducing the energy and time involved in the process.6 For instance, Qin et al. 
have shown that eMIMac can dissolve raw crustacean shells, leading to a 
high molecular weight chitin powder, but it can produce fibers directly from 
the extract solution.49 In another study, chitin fibers could be electrospun in 
a one-pot process directly from a chitin/eMIMac solution from dried shrimp 
shells.46 recent studies also demonstrated that ILs, such as hydroxylam-
monium acetate ([nH3OH][Oac]), can reactively demineralize and remove 
proteins from shrimp shells in an efficient one-pot pulping process, thus 
allowing the isolation of native chitin with >80% purity and a high degree of 
acetylation and crystallinity.6

To date, there are few reports involving the dissolution of chitin to form 
hydrogels. Shen et al. prepared hydrogels from IL-extracted biopolymers (chi-
tin and cellulose).10 These hydrogels exhibited properties substantially dif-
ferent from those made from the commercially available biopolymers. The 
hydrogels were supercritically dried producing amorphous, lightweight, and 
porous aerogels. The findings obtained from dye (indigo camine) release sug-
gest the potential use of both chitin and cellulose hydrogels for drug delivery 
applications.
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Chitosan is a polysaccharide obtained by the alkaline deacetylation of 
chitin.41 This polymer has many properties such as hemostatic action, 
film-forming ability, chelating activities, adsorption abilities, bacteriostatic 
action, cationic nature, biodegradability, and biocompatibility.41 These par-
ticular properties arise from the presence of primary amines along the 
chitosan backbone. Chitosan is recognized as a key component in materials 
applied in several fields, namely the food processing, packaging, cosmetic, 
biomedical, and pharmaceutical fields, and the removal of metal ions from 
waste water.41,50–54

Similar to chitin, research on the use of ILs has also been extended to 
chitosan.44 The processability of chitosan has some limitations due to its 
insolubility in pure water and common organic solvents. This feature is asso-
ciated with the strong hydrogen bonding in chitosan and the presence of 
amorphous and crystalline regions in its structure. a series of ILs, namely 
1-eMIMCl, BMIMCl, eMIMac, and BMIMac, have been studied for the disso-
lution and processability of chitosan.44 Therefore, the ability of certain ILs, 
e.g. BMIMCl, to act as a solvent and reaction medium for chitosan occurs 
through disrupting its hydrogen bonds, allowing its amino group to be 
exposed completely to react with other chemical reagents easily.

a simple one-step method based on the ability of ILs to co-dissolve cel-
lulose and chitosan has been reported for preparing magnetic biopolymer 
hybrid hydrogels.55 These hydrogels had high adsorption abilities for some 
heavy metals ions, such as Cu+2, Fe+2 and pb+2, and they could be efficiently 
recycled and reused.

11.2.4   Silk Fibroin
Silk fibroin (SF) is a natural protein. It is composed mainly of glycine, ala-
nine, and serine in different percentages.21,56 Silks produced by silkworms 
are biopolymers, and they can be classified into mulberry (Bombyx mori) and 
non-mulberry (e.g. muga, eri, tasar) silks.57

Silk-based materials have been produced into versatile formats such as 
membranes, nanofibers, scaffolds and hydrogels.58,59 The processing of silk 
proteins into hydrogels, for instance, can be achieved using different methods 
based on chemical and physical principles.56 The methodologies demon-
strated that SF hydrogel formation could be dependent on temperature, pH 
and protein concentration, among other parameters.

Many reports emphasized the use of certain ILs to solubilize mulberry silk-
worm Bombyx protein fibroin alone60 or in combination with chitosan8 and 
cellulose.61 Other studies used ILs to dissolve and process fibroin obtained 
from the cocoons of mulberry silkworms Antheraea mylitta,7 Antheraea 
assamensis,19 and Samia/Philosamia ricini (Eri).18 However, only a few reports 
suggested the production of SF hydrogels through the dissolution of SF in 
certain ILs. SF hydrogel-based constructs were prepared to solubilize both 
materials in BMIMac as a common solvent of chitosan/silk (CSF)/BMIMac  
blended systems.8 The CSF solutions have extended stability and easy 

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
03

04
View Online

http://dx.doi.org/10.1039/9781788010535-00304


311Ionic Liquids as Tools in the Production of Smart Polymeric Hydrogels

processability, allowing the moulding of the CSF hydrogels into a range of 
shapes and sizes. Moreover, in vitro assays showed that these CSF hydrogels 
provide a good environment for the adhesion and growth of primary human 
dermal fibroblasts.

Chen and co-workers report the preparation of solutions of regener-
ated silk fibroin (rSF), obtained from degummed silks of Bombyx mori and 
Antherae pernyi in eMIMac.62 The results provided an insight into the sol–gel 
transition of both rSF/eMIMac/water from the viewpoint of thermodynam-
ics, which is helpful to interpret the conformational changes of rSF, as well 
as to create a route for the production of biomedical SF hydrogels from SF/
IL solutions.

11.2.5   Xanthan Gum
Xanthan gum is an anionic polysaccharide produced by Xanthomonas camp-
estris and a useful food hydrocolloid. It is composed of cellulose-type main 
chains (β(1→4)-glucan) with trisaccharide side chains (mannose-β(1→4)-glu-
curonic acid-β(1→2)-mannose-α(1→3)-) attached to alternate main chain 
glucose units.63,64 Xanthan gum does not readily form hydrogels via the usual 
gelation processes. In fact, an aqueous dispersion of xanthan gum exhibits 
only a weak gel-like behaviour in the presence of a sufficient amount of inor-
ganic salt. Since ILs have specific properties to dissolve polysaccharides, they 
have been considered as an efficient solvent to produce xanthan gum hydro-
gels.65,66 Xanthan gum/BMIMCl gels were prepared by a heating–cooling 
process.65 These gels showed good mechanical properties and a thermally 
induced shape-memory effect. Later, the gels were converted into xanthan 
gum hydrogels by soaking them in water, and the resulting hydrogels showed 
good elasticity (Figure 11.3). Further soaking the obtained hydrogels in 
CaCl2 aqueous solution gave rise to an ionically cross-linked hydrogel with 
Ca+2, which exhibited much better mechanical properties and salt concen-
tration-induced swelling/shrinking behaviour. The authors supposed that 
the shape memory behaviour of the ion gel was created by the effect of ion- 
exchange of the carboxylate metal salts in xanthan gum with BMIMCl during 
the gel formation.

Setoyama and co-workers prepared cellulose/xanthan gum composite 
films and hydrogels through gelation with BMIMCl.67 In this work, the solu-
tions of cellulose and xanthan gum in BMIMCl were heated and left to gelate 
at room temperature, followed by Soxhlet extraction with ethanol. Films 
and hydrogel materials were obtained by the methods of regeneration and 
exchange of the dispersing media from the ion gels, respectively.

11.3   Smart Polymeric Hydrogels
recent advances in the creation of smart materials involve ILs and pILs that 
exhibit stimuli responsiveness (e.g. critical solution temperature, pH, mag-
netic field and thermoreversibility). When such ILs are used to compose new 
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polymers, the resulting polymers will often exhibit responsive phenomena. 
Therefore, Sr hydrogels have also been constructed by incorporation of 
thermosensitive polymers like pnIpaam and pBzMa into pILs (Figure 11.4). 
pnIpaam is the most widely studied thermosensitive polymer in tempera-
ture-responsive hydrogels. It shows a lower critical solution temperature 
(LCST)-type phase separation in aqueous solutions at approximately body 
temperature.11

Figure 11.3    Conversion of a 9.1 wt% xanthan gum/BMIMCl gel into a xanthan 
gum hydrogel (imidazolium form), which was further converted into 
an ionically cross-linked hydrogel (Ca+2 form) by treatment with a  
0.2 M CaCl2 aqueous solution. reproduced from ref. 65 with permis-
sion from The royal Society of Chemistry.

Figure 11.4    Schematic illustration of the relationship between ionic liquids and 
poly(ionic liquid)s, and the formation of a thermoresponsive hydro-
gel. ILMs: ionic liquid monomers. “p”: polymerizable group. adapted 
from Progress in Polymer Science, 38 (7), J. Yuan, d. Mecerreyes, M. 
antonietti, poly(ionic liquid)s: an update, 1009–1036, Copyright 
(2013) with permission from elsevier.15
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Such materials have potential use in highly diverse areas ranging from 
controlled release to chemomechanical actuators to supports of catalysis, 
among other applications.

The combination of ILs with polymers permits the creation of smart soft 
materials. T. Ueki has reviewed the thermodynamic aspects and recent devel-
opments in stimuli-responsive polymers in ILs, as a new class of smart soft 
materials.68 It is suggested that polymers in ILs require prolonged periods 
to reach thermodynamic equilibrium as a result of the high viscosity of ILs. 
Therefore, the viscosity of polymer/IL composites must be supressed to 
achieve a fast response time for the resulting soft materials.

Sui et al. produced a new class of cross-linkable redox-responsive poly(fer-
rocenylsilane)-based pILs (pFS-pILs) via a post-polymerization modification 
approach.69 pFS-pILs were obtained by reacting poly[ferrocenyl(3-iodopro-
pyl)-methylsilane] with 1-vinylimidazole at 60 °C for 24 h. pFS-pILs self-
cross-link at low concentrations into nanogels or form macroscopic hydrogel 
networks at higher concentrations. TeM analysis revealed nanoparticles that 
were 20–40 nm in size, corresponding to the cross-linked pFS-pIL nanogels 
(Figure 11.5). These nanogels were anion-sensitive and redox-responsive. 
They also proved to be efficient dispersants in the microemulsion polymer-
ization of methyl methacrylate, producing stable pFS–poly(methyl methacry-
late) latex suspensions.

pILs have also been used as a route to obtain dual-responsive hydro-
gels.9 These systems are prepared by incorporating two functional mono-
mers that respond to different stimuli, offering additional functional 
control. Feng and co-workers reported the preparation of dual-responsive 
hydrogels, which are highly swellable, consisting of thermo-responsive 
pnIpaM and redox-responsive poly(ferrocenylsilane) (pFS)-based pILs, 
which are produced by photo-polymerization.9 The swelling ability and 

Figure 11.5    nanogels and macroscopic hydrogels prepared from poly(ferrocenyl-
silane)-based pILs (chemical structure shown in the middle), which 
could be cross-linked through the vinylimidazolium functional 
groups. reprinted with permission from ref. 69. Copyright (2016) 
american Chemical Society.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
03

04
View Online

http://dx.doi.org/10.1039/9781788010535-00304


Chapter 11314

thermo-responsivity of the hydrogels could betuned by changing the coun-
terion type due to the presence of thepoly(ionic liquid) part. This hydrogel 
has been employed as a reducing environment for the in situ fabrication of 
gold nanoparticles (aunps), forming aunp–hydrogel composites.9 another 
strategy employed for the preparation of responsive hydrogels based on 
pILs has been described by Tudor et al.13 In this work, semi-interpenetrat-
ing (sIpn) hydrogels were synthesized by adding increasing amounts of 
poly(N-isopropylacrylamide-co-spiropyran-co-acrylic acid) to a cross-linked 
pIL matrix. all of the hydrogels, polymerized for approximately 120 s, have 
different mechanical properties that can be modulated through the con-
tent of the copolymer. Gallagher et al. described the sIpn hydrogels pre-
pared using varying concentrations of linear pnIpaaM incorporated into 
a thermo-responsive pIL hydrogel, namely tributyl-hexyl phosphonium 
3-sulfopropylacrylate (p-Spa).70 The swelling and shrinking responses of 
the obtained hydrogels were modulated by the presence of linear pnIpaaM 
in the polymer matrix.

Other authors indicated that pnIpaaM-based ionic hydrogels could be 
synthesized by free-radical polymerization with N-isopropylacrylamide as 
a monomer and imidazolium-based dicationic IL as a cross-linker.12 The 
obtained hydrogels had good swelling properties and exhibited strongly 
interfacial interaction with anionic dyes such as methyl orange, methyl blue, 
Congo red, orange G, thymol blue and bromothymol blue in aqueous solu-
tion. This behaviour was dependent on the chemical structure of the anionic 
dyes in solution.

11.4   Conclusions
In this chapter, we review the recent advances in the use of ILs in the pro-
cess of synthesizing polymeric gels (ionogels) and hydrogels. The tunability 
and versatility of ILs aligned with the features of natural (e.g. chitin or 
cellulose) and/or synthetic polymers have opened up new routes to process 
them not only as hydrogels, but also as matrices with different shapes and 
sizes. In particular, polymeric hydrogels processed in ILs can be useful for 
a broad range of applications from the removal of anionic dyes to biomate-
rials. However, concerning biomedical applications, despite the promising 
findings, little has been reported regarding the in vitro and in vivo biocom-
patibility of the developed matrices, which could limit their potential use 
as biomaterials. Most of the research reported suggests the use of ILs as a 
tool not only in the dissolution/processing of polymers in high value matri-
ces but also to extract biopolymers directly from biomass promoting the 
economic reduction of the process and an increase in the quality of the 
obtained biopolymer. The synthesis of pILs has also contributed to certain 
developments in the creation of responsive hydrogels. despite this, only a 
few reports can be found in the literature suggesting that it is at an early 
stage. However, due to its potential, more developments are expected in the 
near future.
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List of Abbreviations
aMIMBr  1-allyl-3-methylimidazolium bromide
aMIMCl  1-allyl-3-metylimidazolium chloride
BMIMCl  1-Butyl-3-methylimidazolium chloride
BMIMac  1-ethyl-3-methylimidazolium acetate
CGH  Cellulose/graphene hydrogels
CSF  Chitosan/silk
3d  Three dimensional
rGO  Graphene oxide
aunps  Gold nanoparticles
ILs  Ionic liquids
ILMs  Ionic liquid monomers
LCST  Lower critical solution temperature
pILs  poly(ionic liquid)s
pFS  poly(ferrocenylsilane)
pFS-pILs  poly(ferrocenylsilane)-based pILs
pBzMa  poly(benzyl methacrylate)
pnIpam  poly(n-isopropyl acrylamide)
p-Spa  Tributyl-hexyl phosphonium 3-sulfopropylacrylate
rSF  regenerated silk fibroin
rT  room temperature
SF  Silk fibroin
Sr  responsive hydrogels
sIpn  Semi-interpenetrating
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12.1   Introduction
Ionic liquids have been identified to dissolve various organic and inorganic 
materials with poor solubility, such as polysaccharides.1–6 Polysaccharides 
are widely distributed in nature and exhibit important biological functions.7,8 
Abundant polysaccharides such as cellulose and chitin (Figure 12.1) are the 
most well-known organic resources because of their huge annual produc-
tions. Besides being abundantly present in nature, natural polysaccharides 
show specific functions mainly related to biological systems, such as bio-
compatibility, biodegradability, and non-toxicity. Accordingly, the efficient 
use of natural polysaccharides as components can be expected to provide 
new biomedical and environmentally benign materials.9–11 However, struc-
tural polysaccharides such as cellulose and chitin show solubility problems 
with common solvents owing to the formation of numerous hydrogen bonds 
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among the molecules and stiff chain packing, leading to poor processability. 
even besides cellulose and chitin, most of the natural polysaccharides exhibit 
poor solubility for the same reasons, and accordingly, are mostly soluble only 
in aqueous media.

over the past decade, ionic liquids have been noted to exhibit the ability 
to dissolve natural polysaccharides1–6 since rogers et al. reported that an 
ionic liquid, 1-butyl-3-methylimidazolium chloride (BMIMCl), dissolved 
cellulose in relatively high concentrations (Figure 12.2).12 In 1934, it had 
already been found that molten N-ethylpyridinium chloride, in the presence 
of nitrogen-containing bases, could dissolve cellulose.13 this was probably 
the first report on the dissolution of cellulose with ionic liquid-type solvents. 
However, this study was considered to be of little practical value at the time 
because the concept of ionic liquids had not been put forward. then, the 
aforementioned dissolution study of cellulose with BMIMCl in 2002 opened 

Figure 12.1    typical polysaccharides used for functional materials combined with 
ionic liquids.

Figure 12.2    Ionic liquids used for the dissolution and gelation of polysaccharides.
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up a new route for studies concerning a class of cellulose solvent systems. 
Since this study, ionic liquids have been identified as good solvents for cel-
lulose and other polysaccharides, and thus used as media for their material 
processing, such as derivatization, modification, and regeneration.5,6

Ionic liquids have been extensively used as functional components in poly-
saccharide-based materials, besides their above ordinary uses as solvents 
and media.14,15 the concept in these research studies is based on the prop-
erty that ionic liquids exhibit good affinity for polysaccharides, which sub-
sequently leads to good composites, of course, depending on their chemical 
structures. For example, ionic liquids have been used as dispersion media 
in polysaccharide-based gels, so-called ‘ion gels’, which include ionic liquids 
in the polysaccharide network matrix. Furthermore, polysaccharide ion gels 
have been converted into value-added sustainable materials via suitable treat-
ments, such as exchange of the dispersion medium and regeneration. In this 
chapter, on the basis of this background information and these viewpoints, 
the preparation of polysaccharide-based materials by combining them with 
ionic liquids is described. the former part deals with polysaccharide ion gels 
and further conversion into value-added materials. In relation to ion gels, 
the latter part discloses the other type of polysaccharide–ionic liquid com-
posite material, that is, composites with polymeric ionic liquids that have 
mainly been prepared by means of in situ polymerization of polymerizable 
ionic liquids.

12.2   Polysaccharide Ion Gels
12.2.1   Ion Gels of Abundant Polysaccharides with  

Ionic Liquids
It was found that solutions of cellulose in BMIMCl (9.1–13.0 wt%), which 
were prepared by heating mixtures of cellulose and BMIMCl at 100 °C for 
24 h, would form ion gels with the exclusion of excess BMIMCl from the gel 
matrix when left standing at room temperature for 7 days (Figure 12.3(a)).16 
the resulting gel was purified by washing with ethanol and dried under 
reduced pressure, and exhibited flexible and manipulatable properties. ther-
mogravimetric analysis (tGA) of the ion gel showed two weight loss steps, 
one at temperatures below 100 °C attributed to the evaporation of water and 
another at higher than 250 °C due to degradation of cellulose, strongly indi-
cating that the ion gel was composed not only of cellulose and BMIMCl, but 
also of water (ca. 15 wt%). this result suggested that the absorption of water 
into the solution, due to the strong hygroscopic nature of BMIMCl, proba-
bly caused the gelation of cellulose with BMIMCl, and the following gelation 
process was proposed. the ionic liquid, BMIMCl, does not dissolve cellulose 
perfectly from a molecular point of view as the crystalline structure of cellu-
lose is slightly retained, as suggested by the powder X-ray diffraction (Xrd) 
data of the ion gel. Accordingly, aggregates of the crystalline parts, partially 
present among the cellulose molecules, were formed through the gradual 
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absorption of water into the solution, owing to the insolubility of crystalline 
cellulose in water, and these aggregates acted as cross-linking points for gela-
tion (Figure 12.3(b)).

Soxhlet extraction of the ion gels with ethanol for the desired times gave 
regenerated cellulose materials with different BMIMCl contents (Figure 
12.3(a)). with prolonged extraction times, the content of BMIMCl in the 
product decreased, and consequently, BMIMCl was mostly removed follow-
ing extraction for 4 h. the mechanical properties of the regenerated cellulose 
materials were evaluated by tensile testing, and depended on the BMIMCl 
content.

the preparation procedure for the cellulose ion gel with BMIMCl was 
extended to provide a binary gelling system with starch. when a solution of 
cellulose and starch (9.1 and 4.8 wt%, respectively) in BMIMCl, which was 
prepared by heating the corresponding mixture at 100 °C for 24 h, was left 
standing at room temperature for several days, a binary ion gel was formed 
that excluded excess BMIMCl.17 the Xrd profile of the resulting gel sug-
gested that the crystalline structures of the polysaccharides in the gel were 
mostly disrupted. A viscous mixture of cellulose and starch (9.1 wt% each) 
in BMIMCl could be drawn up from the solution surface. the resulting fine 
linear material from the surface was soaked in acetone for regeneration to 
fabricate a cellulose/starch binary polysaccharide fiber. the SeM image of 
the material exhibited a fibrous morphology with the fibers ca. 100–200 µm 

Figure 12.3    Formation of a cellulose ion gel with BMIMCl and conversion into 
regenerated cellulose with BMIMCl (a) and plausible gelation mech-
anism (b).
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in width. the Xrd result indicated no reconstruction of the crystalline struc-
tures of cellulose and starch during the regeneration process, suggesting the 
good composition of the two polysaccharides in the fibrous material.

different from cellulose, only a few examples of the dissolution of chitin 
in ionic liquids have been reported.18–23 1-Allyl-3-methylimidazolium acetate, 
1-butyl-3-methylimidazolium acetate (BMIMoAc), and 1-ethyl-3-methylim-
idazolium acetate have been found to show the ability to dissolve chitin at 
certain concentrations (Figure 12.2).19,24,25 Cooling chitin solutions with 
BMIMoAc to ambient temperature resulted in gelation, and the gel could be 
further converted into sponge and film materials by regeneration with water 
or a methanol coagulant. 1-Allyl-3-methylimidazolium bromide (AMIMBr) 
was also found to dissolve chitin and the maximum concentration for dis-
solution was 4.8 wt% by heating at 100 °C for 48 h (Figure 12.4(a)).26 the 
dissolution ability of AMIMBr is considered to be due to the combination of 
an ion pair, imidazolium and bromide. this type of ionic liquid has also been 
used as a solvent for the synthesis of polyamides and polyimides,27 which are 
well-known poorly soluble polymers due to the formation of strong hydrogen 
bonds by the –N–C=o groups in the main chains, similar to the acetamido 

Figure 12.4    dissolution (4.8 wt%) and gelation (6.5–10.7 wt%) of chitin with 
AMIMBr (a), and preparation of a self-assembled chitin nanofiber dis-
persion/film (b) and chitin nanofiber/PVA composite film (c) by regen-
eration from the chitin ion gel with AMIMBr.
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groups in chitin. Accordingly, the chemical species of imidazolium bromide 
probably show the ability to break hydrogen bonds formed by –N–C=o groups 
for the dissolution of chitin. However, other imidazolium bromides, such as 
1-methyl-3-propylimidazolium and 1-butyl-3-methylimidazolium bromides 
do not dissolve chitin at all, suggesting that the allyl substituent in AMIMBr 
also affects the dissolution ability, although the reason why AMIMBr specifi-
cally dissolves chitin is not yet clear. the analytical results of the regenerated 
chitin from the solution with AMIMBr indicated that the degradation and 
depolymerization of chitin did not frequently occur during the dissolution 
process.

when larger amounts of chitin (6.5–10.7 wt%) were successively immersed 
in AMIMBr at room temperature, heated at 100 °C for 24 h, and cooled to 
room temperature, gel-like materials (ion gels) with higher viscosity were 
formed (Figure 12.4(a)). dynamic rheological measurements showed that 
both the 4.8 wt% and 6.5 wt% liquids of chitin with AMIMBr behaved as 
weak gels.

when the regeneration of chitin from the 9.1–10.7 wt% ion gels with 
AMIMBr was carried out by soaking in methanol at room temperature for 
24 h, followed by sonication, dispersions of the regenerated chitin were 
obtained (Figure 12.4(b)).28,29 the SeM image of the resulting dispersion 
indicated a nanofiber morphology with the fibers ca. 20–60 nm in width and 
several hundred nm in length, indicating the self-assembly of chitin nanofi-
bers during the regeneration process from the ion gels using methanol. the 
regenerated chitin formed a film by isolation through filtration of the disper-
sion. the SeM image of the resulting film showed a highly entangled nano-
fiber morphology, which probably contributed to the formation of the film. 
Self-assembled chitin nanofiber/poly(vinyl alcohol) composite films were 
also fabricated using a co-regeneration approach (Figure 12.4(c)).28

As chitin is regarded to be a basic polysaccharide because of the presence 
of several% of free amino groups in the total repeating units formed by par-
tial deacetylation of acetamido groups, the self-assembled chitin nanofibers 
were used as a reinforcing agent for acidic carboxymethyl cellulose (CMC) 
through electrostatic interactions.30 A CMC film was immersed in the self- 
assembled chitin nanofiber methanol dispersion, followed by centrifugation 
and drying, which gave a composite film (Figure 12.5(a)). the self-assembled 
chitin nanofibers were also employed as a reinforcing agent for a cellulose 
film obtained from an ion gel with BMIMCl.31 when the thinly prepared cel-
lulose ion gel with BMIMCl was soaked in the self-assembled chitin nano-
fiber methanol dispersion, the two polysaccharides were made compatible 
through regeneration of cellulose. the mixture was then subjected to suc-
cessive centrifugation, Soxhlet extraction with methanol for the complete 
removal of BMIMCl, and drying to fabricate a chitin nanofiber-reinforced 
cellulose film (Figure 12.5(b)). the SeM images of both the surface and 
cross-section of the resulting film indicated nanofiber morphologies, sug-
gesting that chitin nanofibers were present not only on the surface but also 
inside the film.
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Self-assembled chitin nanofiber-graft-synthetic polymer composite films 
were prepared by surface-initiated graft polymerization (Figure 12.6).32 
For example, chitin nanofiber-graft-biodegradable polyester and polypep-
tide composite films were fabricated by surface-initiated graft ring-open-
ing polymerization of the corresponding cyclic monomers, i.e., l-lactide 
(LA)/ε-caprolactone (CL) and γ-benzyl l-glutamate-NCA (BLG-NCA), from the 
chitin nanofiber film.33,34 the surface-initiated graft atom transfer radical 
polymerization of vinyl monomers such as 2-hydroxyethyl acrylate (HeA) was 
also conducted from a self-assembled chitin macroinitiator incorporating 
initiating sites on the fiber surfaces.35,36

A cellulose/chitin binary ion gel using two ionic liquids, BMIMCl and 
AMIMBr, was also fabricated.37 A 9.1 wt% cellulose solution with BMIMCl 
and a 4.8 wt% chitin solution with AMIMBr were first mixed at 100 °C to 
obtain a homogeneous solution. the resulting solution was left standing 
at room temperature for 4 days, followed by washing with ethanol to form 
a cellulose/chitin binary ion gel that excluded excess ionic liquids (Figure 
12.7(a)). the analytical results suggested the formation of a relatively good 
composite between cellulose, chitin, and the ionic liquids. A cellulose/chitin 
binary film was fabricated by regeneration from the thinly prepared binary 
ion gel (Figure 12.7(b)).38

the cellulose/chitin binary ion gel was used as a novel electrolyte for an 
electric double layer capacitor (edLC). the binary ion gel was first treated 

Figure 12.5    Preparation of a self-assembled chitin nanofiber/CMC composite film 
(a) and self-assembled chitin nanofiber/cellulose composite film (b).
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with a 2.0 mol L−1 H2So4 aqueous solution for 3 h to give an acidic cellu-
lose/chitin binary gel.39–41 the electrochemical characteristics of the result-
ing acidic gel electrolyte were evaluated by galvanostatic charge–discharge 
measurements. the test cell with the acidic binary gel electrolyte exhibited a 
specific capacitance of 162 F g−1 at room temperature, which was higher than 
that for a cell with an ordinary H2So4 electrolyte (155 F g−1). the acidic binary 
gel electrolyte showed an excellent high-rate discharge capability in a wide 

Figure 12.6    Surface-initiated graft (co)polymerization of several cyclic and vinyl 
monomers from chitin nanofiber films with appropriate initiating 
sites.

Figure 12.7    Preparation of a cellulose/chitin binary ion gel (a) and film (b) using 
ionic liquids.
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range of current densities, as well as H2So4 aqueous solution. In addition, 
the discharge capacitance of the test cell retained over 80% of its initial value 
after 105 cycles, even at a high current density of 5000 mA g−1. the above 
results indicated that the acidic cellulose/chitin binary gel electrolyte had 
practical applicability for an advanced edLC.

12.2.2   Ion Gels of Hydrocolloid Polysaccharides with  
Ionic Liquids

Besides abundant polysaccharides, such as cellulose and chitin, there are a 
number of polysaccharides from various sources such as plants, animals, sea-
weeds, and bacteria in nature, which often have complicated structures com-
posed of one or more kinds of monosaccharide residues and have sometimes 
exhibited branched structures.42 Because such polysaccharides form highly 
viscous aqueous solutions, they have been used as hydrocolloids for stabiliz-
ers, viscous agents, and structure providers in the food industry. However, 
there have not been many investigations into the use of hydro colloid poly-
saccharides as components in practical materials. to provide value-added 
materials from such polysaccharides, therefore, the fabrication of ion gels 
has also been attempted.15

Galactomannans are representative food hydrocolloids, consisting of a 
β(1→4)-linked mannopyranose main chain with branched α-galactopyranose 
units at the 6-position.43 the proportion of galactose and mannose residues 
depends on the source, and for example, the major galactomannans fenu-
greek gum (FG), guar gum (GG), and locust bean gum (LBG) have average 
galactose/mannose ratios of ca. 1 : 1, 1 : 1.8, and 1 : 3.5, respectively (Figure 
12.1). Solutions of GG with BMIMCl (9.1–28.6 wt%), which were prepared by 
heating the corresponding mixture at 100 °C for 5 h, completely turned into 
an ion gel after being left standing at room temperature for 30 min.44,45 the 
mechanical properties of the ion gels under both compressive and tensile 
stress depended on the content of GG in the ion gels. From FG and LBG, the 
corresponding ion gels were also produced by the same procedures.46

It has been reported that imidazolium-type ionic liquids exhibit exci-
tation-wavelength-dependent fluorescent behavior due to the presence of ener-
getically different associated species. For example, BMIMCl typically exhibits 
emissions at around 450–600 nm depending on the excitation wavelength. 
the imidazolium-type ionic liquids, which form many different species, have 
potential as components to contribute to developing new fluorescent func-
tional materials. Accordingly, a unique fluorescent ion gel was obtained by 
exploiting the above gelling system of GG with BMIMCl, because the fluo-
rescence spectra of the GG ion gel exhibited similar excitation-wavelength- 
dependent fluorescence behavior following excitation at 260–600 nm.47

the unique fluorescent function in the GG ion gel was achieved by means 
of fluorescence resonance energy transfer (Fret). Fret is an interaction 
between the electronic excited states of two fluorescent substrates, a donor 
and an acceptor, in which excitation energy is transferred from the former 
to the latter without emission of a photon. Besides exhibiting emission 
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following excitation at the characteristic wavelength of each fluorescent dye, 
fluorescent materials in practical applications are often required to exhibit 
fluorescence emissions following excitation at different wavelengths. For 
the purpose of developing such dye materials, the Fret technique has been 
used in designed fluorescent materials to obtain a large shift of the excitation 
wavelength from that natively shown by the dyes. the occurrence of Fret 
in the GG ion gel with BMIMCl containing rhodamine 6G (1.5 mmol L−1), 
which is a representative red fluorescent dye and exhibits emission maxima 
at ca. 540–610 nm following excitation at around 520 nm, has been found 
as follows, where BMIMCl and rhodamine 6G act as a donor and an accep-
tor, respectively. when the fluorescence spectra of the ion gel were measured 
with excitation at 260–600 nm, emissions due to the dye were observed in 
all the spectra, whereas no emissions due to BMIMCl were observed (Fig-
ure 12.8(a)). these results indicated the occurrence of Fret from BMIMCl 

Figure 12.8    Fluorescence spectra of a guar gum/rhodamine 6G/BMIMCl ion gel 
with excitation at 260–600 nm (a) and image of Fret from BMIMCl 
(donor) to rhodamine 6G (acceptor) in the GG ion gel (b).
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to rhodamine 6G in the ion gel (Figure 12.8(b)). Indeed, the gel showed red 
emission with photoirradiation at various wavelengths. It was further con-
firmed that the emission peaks in the fluorescence spectra of the GG ion gel 
with BMIMCl excited at various wavelengths overlapped with the absorption 
peak of rhodamine 6G at 545 nm in its solution with BMIMCl.

the GG ion gels were converted into films using a compression technique 
(60 °C, 4 MPa).44,45 the film showed temperature-induced shaping ability, in 
which it became hard upon heating and returned back to being soft again 
upon cooling. the tGA and Xrd analyses of the film indicated that this prop-
erty was induced by the construction and disruption of crystalline structures 
of GG in the film by evaporation and absorption of water during the heating–
cooling process. Moreover, the ion gels were converted into porous materials 
by soaking them in ethanol and water, followed by lyophilization.

Anionic hydrocolloid polysaccharides with sulfate and carboxylate groups, 
such as carrageenans and xanthan gum, have also been used for the fabri-
cation of ion gels with BMIMCl. during the gelation procedure using such 
anionic polysaccharides, ion-exchange of anion metal salts with BMIMCl 
takes place to form sulfate- and carboxylate-BMIM ion pairs on the polysac-
charide main chains (Figure 12.9), which contribute to enhancement of the 
mechanical properties and the appearance of unique function. Carrageen-
ans are water-soluble phycocolloids extracted from red algae and are used 
mostly as a stabilizer and a structural provider in the food and ice cream 
industries.48 three major varieties of carrageenans, i.e., κ-, λ-, and ι-carra-
geenans, are known, all of which show anionic nature owing to the presence 
of sulfate groups (Figure 12.1). For the formation of ion gels, carrageenans 
were first dissolved with BMIMCl (13 wt%) at 100 °C for 10 h with stirring. 
when the solutions were cooled to room temperature, ion gels were obtained, 
which could suitably be manipulated after standing for 12 h upon addition 
of acetone and excess BMIMCl excluded from the gels was washed out with 
ethanol.49 κ-Carrageenan formed a hard gel, whereas the other carrageenans 
formed soft gels.

Figure 12.9    Ion exchange between anionic polysaccharides and BMIMCl during 
gelation.
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Cellulose/carrageenan binary ion gels with BMIMCl were obtained by the 
same procedure as above.49 when a homogeneous solution of cellulose and 
carrageenan (15% w/w each) in BMIMCl was prepared by heating at 100 °C 
for 10 h and then cooled to room temperature, the mixture could suitably be 
handled after 12 h of standing, followed by treatment with acetone and eth-
anol, affording a binary ion gel. the mechanical properties of the binary ion 
gel were superior to those of the cellulose ion gel with BMIMCl. the presence 
of sulfate–BMIM ion pairs on the carrageenan main chain, which were pro-
duced during the gelation procedure, probably contributed to the enhance-
ment of the mechanical properties of the resulting ion gel.

Xanthan gum, produced by Xanthomonas canpestris, is composed of a cellu-
lose-type main chain (β(1→4)-glucan) with trisaccharide side chains attached 
to alternating glucose units in the main chain. the side chains include carbox-
ylate groups, resulting in the anionic nature of xanthan gum (Figure 12.1).50 
Solutions of xanthan gum (9.1–50 wt%), which were prepared by heating the 
corresponding mixtures at 100 °C for 12 h, completely turned into a gel form 
after standing at room temperature for 20 min (Figure 12.10(a)).51–53 the 
9.1 wt% ion gel showed a very elastic nature and the gel gradually became 
harder with an increasing content of xanthan gum in the gel. Furthermore, 
the following experiment suggested the appearance of thermally induced 
shape-memory behavior in the xanthan gum ion gel. the designed perma-
nent shape of the gel was first fabricated by a heating–cooling process using 
an appropriate mold. the gel was then softened and deformed by heating 
at around 50 °C, and the intended temporary shape was subsequently fixed 
by cooling at room temperature. when the resulting gel was left standing at 
around 50 °C, the temporary shape gradually returned back to the perma-
nent shape. the shape memory behavior of the ion gel was induced by the 

Figure 12.10    Preparation of a xanthan gum ion gel with BMIMCl (a) and conver-
sion into a xanthan gum hydrogel from the ion gel (b); primary form 
and Ca2+ form.
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specific association between xanthan gum and BMIMCl owing to the occur-
rence of ion-exchange of the carboxylate metal salts in the xanthan gum with 
BMIMCl during the gelation procedure and also to the rigid nature of the 
xanthan gum main chain (cellulose-type). the analytical data for the ion gel 
suggested the specific association of BMIMCl in the ion gel, which was con-
structed on the basis of the regularly ordered intermolecular interaction of 
BMIM counter-cations of xanthan gum with other BMIMCl molecules pres-
ent in the gel because of the rigidity of the main chain, contributing to the 
shape-memory behavior of the ion gel. For example, the UV-vis spectrum 
of the 23.1 wt% ion gel showed strong absorptions at 200–450 nm due to 
this specific association, which were not observed in the UV-vis spectrum of  
liquid BMIMCl.

on the basis of the UV-vis result, the fluorescence behaviors of the ion gels 
with different xanthan gum contents were investigated.54 the fluorescence 
spectra of the ion gels following excitation at 360–480 nm exhibited emission 
maxima that were shifted to longer wavelengths (from 508 nm to 539 nm) 
depending on the xanthan gum content, and the color changed from yellow 
to red–brown with increasing xanthan gum content (Figure 12.11). this red-
shift was potentially due to the extended conjugation of BMIMCl, because of 
the presence of the specific association states of BMIMCl.

exchange of the dispersion medium from BMIMCl to water was carried 
out by soaking the 9.1 wt% ion gel in water (1.15 g per 100 mL), affording 
a xanthan gum hydrogel with 94.1 wt% water content (Figure 12.10(b)).51,52 
this hydrogel was then soaked in 0.2 mol L−1 CaCl2 aqueous solution to pro-
duce an ionically cross-linked hydrogel with divalent Ca2+ (Figure 12.10(b)). 
the water content of the product was reduced to 85.2 wt% by this procedure, 
indicating shrinkage by ionic cross-linking. this material showed revers-
ible swelling–shrinking behavior. when the ionically cross-linked hydrogel 
was soaked in water for 1 day, it was gradually swollen. Soaking the swollen 
hydrogel in 0.2 mol L−1 CaCl2 aqueous solution for 1 day resulted in shrinkage 
again. the swelling–shrinkage cycles of the hydrogel were repeated further 
twice. this behavior was explained by the conformation change of xanthan 
gum, depending on the ionic strength of the aqueous solution. Under com-
pression, the hydrogel with Ca2+ showed much better mechanical properties 
than the primary formed hydrogel, suggesting that cross-linking with Ca2+ 
in the hydrogel strongly contributed to the enhancement of the mechanical 
properties.

Figure 12.11    Photograph of ion gels with various xanthan gum contents.
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Mineralization of hydroxyapatite upon the xanthan gum hydrogel was 
investigated by an alternate soaking process to produce a composite hydro-
gel, where the xanthan gum matrix acted as a scaffold owing to the pres-
ence of carboxylate groups.55 the content of hydroxyapatite in the resulting 
composite hydrogels depended on the soaking cycles. the mineralization of 
hydroxyapatite induced a microstructure change from a layered structure to 
a porous structure.

Solutions of cellulose/xanthan gum with BMIMCl, which were prepared 
by heating the corresponding mixtures at 100 °C for 9 h, were left stand-
ing at room temperature for 1 day, leading to the formation of binary ion 
gels.56 Furthermore, the thinly prepared binary ion gels on a Petri dish were 
subjected to Soxhlet extraction with ethanol for regeneration, followed by 
drying under ambient conditions, affording cellulose/xanthan gum binary 
films. the Xrd profiles of the resulting films indicated the relatively good 
composition of the two polysaccharides. the binary ion gels were soaked in 
water to convert them into binary hydrogels. the water contents of the binary 
hydrogels were always higher than 90% regardless of the cellulose/xanthan 
gum weight ratio. when increasing the weight ratio of cellulose to xanthan 
gum, the mechanical properties of both the films under tensile stress and 
the hydrogels under compressive stress were hardened.

12.3   Polysaccharide–Polymeric Ionic Liquid 
Composite Materials

12.3.1   Polymeric Ionic Liquids
Polymeric ionic liquids are defined as the polymers obtained by the polym-
erization of ionic liquids with polymerizable groups (polymerizable ionic 
liquids).57,58 thus, polymeric ionic liquids are not necessarily liquids at 
room temperature or even at some ambient temperatures. Polymeric ionic 
liquids, therefore, are often called ‘polymerized ionic liquids’ or ‘poly(ionic 
liquid)s’. the major advantages of employing polymeric ionic liquids are 
improved processability and feasibility, and enhanced stability in applica-
tion as practical materials. Polymerizable ionic liquid monomers can be pro-
duced by incorporating polymerizable groups at anionic or cationic sites. In 
the former case, the counter-anions in general ionic liquids are exchanged 
with polymerizable anions, affording polymerizable ionic liquids. In the lat-
ter case, vinyl, meth(acryloyl), and vinyl benzyl substituents have typically 
been incorporated as polymerizable groups at the cationic site. the quat-
ernization reaction of vinylbenzyl halides or haloalkyl (meth)acrylates with 
1-alkylimidazoles gives the corresponding imidazolium-type polymerizable 
ionic liquids with the vinyl benzyl or (meth)acryloyl polymerizable group. As 
1-vinylimidazole is commercially available, vinylimidazolium-type polymer-
izable ionic liquids are provided by quaternization of 1-vinylimidazole with 
a variety of alkyl halides. when quaternization with vinylbenzyl halides or 
haloalkyl (meth)acrylates is conducted, polymerizable ionic liquids with two 
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polymerizable groups are produced. Because the resulting polymerizable 
ionic liquids can be converted into insoluble and stable polymeric ionic liq-
uids with a cross-linked structure by radical polymerization, they have great 
potential to be used as a cross-linker for the production of practical poly-
meric materials.

For example, a transparent cross-linked polymeric ionic liquid film with the 
chemical structure of poly(1-co-2) was obtained by radical copolymerization 
of two polymerizable ionic liquids, 1-methyl-3-(4-vinylbenzyl)imidazolium 
chloride (1) and 1-(3-methacryloyloxypropyl)-3-vinylimidazolium bromide 
(2) (10 : 1) in the presence of AIBN as an initiator at 65 °C for 30 min and sub-
sequently at 75 °C for 2 h (Figure 12.12).59 the UV-vis spectrum of the film 
showed small absorptions at wide wavelengths of 280–550 nm, which were 
probably related to the fluorescence emissions of the imidazolium structure, 
besides large absorptions at wavelengths below 280 nm. the fluorescence 
spectra of the film showed excitation-wavelength-dependent fluorescence 
emission maxima at around 430–470 nm following excitation at 260–400 nm. 
Indeed, the film exhibited blue emission with UV light irradiation at 365 nm.

Based on the principle of three primary colors, polymeric ionic liquid films 
that exhibit multicolor emissions depending on combinations of the pri-
mary colors have been designed.60 three fluorescent dye monomers, namely, 
rhodamine (red emission), 7-(diethylamino)coumarin-3-carboxylic acid 
(deAC, green emission), and pyranine (blue emission) derivatives (3, 4, and 5),  
with a methacrylate group were synthesized. radical copolymerization of 1 
and 2, with 3, 4, or 5 was conducted in the presence of AIBN to obtain the 
polymeric ionic liquid films 6, 7, and 8 carrying the respective dye moieties 
(Figure 12.13). the fluorescence spectra of the resulting films with excitation 
at 260–400 nm suggested the occurrence of Fret from the units 1 and 2 to 
the respective dye group in the films.

three combinations of polymerizable dyes, that is, 3 + 4, 3 + 5, and 4 + 5, 
were then copolymerized with 1 and 2 in the presence of AIBN to produce 
polymeric ionic liquid films exhibiting tunable color emissions. the fluo-
rescence spectra of all the resulting films exhibited two kinds of emission 
due to the incorporated dye moieties with excitation at 260–400 nm, suggest-
ing that the respective dye groups in the films individually emitted via direct 
excitation or Fret. A polymeric ionic liquid film carrying three dye moieties 

Figure 12.12    radical copolymerization of polymerizable ionic liquids 1 and 2.
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was also prepared by copolymerization of 1 and 2, with the three polymeriz-
able dyes. the fluorescence spectra of the resulting film also showed three 
kinds of emission excited at 260–400 nm. Accordingly, the resulting films 
with multiple dye moieties exhibited yellow, magenta, cyan, and white fluo-
rescence emissions, respectively, with UV light irradiation at 365 nm. these 
results indicated that the polymeric ionic liquid films carrying suitable flu-
orescent dye moieties emitted tunable multicolors following excitation at a 
single wavelength.

12.3.2   Preparation of Polysaccharide Films Reinforced by 
Polymeric Ionic Liquids

Poly(1-co-2) has been used as a reinforcing agent for cellulose/chitin com-
posite films, which were prepared from ionic liquid solutions.61 For the 
preparation of the polymeric ionic liquid-reinforced composite film by in situ 
polymerization of 1 and 2, however, the aforementioned AMIMBr was not 
suitable as the chitin solvent, because it suppresses the progress of radical 
polymerization, probably due to the presence of an allyl carbon–carbon dou-
ble bond. therefore, the ionic liquid used as the solvent of chitin was BMI-
MoAc, because it has also been found to dissolve chitin as aforementioned.  
A solution of 1 + 2 and AIBN in a small amount of methanol was added to a 
4.8 wt% chitin solution in BMIMoAc and the resulting solution was mixed 
with the separately prepared 9.1 wt% cellulose solution in BMIMCl. the 
homogeneous mixture was then thinly cast onto a Petri dish and heated at 
100 °C for 10 h to allow radical polymerization. the resulting material was 
left standing at room temperature for the formation of an ion gel. the gelled 

Figure 12.13    radical copolymerization of 1 and 2, with 3, 4, or 5 to give polymeric 
ionic liquid films (6, 7, and 8) carrying primary color fluorescent dye 
moieties.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
03

19
View Online

http://dx.doi.org/10.1039/9781788010535-00319


335Preparation of Functional Polysaccharides and Related Materials

product was subjected to Soxhlet extraction with ethanol, followed by drying 
to give a cellulose/chitin film composited with poly(1-co-2). the presence of 
the polymeric ionic liquid in the product was confirmed by Ir measurement. 
the Xrd profile of the product suggested that the crystalline structures of 
cellulose and chitin were largely disrupted, indicating the good composition 
of the two polysaccharides in the film. the stress–strain curve of the film 
from tensile testing supported the reinforcing effect of poly(1-co-2) present 
in the cellulose/chitin composite film.

An in situ polymerization approach has been employed to fabricate a FG 
film reinforced by polymeric ionic liquids.46 A suspension of FG, 1, and 2 
with AIBN in BMIMCl was thinly cast onto a Petri dish. the suspension was 
then heated at 100 °C for 9 h for the simultaneous dissolution of FG with 
BMIMCl and the progress of radical polymerization. the resulting homoge-
neous material was left standing at room temperature for 3 h for the forma-
tion of an ion gel. the gel-like product was subjected to Soxhlet extraction 
with ethanol, followed by drying under reduced pressure to give a FG film 
composited with poly(1-co-2). Several composite films were prepared with 
varying feed ratios of 1 to 2 and their mechanical properties were evaluated 
by tensile testing. the elongation values at break increased with an increas-
ing unit ratio of 1 in the polymeric ionic liquids, whereas the tensile strength 
at break decreased. these data indicated that the incorporation of unit 1 in 
the polymeric ionic liquids affected the higher elastic modulus of the com-
posite films.

12.3.3   Preparation of Polysaccharide–Polymeric Ionic Liquid 
Composites

As imidazolium-type ionic liquids such as BMIMCl are good solvents for poly-
saccharides, imidazolium-type polymeric ionic liquids have been considered 
to show good affinity for them, and accordingly employed as components in 
composites with polysaccharides, such as cellulose.62,63 to fabricate a com-
posite with cellulose by in situ polymerization, a polymerizable ionic liquid, 
1-(4-acryloyloxybutyl)-3-methylimidazolium bromide (9a) was first used. Cel-
lulose was dissolved with BMIMCl (9.1 wt%) by heating the corresponding 
mixture at 100 °C for 24 h. An equimolar amount of 9a with a repeating glu-
cose unit was then added to the solution and the mixture was heated at 
80 °C for 5 h in the presence of AIBN to allow radical polymerization (Figure 
12.14).64 the polymerization mixture was washed with acetone, treated fur-
ther with refluxed acetone, and subsequently subjected to Soxhlet extraction 
with methanol to give the composite. the tGA and Xrd results suggested 
the efficient conjugation of cellulose with poly9a in the composite.

Although the above approach has been considered to be efficient for 
the preparation of cellulose–polymeric ionic liquid composites, the proce-
dure should be improved due to the following disadvantageous points: the 
necessity of two kinds of ionic liquids and the instability of the obtained 
composites toward solvents. to overcome the second problem, 10 with two 
polymerizable groups, vinyl and acryloyl, was employed to be copolymerized 
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with 9b, affording an insoluble and stable cross-linked polymeric ionic liquid, 
poly(9b-co-10). Furthermore, it was found that a mixture of the two polymer-
izable ionic liquids mostly disrupted the crystalline structure of cellulose by 
pre-treatment (immersing cellulose in the mixed solution), suggesting the 
possible preparation of composites without the use of a solvent ionic liquid 
such as BMIMCl, unlike the case in the above study. For the preparation of 
composites, accordingly, cellulose (30 wt%) was first pre-treated in mixtures 
of 9b + 10 (feed weight ratio = 100 : 0–50 : 50) at 7 °C for 24 h. the Xrd and 
tGA data of the pre-treated mixtures indicated that the crystalline structure 
of cellulose was largely disrupted by the pre-treatment. the fabrication of 
composites was then performed by in situ polymerization of the polymer-
izable ionic liquids in the pre-treated mixtures by heating at 80 °C for 24 h  
in the presence of AIBN. Consequently, the composites were completely fab-
ricated without any further isolation and purification procedures (Figure 
12.15).65 the Xrd and tGA results of the resulting composites indicated the 
good composition of cellulose and poly(9b-co-10) in all the composites. the 

Figure 12.14    Preparation of a cellulose–poly9a composite material by in situ 
polymerization of 9a in BMIMCl.

Figure 12.15    Preparation of a cellulose–poly(9b-co-10) composite material by in 
situ copolymerization of 9b with 10.
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SeM images of the surface and cross-sectional area in the composite showed 
a completely different morphology from that of standard cellulose, also sup-
porting the good composition of the two components in the composite. the 
mechanical properties of the composites under tensile stress were affected 
by the feed ratio of 10 to 9b.

the above in situ polymerization approach was extended to the use of 
another polymerizable ionic liquid, that is, 1-vinyl-3-(4-vinylbenzyl)imidaz-
olium chloride (11) with vinylbenzyl and vinyl polymerizable groups, which 
gave cross-linked poly11 by radical polymerization (Figure 12.16).66 After cel-
lulose (9.1–50.0 wt%) was pre-treated with 11, the mixtures were heated at 
80 °C for 24 h in the presence of AIBN for radical polymerization to occur, 
affording composites without any further isolation and purification proce-
dures. the Xrd and tGA results of all the composites indicated the partial 
disruption of the crystalline structure of cellulose. the SeM images of the 
composite supported the good composition between cellulose and poly11.

the preparation of a cellulose-based ionic porous material with a polymeric 
ionic liquid was investigated by in situ polymerization of polymerizable ionic 
liquids. this was successfully conducted by combining the in situ polymeriza-
tion method with a templating technique using an oil/ionic liquid emulsion 
system.67 In situ polymerization of a mixture of 9b and 10 was first performed 
in a solution of cellulose in BMIMCl. Sonication of the mixture in the pres-
ence of corn oil and sorbitan monooleate and subsequent treatment with 
the appropriate solvents gave a porous material. the pore sizes in the mate-
rials evaluated from the SeM images were found to be around 0.15–1.3 µm,  
accompanied by smaller sizes of 30–70 nm.

Following the preparation of the above cellulose composites with poly-
meric ionic liquids, composites using ι-carrageenan were also prepared by 
composition with polymeric ionic liquids by means of the in situ polymeriza-
tion technique using 10 and 11.68 Because of the presence of sulfate anions, 
the formation of well-compatible materials with cationic polymeric ionic liq-
uids through cross-linking via ion exchange was expected, which possibly 
contributed to improving the mechanical properties of the composites. For 
the preparation of a composite using 10, BMIMCl was used for the dissolu-
tion of ι-carrageenan because its direct immersion in 10 was not possible due 
to its high viscosity. After the dissolution of ι-carrageenan with BMIMCl by 

Figure 12.16    radical polymerization of 11.
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heating at 100 °C for 7 h, radical polymerization of 10 with AIBN in the solu-
tion was performed at 90 °C for 5 h, followed by a work-up procedure to give 
the composite. Because the viscosity of 11 was lower than that of 10, on the 
other hand, the preparation of a composite using 11 was carried out without 
the use of any solvent for the dissolution of ι-carrageenan. Incompatible com-
ponents were not seen in the charge coupled device camera views (mm scale) 
of the surfaces of the composites, whereas the SeM images at the µm scale 
of the two composites exhibited different morphologies. the SeM image of 
the composite with poly10 revealed loose structures with nanoscale distri-
butions, while closer packed nanostructures were seen in the SeM image of 
the composite with poly11. the looser structure for the former material was 
probably constructed during the removal of BMIMCl. the mechanical prop-
erties of the ι-carrageenan composites under compressive stress were supe-
rior to those of the cellulose composites with the respective polymeric ionic 
liquids. the better mechanical properties of the ι-carrageenan composites 
were reasonably explained by the good composition with the polymeric ionic 
liquids, which was probably due to the cross-linking through ion exchange 
between ι-carrageenan and the polymeric ionic liquids. the electrical con-
ductivities of the composites with poly10 and poly11 were measured to be 
6.2 × 10−4 and 1.6 × 10−4 S cm−1, respectively, which were comparable to the 
conductance of semiconductors and higher than those of the cellulose com-
posites with the respective polymeric ionic liquids.

12.4   Conclusion
this chapter provided an overview of the research into the combined use of 
ionic liquids with polysaccharides to provide functional materials. taking 
the good affinity of ionic liquids for polysaccharides into account, ion gels 
are efficiently produced from the corresponding solutions. other types of 
materials are also obtained from the ion gels via the appropriate procedures. 
Polymeric ionic liquids are also combined with polysaccharides to produce 
composite materials using an in situ polymerization approach. the result-
ing polysaccharide materials combined with ionic liquids show unique and 
high-performance properties. Polysaccharides are generally known to show 
poor solubility and processability due to numerous hydrogen bonds; how-
ever, ionic liquids have opened up a new route for their efficient functional-
ization and materialization as representatively described in this chapter. As 
some properties of the polysaccharide materials combined with ionic liquids 
show potential for practical applications, research into approaches using 
ionic liquids for functionalization and materialization of polysaccharides 
will increasingly attract much attention in the future.
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13.1   Introduction
Ionic liquids (ILs) are unique materials since they are fluids composed solely 
of ions. This feature has a wide range of implications in terms of their phys-
icochemical characteristics. For example, they possess intrinsic ionic con-
ductivity due to the movement of their ions, and this is one of the most 
interesting properties, alongside electrochemical stability, when they are 
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considered for use as electrolytes in electrochemical devices, such as batter-
ies and electrochemical double-layer capacitors, among others.

poly(ionic liquid)s (pILs) are polymers in which the repeating unit con-
tains moieties of ILs. It is possible to polymerize units that contain the cation 
or the anion of the IL, and in this way, there are pILs derived from many dif-
ferent monomers (scheme 13.1). If the cationic species is polymerized, then 
a polycation-type pIL is formed; if the anionic species is polymerized, then 
a polyanion-type pIL is formed. Moreover, it is possible to polymerize both 
the cation and the anion or different regions of the same cation building up 
a network.1 In the same way, as with most polymers, it is also possible to pro-
duce co-polymers; thus, the structure possibilities are endless.

Most of the studied monomers are those that result in cationic pILs 
(scheme 13.1, I), particularly the ones based on vinylimidazolium to pro-
duce imidazolium-based pILs, which are the most studied pILs.1–5 anion-
ic-type pILs, however, are less studied due to the difficulty of synthesizing 
these materials.6 Furthermore, pILs that contain spacer groups are common. 
spacer groups are structures that connect the polymer chain and the bonded 
IL moiety, resulting in increased conductivity, for example. Figure 13.1 shows 
one example of a pIL with a spacer group.7

shaplov et al. (2011)22 investigated how the length of the alkyl spacer 
influences the properties of pILs (Figure 13.2). In this case, it was shown 
that increasing the spacer group from 2 to 10 carbon atoms resulted in an 
increase of the pIL conductivity by two orders of magnitude from 3.0 × 10−8 
(–(Ch2)2–, Figure 13.2a) to 3.2 × 10−6 s cm−1 (–(Ch2)10–, Figure 13.2C). More-
over, the glass transition temperature (Tg) decreases as the spacer group 
length increases.1,15

Moreover, it is possible to modify the structures of the typical IL moi-
eties to produce ILs or monomers with properties of interest. These modi-
fied/functionalized ILs or pILs are generally called task-specific ILs or pILs. 
he et al. (2016) prepared ILs and pILs functionalized with –nh2 or ether to 
improve the capacity for capturing Co2 (this will be discussed in section 
13.4).23 practically all functionalized ILs – chiral, acidic, basic, metal-contain-
ing, guanidinium, and –oh group ILs, among others24 (some examples are 
shown in scheme 13.1, II) – can contain a polymerizable group and become 
a functionalized pIL. as with ILs, the properties of pILs can be tuned by 
changing the type (anionic, cationic and others), the nature of the cation and 
anion, the quantity of ionic centers in each monomer repeating unit and the 
absence or presence of spacer groups and their nature.22 after obtaining the 
monomer, the polymerization can occur in several ways: free radical polym-
erization using 2,2′-azobis(2-methylpropionitrile) (aIbn)22,25 or 2,2′-azo-
bis(2-methylpropianamidine)dihydrochloride (aaph),26,27 atom transfer 
radical polymerization,28 photopolymerization,5 ring-opening metathesis28 
and cyclopolymerization.22,28

pILs are generally solids; consequently, their properties are different from 
those of their liquid counterparts. an important example is the lower con-
ductivity of pILs,29 which is a result of the exponential increase in viscosity. 
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Chapter 13344

however, pILs are still very conductive compared with electrically neutral 
polymers and can be used as polyelectrolytes, for example. The ionic conduc-
tivities of some pILs are shown in Table 13.1.

Ionic conductivity affects the transport properties of both ILs and pILs 
and can be modulated with different combinations of cations and anions, 

Scheme 13.1    (I) structures of some pIL monomers. (II) Task-specific ILs.2–4,8–21
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Figure 13.1    a type of spacer group used by Juger et al. (2009). reprinted from Tetra
hedron Letters, 50 (1), J. Juger, F. Meyer, F. Vidal, C. Chevrot, d. Teyssié, 
synthesis, polymerization and conducting properties of an ionic liq-
uid-type anionic monomer, 128–131, Copyright (2009) with permis-
sion from elsevier.7

Figure 13.2    different spacer group lengths used by shavlov (2011). For further 
reading please see ref. 22.

Table 13.1    Ionic conductivities of some pILs. data from ref. 30.

pIL Counter ion Conductivity (s cm−1)

a poly(1-ethyl-3-vinyl-imidazolium) [n(Cn)2] 1.4 × 10−5

b poly(1-ethyl-3-vinyl-imidazolium) [n(CF3so2)2] 2.5 × 10−11

C poly(1-ethyl-3-vinyl-imidazolium) [CF3so3] 4.9 × 10−12

d poly(1-[(2-methacryloyloxy) 
ethyl]-3-butylimidazolium

[n(CF3so2)2] 4.0 × 10−4

e poly(1-[(2-methacryloyloxy) 
ethyl]-3-butylimidazolium

[CF3so3] 1.5 × 10−5

F poly(1-[(2-methacryloyloxy) 
ethyl]-3-butylimidazolium

[bF4] 6.5 × 10−6

G poly(1-[(2-methacryloyloxy) 
ethyl]-3-butylimidazolium

[pF6] 3.8 × 10−6

h Vinyl acids with carboxylic, phosphoric, 
p-benzenesulfonic and sulfuric groups

highest conductivity 
1.1 × 10−4
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and variations in the size and nature of the lateral chains, and type of pIL 
(anionic, cationic and others). Therefore, many efforts have been devoted to 
understanding the influence of these structural changes.

Moosavi et al. reported the transport properties of dicationic ILs with a 
short alkyl chain length. dicationic ILs are composed of two cations that 
are covalently linked by a spacer, typically an alkyl chain. These types of ILs 
are generally used as surfactants, solvents for high-temperature organic reac-
tions, high-temperature lubricants, and electrolytes for secondary batteries, 
electrospray ionization mass spectroscopy, dye-sensitized solar cells and 
others.31 Compared with conventional monocationic ILs, dicationic ILs offer 
more possible combinations to generate different compounds. Therefore, it 
is possible to achieve new or enhanced properties with a specific combina-
tion of cations and anions.

regarding pILs, Lee et al. (2013)32 studied the transport properties of poly-
vinylimidazolium pILs and the influence of variations in the alkyl chains or 
other pendant groups (ethyl, mono or triethylene oxide) while maintaining 
the anionic species [nTf2]. In this case, the glass transition temperature of 
the pILs decreased and the ionic conductivity increased as the ethylene oxide 
pendant groups were elgonated.32,33

Tuning the physicochemical properties of ILs and pILs by changing their 
structures is clearly a widely considered approach. research groups have 
studied aspects ranging from small changes in the alkyl chains in the cations 
to completely new anion structures to obtain smart ILs and pILs that can 
be specifically used in a desired application. In this regard, combinations 
between different cations and anions, changes in the length of the alkyl side 
chain and functionalization of ionic structures greatly influence the transport 
properties of this class of material, primarily because of the physicochemical 
interactions among the ions. Therefore, with a specific application and pos-
sible challenge to overcome in mind, one may design an IL or pIL with the 
desired characteristics for a specific task by utilizing the options mentioned 
above. With this in mind, the following sections present considerations on 
how these modulations affect the physicochemical properties of ILs and pILs 
and consequently their transport properties, as well as the design of electro-
chromic devices based on ILs and pILs; additionally, gas capture, specifically 
Co2 capture, is also discussed.

13.2   Physicochemical Properties of ILs and PILs and 
the Effect on Transport

designing and preparing a smart IL or pIL for a specific task is a laborious 
and challenging task. It is necessary to take into account that changes in the 
structures of ILs and pILs for a desired application will affect the physico-
chemical properties of the materials. Therefore, having a good design and 
synthesis route is as important as performing reliable physicochemical char-
acterization of the product. It is important to purify the product as much as 
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possible and report any impurity, such as halide remaining from the synthe-
sis and any trace of moisture, because it is well known that such impurities 
have a great impact on the physicochemical and electrochemical properties 
of ILs.34,35

13.2.1   Density of ILs
although the material density, ρ (g cm−3), is not directly related to the trans-
port property characteristics, it is important to determine the density when 
analyzing the ionic conductivity of ILs since it is a key factor in calculat-
ing the molar ionic conductivity. If one has the material ionic conductivity  
σ (s cm−1), then the molar ionic conductivity Λ (s cm2 mol−1) is easily calcu-
lated by multiplying the first by the IL molar mass M (g mol−1) and dividing it 
by ρ, as shown in eqn (1):
  

      
 

·1 1
2 1

3

S cm g mol
S cm mol

g cm

M



 



Λ  (13.1)

  
With this in mind, the search for ILs that present a low density, such as 

those containing anions based on cyano groups, is understandable.36–38 Ye 
and shreeve proposed the equation ρcalc. = M/V × 0.6022, where V is the theo-
retical volume of each ion,39 and a few examples are presented in Table 13.2. 
Later, Gardas and Coutinho proposed an extended version of this equation 
(eqn (2)), which takes pressure and temperature into account:
  

 
 

   
 · · ·

1
24 3 3

calc. 3

g mol
10 Å cm

Å K (MPa)

M

N V a b T c p





    
 (13.2)

  
where a, b and c are the correction factors 0.8005, 6.652 × 10−4 K−1, and −5.919 
× 10−4 Mpa−1, respectively.40 The extended equation has been shown to be 

Table 13.2    Volumes of ion groups for predicting ionic liquid density. data from 
ref. 39.

Ions or groups Volume (Å3)

[mmim] 154
[mmpyr] 169
[n1111] 136
[p1111] 163
–Ch2– +28
–Ch3 +35
–h +7
[pF6] 107
[bF4] 73
[nTf2] 248
[b(Cn)4]41 143
[n(Cn)2] 86

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
03

42
View Online

http://dx.doi.org/10.1039/9781788010535-00342


Chapter 13348

very accurate in predicting the densities of various ionic liquids in the tem-
perature range suggested by the authors (273.15 to 393.15 K) and even in 
further temperatures outside this range.

The accuracy of the equation can be observed in Figure 13.3, where the 
calculated density and experimental measurements for different families of 
ILs in a broad range of temperatures are presented. note that one can use the 
theoretical volume of a chemical group to be replaced by a cation or anion 
and estimate the density of the designed IL.

13.2.2   Transport Properties of ILs and PILs
The relationship between ionic conductivity and viscosity is straightforward 
to understand: as viscosity increases, the ionic conductivity must decrease 
because the charge carriers will have to overcome a higher frictional force 
to move, thus resulting in lower mobility. The following equations (eqn (3) 
and (4)) describe why this phenomenon occurs. From the nernst–einstein 
equation,
  

  
2

0
m

22F
RT

z zD D      Λ  (13.3)
  
we can affirm that the ionic conductivity is directly proportional to the dif-
fusion coefficient (D) of the charged species, and from the stokes–einstein 
equation,
  

 B
i

i6π
k T

D
r

  (13.4)
  

Figure 13.3    experimental densities of ILs (symbols) and the densities calculated 
using eqn (2) of Gardas and Coutinho (lines). experimental data from 
[C4mim][pF6] (squares),42 [C4mim][bF4] (circles),42 [C4mim][nTf2] 
(upward triangles),42 [C4mpyr][nTf2] (downward triangles),43 and 
[C4mpyr][C(Cn)2] (diamonds).44
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we find that D is inversely proportional to viscosity. In addition, D is also 
inversely proportional to the charge carrier’s radius and increases with 
temperature.

based on the relationship between ionic conductivity and viscosity 
and the use of the Walden rule for dilute aqueous electrolytes,45 and 
later for non-aqueous electrolytes46 and even molten salts,47 angell’s 
group48 classified a range of ILs based on this relationship. The specific 
ionic conductivity or molar ionic conductivity is considered to be pro-
portional to the liquid fluidity, which in turn is the reciprocal viscosity, 
as shown in eqn (5):
  

 Λ = a·η−1 (13.5)
  
where a is a constant. There are two plots that rely on this relationship. The 
first one is the so-called Walden plot, which presents log(Λ/s cm2 mol−1) vs. 
log(η−1/poise−1). Interestingly, the plot of a dilute aqueous KCl solution is a 
line with a slope of 1.0. This works as a calibration curve, where ILs may be 
classified according to their position relative to the “ideal line”, as shown in 
Figure 13.4a. ILs located in the upper right top corner are considered good 
ionic liquids, and as they drop down relative to the ideal line, the classifica-
tion goes to poor ionic liquids until it reaches the right bottom corner, which 

Figure 13.4    (a and b) Walden plot and arrhenius-like plot for (c) the ionic con-
ductivity and (d) the viscosity of several ionic liquids. (a) reprinted 
(adapted) with permission from ref. 48. Copyright (2003) american 
Chemical society, and (b–d) reproduced from ref. 49 with permission 
from The royal society of Chemistry.
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is classified as nonionic liquids. Figure 13.4b shows a wide range of differ-
ent ILs, with varying cations and anions, in the Walden plot.48,49 MacFarlane 
et al.49 considered the observations of bonhôte and collaborators50,51 and 
abbott52 that take the radii of the ions into account to explain and better 
understand the ionicity of ILs. They found that the Walden plot can be use-
ful for analyzing the transport properties of ILs; however, to describe their 
ionicity – i.e., the availability of ions to carry charge – it is necessary to have 
information on the thermodynamic activity of the ions in the ILs.49

The transport properties, such as ionic conductivity (Figure 13.4c), viscosity 
(Figure 13.4d) and self-diffusion, are often shown in an arrhenius-like plot, 
i.e., the transport property vs. 1/T. rather than the usual arrhenius linear 
profile, ILs generally show a certain curvature and are fitted with the Vogel–
Fulcher–Tammann (VFT) equation (eqn (6)):
  

 0
0

exp
B

A A
T T

 
    

 (13.6)

  
where A is the transport property and A0, B and T0 are adjustable parame-
ters. Ionic conductivity and the self-diffusion coefficient present a negative 
B. Furthermore, the relationship between |b|/T0 is inversely related to the  
liquid fragility; thus, if the relationship decreases, then the fragility of the 
liquid increases, which means that the transport property will experience 
more changes with temperature changes.48,53 although the IL fragility is 
often evaluated in the literature, this characteristic is also important when 
measured near the Tg, and changes in the curve profile may be observed at 
different temperatures.54

The transport properties of ILs are more affected by changing the anions 
than the cations. For example, ILs containing the [C4mim] cation, with 
[pF6]55, [bF4]55,56 or [nTf2]57 anions, present viscosities of 312, 180 and 50 
mpa s, respectively. The ionic conductivity shows the expected trend when 
keeping the [C4mim] cation and these three anions are used: it increases as 
the viscosity decreases, but not in the same proportion. For example, the 
ionic conductivity of the [nTf2] IL is only 2.6 times higher than that of the 
[pF6] liquid, whereas the viscosity is more than 6 times lower. however, 
ILs containing [C4mpyr] paired with the [nTf2]58, [b(Cn)4]41, [C(Cn)3]59 and 
[n(Cn)2]44,60 anions present viscosities of 85, 45, 21 and 34 mpa s, respec-
tively; for instance, [C4mpyr][bF4] and [C4mpyr][pF6] are solids at room tem-
perature, and their melting temperatures are 138 and 70 °C, respectively.61,62 
another example worth noting is the change of an ammonium-based cation 
for a phosphonium-based cation. Whereas [n2225][nTf2]63 presents a viscosity 
and ionic conductivity of 167 mpa s and 1.7 ms cm−1, respectively, its phos-
phonium analogue [p2225][nTf2]63,64 presents values of 85 mpa s and 2.1 ms 
cm−1, respectively. as discussed previously, viscosity is not the only parame-
ter that impacts the ionic conductivity, and one also needs to consider the 
considerably higher volume of [nTf2] (248 vs. 107 Å, see Table 13.2), among 
other parameters involved in the mobility of ions.
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ILs that contain imidazolium cations present relatively higher ionic con-
ductivities than other ILs. For example, [C4mim][nTf2] has an ionic conduc-
tivity that is 77% higher than that of its pyrrolidinium analogue, [C4mpyr]
[nTf2], as discussed above, due to the delocalized positive charge over the 
aromatic ring decreasing the coulombic interaction with the anion. however, 
the hydrogen at carbon-2 in the imidazolium ring presents a certain acid-
ity and reacts with metallic lithium to produce carbene and h2.57 replacing 
the hydrogen at carbon-2 with a methyl group eliminated the IL reactivity 
with metallic lithium; conversely, the ionic conductivity of [C4mmim][nTf2] 
drops almost 60%, being even lower than that of [C4mpyr][nTf2], and the 
viscosity is almost twice as high as that of [C4mim][nTf2].57 This concern is 
important when using ILs as electrolytes for Li-ion batteries and must be 
considered. Kowsari and Fakhraee studied the influence of the side chain in 
imidazolium-based ILs containing the [nTf2] anion using molecular dynam-
ics simulations; although they noted that the nonpolarizable force field used 
in their study underestimates conductivity,65 their analyses are still valuable 
for comparing the cations that they considered. They showed that among 
the ILs studied, [C4mim][nTf2] presents higher ionic conductivity and that 
the functionalization of the butyl chain with a polar –nh2 group decreases 
the ionic conductivity. The IL [mim][nTf2] presents even lower ionic conduc-
tivity, but the lowest ionic conductivity among the four ILs studied was the 
already mentioned [C4mmim][nTf2].65

MacFarlane and collaborators produced and characterized an extensive 
list of ILs.58,66,67 In their search for low-viscosity ionic liquids, they proposed 
the use of the dicyanamide anion paired with cations based on imidazolium, 
ammonium and pyrrolidinium.36 specifically, the viscosity of [C4mpyr]
[n(Cn)2] is 34 mpa s, and its ionic conductivity is 13 ms cm−1, which is one 
of the highest conductivities for an ionic liquid at room temperature, as dis-
cussed above. Later, Wolff et al. characterized and used pyrrolidinium ILs 
containing [n(Cn)2] as electrolytes for supercapacitors.68 The high ionic con-
ductivity of liquids containing this anion is very beneficial for the amount of 
charge stored in this type of device and has resulted in supercapacitors that 
can store more energy than those containing [C4mpyr][nTf2] as the electro-
lyte. nevertheless, the drawback of these liquids is the low electrochemical 
stability compared to those containing the [nTf2] anion; whereas [C4mpyr]
[nTf2] may operate at 3.5 V, the supercapacitors with [n(Cn)2] operate at 2.6 V, 
which constitutes the energy density.68

another class of ILs that present better transport properties than [C4mpyr]
[nTf2], but also a lower electrochemical stability, is those that contain sulfo-
nium cations and the [nTf2] anion. rennie et al. characterized three sulfo-
nium ILs, [s221], [s222] and [s223], all containing [nTf2].43 These three liquids 
presented higher ionic conductivities than the [C4mpyr] analogue through-
out the entire range of temperatures studied. all liquids presented similar 
ionicity according to the Walden plot, but [s223][nTf2] presented a slightly 
lower slope, indicating the formation of more aggregates than for its coun-
terparts. Interestingly, although this may result in hindered performance 
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when the supercapacitor is operating at a high current rate, the capacitance 
stored by the [s223] supercapacitor was the highest when operating at a low 
current. The authors suggested that this result occurs because of the higher 
number of aggregates in the [s223] liquid and that at low currents there is 
sufficient time for those aggregates to be broken and play their role in the 
capacitance. however, at high currents, there is not sufficient time for the 
larger aggregates to participate in the charge storage.43

belhocine et al. prepared a new class of cations containing a seven-mem-
bered alicyclic secondary amine, azepanium. These ILs present high electro-
chemical stability but poor transport properties.69 balducci and collaborators 
investigated these ILs for use as electrolytes for supercapacitors operating at 
60 °C.70 They showed that the devices containing these ILs store less energy 
than those containing [C4mpyr][ nTf2].70 It is clear that the search for ILs that 
present good transport properties and still have a wide electrochemical win-
dow is still a challenge. promising ILs based on anions with low coordinating 
ability such as [b(Cn)4] were suggested by bernhardt and collaborators.71,72 
Later, Kuang et al. reported the use of an IL containing this anion in solar 
cells,73 and Koller et al. and sanchez-ramirez et al. characterized ILs contain-
ing the [b(Cn)4] anion.41,74 These liquids present a low density (lower than 
1.0 at 25 °C), low viscosity and high ionic conductivity, yielding a molar ionic 
conductivity of 1.8 s cm2 mol−1 for [C4mpyr][b(Cn)4], and still present high 
electrochemical stability.41 The drawback of these ionic liquids, interestingly, 
is related to their high ionic conductivity: weak coordination of cations. Con-
sequently, the solubility of the Li+ salt is considerably lower than that when 
other anions are used.

Mixtures of metallic salts with ILs are important for different reasons, from 
metal electrodeposition to batteries.75 Figure 13.5 shows the effect of Li salt 

Figure 13.5    Transport properties of ionic liquids with Li salt addition. (a, b and c)  
[C3mim][bF4] figures reprinted (adapted) with permission from ref. 76.  
Copyright (2004) american Chemical, and (d, e and f) [C4mmim][nTf2] 
figures reprinted with permission from ref. 77. Copyright (2004) amer-
ican Chemical society.
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addition on the transport properties of two ILs: [C3mim][bF4] and [C4mmim]
[nTf2].76,77 as the amount of Li salt increases, the viscosity also increases and 
the ionic conductivity consequently decreases for both mixtures. The pres-
ence of the small Li+ cation completely changes the ionic structure of the liq-
uid, resulting in different aggregates that will incur more friction from ionic 
movements. In the case of the [nTf2] IL, it is clear that there is the formation 
of larger and stiffer aggregates, thus lowering the molar ionic conductivity 
when compared at the same liquid fluidity. however, mixtures of the [bF4] IL 
oddly presented a higher molar ionic conductivity at the same fluidity when 
more Li salt was added, meaning that the new aggregates are more free to 
move. according to the authors, the presence of Li+ in [C3mim][bF4] releases 
the IL cations from their aggregates, thereby enabling them to play a more 
important role in the ionic conductivity than in less concentrated mixtures.

These studies also provided the experimental determination of the 
self-diffusion coefficient, D, by pulsed gradient spin echo nuclear magnetic 
resonance (pGse-nMr). The different ions in the mixture can be followed by 
different probes; thus, the value of D for the IL cation and anion as well as 
the Li+ can be determined using 1h, 19F and 7Li pGse-nMr measurements. In 
this technique, the movements of all species containing the probe are taken 
into account; therefore, if the ions are forming different aggregates and do 
not carry any charge, their movement will also be considered. both studies 
found that Li+ has a lower D than the other ions in the mixture, clearly indi-
cating aggregate formation; moreover, the IL cation has a higher D than the 
anion, even with a greater radius in the case of [C3mim] and [bF4], indicating 
that the anion always participates in aggregation. With the diffusion of ions, 
it is possible to estimate the ionic conductivity of the IL + Li salt mixtures 
using the nernst–einstein equation, eqn (7):
  

  
2

NMR i i
e

n D
kT

    (13.7)

  
The relationship between the experimental ionic conductivity and the 

estimated ionic conductivity based on nMr should be 1.0 if all ions in the 
mixtures can carry their unit charge. as discussed above, the ions tend to 
form aggregates, making this relationship normally much lower than 1.0. 
Mixtures of Li salts and ionic liquids containing an anion with a weak ability 
for coordination, such as the example above, [b(Cn)4], can yield a high value 
of charge carriers, and the relationship σexp./σnMr will be close to 1.0.41

another class of ILs, the protic ionic liquids, is worth mentioning. These 
ILs are composed of an equimolar mixture of a brønsted acid and a brønsted 
base, and good examples are those based on protonated ammonium cations. 
anouti et al. studied the transport properties of several protic ILs and their 
mixtures with water.78 The neat protic IL [pyr][no3] presents an ionic conduc-
tivity as high as 50.1 ms cm−1, which is considerably higher than that of the 
aprotic ILs presented here. They also showed that for mixtures with water, 
there is a maximum ionic conductivity with increasing water content, and 
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after this maximum is reached, the ionic conductivity decreases with the fur-
ther addition of water. The maximum ionic conductivity is a function of the 
number of carbons in the alkyl chain in the anion: the longer the alkyl chain 
is, the lower the maximum ionic conductivity and the higher the amount of 
water in the mixture required to reach this maximum.78

The search for an all-solid-state electrolyte is driven by the need for 
safer and/or flexible devices and has attracted attention for applications in 
energy storage systems. Currently, flammable organic solvents are used in 
electrolyte compositions; thus, the danger of a battery catching fire due to a 
malfunction must be considered. replacing the flammable organic solvent 
with an IL or pIL is already a considered approach.79 although important 
and reported by many research groups, we are excluding from this chap-
ter gel polymers of standard polymers (with no charge) with ionic liquids. 
osada et al. published an extensive review on this matter, covering from 
binary mixtures (polymer and ionic liquid) to those with the addition of 
lithium salts (ternary mixtures).80 The focus will be only when an IL is a 
part of the polymeric matrix.

as expected, pILs present a considerably lower ionic conductivity than an 
IL with a similar structure because one of the ions is attached to the poly-
meric matrix. For example, poly(1-ethyl-3-vinylimidazolium) [peVim] has a 
structure similar to the [C3mim] cation; whereas [C3mim][bF4] and [C3mim]
[nTf2] present ionic conductivities of 15 and 10 ms cm−1, respectively,81 
[peVim][bF4] and [peVim][nTf2] present ionic conductivities of <10−9 and  
2.5 × 10−8 ms cm−1, respectively.82 These values are several orders of magni-
tude lower than those of their liquid analogues.

Many approaches have been described to overcome the low ionic conduc-
tivity of pILs and take advantage of their other properties. Lee et al. studied 
imidazolium-based pILs and changed the mobility of the polycation side 
chain to improve the membrane transport properties via changing the alkyl 
side chain via ethylene oxide groups. Increasing the chain mobility drasti-
cally decreased the Tg of the pILs, consequently increasing the ionic conduc-
tivity. They also showed that the addition of Li[nTf2] salt to the membrane 
is beneficial to the ionic conductivity; however, the increment is more sig-
nificant for the alkyl-chain-containing pIL than for the ethylene-oxide-con-
taining pILs. They attributed this effect to the interaction between Li+ and 
the oxygen in the functional groups.32 Cowan et al. presented a series of 
phosphonium-based pILs and discussed how the alkyl chain length in the 
polymer affects the ionic conductivity. They found that the polycation with 
the shortest alkyl chain presented the lowest ionic conductivity at 25 °C, but 
at temperatures higher than 90 °C, the inverse is observed: a shorter alkyl 
chain presents a higher ionic conductivity, as observed in other studies.33 
The authors suggested that the inverse trend to that expected at low tem-
perature is observed due to stronger cation–anion interactions, decreasing 
ion mobility, whereas once the temperature is higher, this interaction loses 
importance in the overall ion mobility.33
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355Tailoring Transport Properties Aiming for Versatile Ionic Liquids

The transport properties in a pIL greatly depend on its structure. shap-
lov, Marcilla and Mecerreyes recently summarized in a review the effects of 
the chemical structures of the cation and anion on the pIL conductivity.30 
The cation structure will impact the ionic conductivity of cationic or anionic 
pILs. This means that regardless of whether the positive charge is attached 
to the polymeric matrix, it will play a role in the ionic conductivity. Moreover, 
if the cation is attached near the polymeric matrix, it can decrease the ionic 
conductivity; consequently, the length of the spacer between the polymer 
backbone and the cation will have a great effect on the charge movement. 
In addition, interactions between the anion and polymeric matrix, such as 
hydrogen bonds, will also affect the ionic conductivity.30

shaplov et al. highlighted in their review that comparisons among pILs 
produced by different research groups may be hindered due to several fac-
tors, such as moisture content, purification process and molecular weight of 
the polymeric matrix.30 To overcome the irreproducibility among different 
groups, obadia et al. described the effect of anions in cationic pILs, specifi-
cally triazolium-based polycations.83 They showed that poly(3-methyl-1,2,3-
triazolium) [nTf2] presents the highest ionic conductivity among the pILs 
studied, as shown in Figure 13.6.

Marcilla and collaborators reported the use of pILs as electrolytes for all-
solid-state supercapacitors.84,85 Using the cationic pIL poly(diallyldimethyl-
ammonium) [nTf2] ([pdda][nTf2]), they first showed the optimization of the 
electrolyte impregnation in activated carbon as the electrode material using 
a mixture of pIL:[C4mpyr][nTf2] in acetone. The symmetrical device showed 
a high specific capacitance operating at 3.5 V (ca. 100 F g−1).84 Later, they used 
the previous optimization process to prepare a solid electrolyte using the 
same pIL, but mixing with ILs containing different anions. Figure 13.6 shows 
the prepared mixtures and the ionic conductivity at different temperatures. 
at 25 °C, the mixture [pdda][nTf2]:[C4mpyr][Tf] presented the highest ionic 
conductivity among the investigated systems. These membranes showed 
higher electrochemical stability than conventional organic solvent electro-
lytes, although these analyses were performed with stainless steel electrodes, 
and different stability is expected when activated carbon is used as the elec-
trodes. nonetheless, the symmetrical supercapacitor was shown to possess a 
high specific capacitance, and the pILs are promising materials to be used as 
electrolytes in many electrochemical devices.85

The previous discussion clearly shows that by changing the anions, cations 
and substituents, it is possible to gain accurate control over the transport 
properties. In addition, if we consider the melting temperature of ILs or pILs, 
an on/off control over conductivity is possible. The transport properties can 
also be controlled in magnetic ILs,86,87 but the discussion of these types of 
ILs is not inside the scope of this chapter. Thus, it is clear that consider-
ing the architectures of ILs and pILs and modifying the transport properties 
through external perturbation make it possible to classify these materials as 
smart materials.
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Figure 13.6    (a) Gel polymer electrolytes containing a cationic poly(ionic liquid) and mixtures with ionic liquids containing different 
anions, (b) their ionic conductivity and electrochemical stability, and (c) their performance as supercapacitor electrolytes. 
reprinted from Journal of Power Sources, 326, G. a. Tiruye, d. Muñoz-Torrero, J. palma, M. anderson, r. Marcilla, perfor-
mance of solid state supercapacitors based on polymer electrolytes containing different ionic liquids, 560–568, Copyright 
(2016) with permission from elsevier.85
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13.3   Ionic Liquids, Polymeric Ionic Liquids and 
Electrochromism

electrochromic materials are chemical compounds that can change their opti-
cal properties electrochemically through the application of a specific potential. 
There are many types of electrochromic materials, such as transition metal 
oxides, prussian blue, viologens, conducting polymers, metallopolymers, 
phthalocyanines, and buckminsterfullerene.88–92 Thus, devices manufactured 
with such materials are called electrochromic devices (eCds).

due to the thermal stability of ILs,93 it is possible to use ILs in devices more 
securely compared to conventional electrolytes, which can explode in closed 
devices, for example. Moreover, in general, aqueous and organic electrolytes 
are unfavorable for eCds due to their narrow potential stability window; addi-
tionally, some compounds are unstable in aqueous medium, such as tungsten 
trioxide (Wo3), which is widely used in these types of devices. non-aqueous 
and aprotic electrolytes could be better but present drawbacks in terms of 
long-term stability. as shown in the following, ILs could solve these problems 
and enhance some properties of electrochemical devices such as eCds.94

In 2002, Lu et al. published a report in which they describe the benefi-
cial aspects of using ILs in eCds based on a conducting polymer (Cp). First, 
ILs could be used as a chemical or electrochemical reaction medium for the 
preparation of several compounds. To this end, Lu et al. prepared thin films 
of some conducting polymers (pedoT and panI) electrochemically in an 
ionic liquid ([C4mim][bF4]). They found that the polymer prepared in the IL 
had different properties compared with the same polymer prepared in pro-
pylene carbonate. This finding opened a new line of research that studies 
ILs as a reaction medium for the preparation of many compounds and their 
influence on the properties of the generated materials. Thus, it is possible to 
optimize the properties of various materials for future application in eCds. 
This again shows how broad the applications of ILs are.95

Furthermore, an electrochromic window based on panI electrochemically 
polymerized in an IL cycled (−0.6 to 1.1 V) using [C4mim][bF4] as the electro-
lyte presented exceptional stability for 1 000 000 cycles. similarly, panI fibers 
and other examples containing a conducting polymer were tested with ILs 
as the electrolyte and compared with conventional electrolytes; the lifetime 
tests also showed an unprecedented level of performance, thus confirm-
ing the benefits of ILs for the stability of these devices. For panI, a relevant 
aspect is the different redox mechanism in ILs compared with aqueous elec-
trolytes, which prevents the known electrochemical degradation of panI in 
aqueous medium; there is no gain or loss of solvated protons, and thus, the 
electroactivity has no ph dependence.95

Continuing with eCds based on a Cp, Lu et al. (2004) also prepared Cps (ppy, 
panI and pedoT) in IL media. note that the IL is a pure medium for electro-
chemical polymerization, in contrast to aqueous or organic solvents that contain 
water or solvents and a soluble salt. Furthermore, the IL acts as an electrolyte 
and dopant. The oxidation potentials in [C4mim][bF4] were 0.5 V for pyrrole and 
0.8 V for edoT and aniline. The cyclic voltammetry of the obtained panI showed 
characteristic peaks without the middle peak related to the degradation that 
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occurs in aqueous media, indicating the stability of the film; subsequently, the 
material was cycled from leucoemeraldine to pernigraniline for 1 000 000 cycles 
and remained stable. More stable ILs such as [C4mim][nTf2] and [C4mim][pF6] 
further improved the stability. The final eCds prepared using panI, pedoT and 
[C4mim][bF4] presented high performance with low operating potentials (approx-
imately 1.5 V), high coloration contrast (greater than 50%), fast coloration speed 
(less than 100 ms) and high coulombic efficiency (greater than 98%).96

brazier et al. (2007) worked with the IL N-butyl-N-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide ([C4mpyr][nTf2]), which has the lowest melting 
point of 0 °C and is very well rated for eCd applications due to the good visible 
light transmission of the pure IL, and mixed it with [p(eo)10][Li][nTf2] to form 
a polymer electrolyte. Using a typical eCd system containing a Wo3 thin layer 
electrode and a V2o5 thin layer electrode interposed by a Li+ conducting electro-
lyte, they compared the use of [Li][C4mpyr][nTf2] and polypropylene carbonate–
Li+ electrolytes. electrochromism occurs because of the transport of Li+ between 
the two electrodes reversibly by a specific applied potential. The eCd transmit-
tance is very similar for both electrolytes: 57.6 and 61.0% for the pIL and pC, 
respectively. The stability is better in the IL electrolyte, and this is confirmed by 
the decrease of transmittance observed using only the pC electrolyte; moreover, 
the mixture of lithium and IL electrolyte has a very stable electrochemical win-
dow of approximately 5 V. additionally, using the IL electrolyte, it is possible to 
incorporate it in a polymeric matrix as [p(eo)10][Li][nTf2], resulting in a solid 
polyelectrolyte, and to assemble an all-solid eCd that, in this work, showed a 
very promising durability of approximately 2000 cycles.94

ouyang et al. (2015) enhanced electrochromic devices using a substrate of 
ITo functionalized with an IL ([C4mim][bF4]) and poly(4,4′,4″-tris[4-(2-bithienyl)-
phenyl]amine) (pTbTpa) to form [pTbTpa][C4mim][bF4] films on the ITo sur-
face by electrochemical polymerization. The first result showed that the surface 
morphology changes with the insertion of the IL, becoming smaller and more 
uniform compared with pure pTbTpa. This morphological change may lead to 
a larger contact area and more channels that could facilitate ionic exchange, 
thereby improving the switching speed. The pure pTbTpa is electrochromic, 
reversibly changing its color from orange to olive green to dark gray, and with 
the insertion of the IL, the film preserves this multicolor electrochromism. by 
comparing pure pTbTpa with pTbTpa–IL, it becomes clear how the IL posi-
tively influences the film properties. The bleaching time and coloring time were 
improved from 1.76 and 4.51 s to less than 0.87 and 2.91 s at 1100 nm (Figure 
13.7a). Moreover, the switching speed of pTbTpa–IL was faster compared to the 
pure pTbYpa. The reasons for these behaviors are that the pure pTbTpa film 
has Clo4 as a counter ion, whereas pTbTpa–IL has Clo4 and bF4 to compensate 
charge during the redox event, thereby accelerating the process. Furthermore, 
the IL is a linker between the polymer and the electrode, decreasing the charge 
transfer barrier (Figure 13.7b). The cyclic stabilities (Figure 13.7c) of the films 
containing IL were also significantly improved due to the [bF4] size being smaller 
than Clo4, thus requiring less expansion/contraction of the polymer film, result-
ing in improvements in stability.97 Therefore, to corroborate the speculations, 
the electrochemical impedance measurements (Figure 13.7d) showed semicircle 
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diameters of 13.18 Ω and 65.5 Ω for pTbTpa–IL and pure pTbTpa, respectively, 
indicating that pTbTpa–IL presents a much lower charge transfer resistance.

sydam et al. (2015) prepared a new type of viologen-quaternized electrolyte 
and set up an eCd using the electrochromic viologen, an IL ([C3mim][nTf2]), 
and dMF. The electrolyte presented a high ionic conductivity that was invari-
ant with temperature, good thermal stability (above 150 °C) and stable elec-
trochemical window (approximately 3.6 V). The focus in this work was the 
new viologen with high redox reversibility for the di-reduced viologen. The 
assembled eCd switched color from colorless to dark blue with a high con-
trast of 52%, coloration efficiency of 533 cm2 C−1, good color uniformity, fast 
response time (2 seconds) and excellent write–erase efficiency. The IL was 
crucial for the high thermal stability and ionic conductivity.98

however, ILs remain liquids and may have leakage drawbacks in closed 
devices. Thus, the search for materials with good ionic conductivity in the 
solid state has been significantly increasing. In this context, the main applica-
tion of pILs is as polymer electrolytes because of their ionic conductivity and 
ability to enhance the device properties when compared with usual polymer 
electrolytes. Their high ionic conductivity of up to 10−3 s cm−1 at 25 °C30 and 
good thermal and electrochemical stabilities (above 350 °C and eW up to 5 V,  
respectively)30 place pILs as an alternative to current solid polyelectrolytes. 
For these reasons, they are potential materials for many applications, such as 
batteries,18,99 supercapacitors,100,101 electrochromic devices,102,104 dye-sensi-
tized solar cells,5,105,106 transistors107 and others, generally as a polyelectrolyte.

Figure 13.7    switching response time of: (a) a pure pTbTpa film and (b) a [pTbTpa]
[C4mim][bF4] film monitored at 1100 nm. electrochemical stability 
of (c) the pure pTbTpa film and (d) the [pTbTpa][C4mim][bF4] film at 
300 mV s−1 for 1000 cycles. (e) schematic plot of electron transfer and 
counter ion diffusion and (f) electrochemical impedance measure-
ments of the pure pTbTpa film and the [pTbTpa][C4mim][bF4] film. 
reproduced from ref. 97 with permission from The royal society of 
Chemistry.
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For eCds containing a pIL as the electrolyte, the first research was pub-
lished by Marcilla et al. (2006).102 They prepared three pILs based on imid-
azole (poly(1-vinyl-ethyl-imidazolium)) with 3 different anions, [nTf2], [bF4

−] 
and [br−], and mixed them with the respective 1-ethyl-3-methylimidazolium 
ionic liquids ([C4mim][nTf2], [C4mim][bF4], and [C4mim][br]) in different 
ratios. Films prepared from these mixtures by casting presented different 
features depending on the ratio between the pIL and IL, being a transparent 
film for 0 : 100 pIL and a very viscous and sticky gel for 75 : 25 IL : pIL.

The mixtures of only the IL and pIL containing the same anion made it 
possible to achieve the best interaction and compatibility, resulting in homo-
geneous phases that were stable for weeks. The ionic conductivity of the 
materials depends on the anion and varies from 10−2 to 10−5 s cm−1 at room 
temperature; furthermore, the ionic conductivity decreases as the quantity 
of polymer in the mixture increases. This result is expected because the ILs 
have two free charged species while pILs present one of the charged species 
attached to the polymeric matrix. Moreover, ILs and pILs containing br− as 
the anion have lower conductivities due to the interaction between cationic 
and anionic species; thus, [nTf2] is larger than br− and presents a structure 
that leads to a large delocalization of the negative charge, thus decreasing the 
interaction with the cation.

These polyelectrolytes were employed in electrochromic cells or devices, 
generating an all-polymeric five-layer device configuration. The replacement 
of the IL with a pIL as the electrolyte has brought advantages, such as the 
ability to mount the cell with good adhesion and leak-free closing. Further-
more, the use of a pIL resulted in the longest life: the device containing only 
IL exceeded 20 000 cycles (square-wave 0–3 V), whereas for the pIL, it was 
70 000 cycles. Therefore, the use of a pIL not only facilitated the assembly of 
the device but also improved its performance.102

as previously mentioned, leakage is a considerable problem related to con-
ventional electrolytes and even ILs. pILs are solid electrolytes, which elimi-
nates possible leaks. shaplov et al. (2014) published a study called “a first 
truly all-solid state organic electrochromic device based on polymeric ionic 
liquids”.103 In this work, they prepared a pIL based on imidazole and using a 
spacer group, (–Ch2Ch2o)2, with an ionic conductivity of 1 × 10−5 s cm−1. The 
pedoT electrodes were thin films of 90 nm thickness on an ITo surface, and 
the final device/cell presented a coloration efficiency of 390 cm2 C−1, which is 
a very high value for solid-state organic eCds. Furthermore, after 1000 cycles 
of cyclic voltammetry (from 0 V to 2.5 V), there was no significant decrease of 
current, thereby demonstrating the stability of the cell. Finally, the switching 
time was 3 seconds, which is comparable to eCds using liquid electrolytes.

In the same year, shaplov et al. continued their research104 and assem-
bled a fully organic electrochromic cell (Figure 13.8) using the pIL (poly[1(2- 
2-(2-(methacryloyloxy)ethoxy)ethyl)-3-methylimidazolium] bis(trifluoro-
methylsulfonyl)imide or tetracyanoborate) as the polyelectrolyte and pedoT 
as the electrode to produce an all-polymer-based thin-film symmetrical eCd. 
They highlighted the tunable properties of the pIL by the virtually unlimited 

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
03

42
View Online

http://dx.doi.org/10.1039/9781788010535-00342


361Tailoring Transport Properties Aiming for Versatile Ionic Liquids

combination of cations and anions to obtain desired characteristics, such 
as high conductivity, and proposed the preparation of a new pIL polycation 
in combination with two anions: [nTf2] and tetracyanoborate ([TCb]). These 
anions were chosen because the ILs that contain them present high conduc-
tivities of approximately 10−3–10−2 s cm−1 at room temperature. after the rad-
ical polymerization of the monomers, the pILs presented conductivities of 
1.0 × 10−5 and 1.5 × 10−6 s cm−1 for the pIL [nTf2] and the pIL [TCb] at room 
temperature, respectively, increasing to 10−4 s cm−1 as the temperature was 
increased to 55 (pIL [nTf2]) and 60 °C (pIL [TCb]). In addition, the electro-
chemical stability was demonstrated by cyclic voltammetry with an electro-
chemical window from −2.0 V to +2.0 V (Figure 13.8a).

The pILs solubilized in acetonitrile were cast directly on a pedoT elec-
trode deposited on an ITo surface to produce the eCd. The UV-Vis spectrum 
of this device (Figure 13.8c) showed a strong absorption at λmax = 620 nm, and 
this wavelength was used in the spectroelectrochemistry studies. Moreover, 
the type of pIL influences the switching time, which for the most conductive 
pIL [nTf2] was 3–5 s, and for the less conductive pIL [TCb], the switching 
time occurred less quickly. a similar behavior was observed for the coloration 
efficiency, being higher for the pIL [nTf2], and the highest value obtained 
was 430 cm2 C−1. Finally, the stability was studied by cyclic voltammetry 
along with spectrometry, and after 1000 cycles (0–2.5 V), the electroactivity 
remained practically unchanged.

Lu et al. (2016) worked with bipyridine to prepare an eCd using an electro-
chromic gel composed of a salt based on bipyridine quaternized with heptyl, 
octyl or nonyl groups,108 a pIL as a polyelectrolyte (1-allyl-3-methylimidaz-
olium bis(trifluoromethylsulfonyl)imide), and ferrocene as a redox mediator. 
This gel was sandwiched between two ITo glass plates. The eCd presented 

Figure 13.8    (a) assembly of the fully solid cell. (b) optical characterization at dif-
ferent potentials. (c) evolution of the current and the optical contrast 
at 620 nm under application of subsequent double potential steps 
(between 0 and 2.5 V during 1000 seconds) of the pedoT/pIL/pedoT 
eCd. reprinted from Polymer, 55 (16), a. s. shaplov, d. o. ponkratov, 
p.-h. aubert, e. I. Lozinskaya, C. plesse, a. Maziz, p. s. Vlasov, F. Vidal, 
Y. s. Vygodskii, Truly solid state electrochromic devices constructed 
from polymeric ionic liquids as solid electrolytes and electrodes for-
mulated by vapor phase polymerization of 3,4-ethylenedioxythio-
phene, 3385–3396, Copyright (2014) with permission from elsevier.104
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a large transmittance change (56.7% at 6050 nm), a coloration efficiency 
of approximately 60.4 cm2 C−1, switching times of 2.1 s for bleaching and 
2.13 for coloring and a long-term stability of approximately 10 000 cycles. 
Improvements related to the use of a pIL in a viologen-based eCd were pro-
posed, including (i) the pIL bringing additional ions to the eCd, (ii) a smaller 
operating potential being necessary to reach the maximum absorbance 
change, (iii) the pIL providing a lower driving energy, and (iv) the coloration 
efficiency increasing significantly with increasing pIL concentration due to 
the decrease of the measured charge density.108

as previously mentioned, ILs and pILs can be functionalized and exhibit 
properties of interest. branco et al.109 prepared some ILs that are intrinsically 
electrochromic and magnetic. This was only possible due to the combina-
tion of appropriate electrochromic and magnetic anions based on ethylene-
diaminetetraacetic metal complexes with cations based on imidazolium, 
phosphonium and tetraalkylammonium (Figure 13.9). Thus, the IL showed 
an ionic conductivity higher than the usual ILs, electrochromic properties 
and, according to the complexed metal, it is possible to observe diamagnetic 
and paramagnetic states upon oxidation or reduction (Figure 13.8). The IL 
preparation was performed using a simple mixture of cobalt(iii), chromi-
um(iii) or iron(iii) ethylenediaminetetraacetic complex anions and cations 
such as 1-ethyl-3-methylimidazolium and others. another similar study con-
ducted by branco et al. (2013) showed five intrinsically electrochromic ILs, 
which were based on vanadium oxide.110 again, it is the anion that provides 
the color change feature, in this case, vanadium oxide (Vo3

−), which presents 
three colored states: V(V), V(IV) and V(III) – yellow, blue and green, respectively.

Kavanagh and co-workers (2013) prepared a novel phosphonium-based 
ionic liquid with electrochromic properties based on a bipyridine covalently 
linked to the cation IL structure (Figure 13.9). This IL behaves as both an 
electrolyte and an electrochromic material, and a solid-state platform was 
prepared using a hybrid sol–gel. The electrochromic platform presented 
coloration kinetics of 221 seconds for 95% of absorbance and a color-
ation efficiency of 10.72 cm2 C−1. The most interesting feature is that the 
viologen is part of the IL structure, and consequently, there is no leaking.  

Figure 13.9    Ionic liquid functionalized with bipyridine. For further reading please 
see ref. 111.
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The electrochromism is generated from the insertion of one electron into 
the quaternized bipyridine (V2+) present in the IL cation, producing a cation 
radical (V•+) that causes the color to change from colorless to blue.111

If the mentioned ILs had a cation or anion-polymerizable fraction, for 
example, after the polymerization, a pIL containing a bipyridine moiety 
would be obtained. Therefore, a solid polyelectrolyte with electrochromic 
properties could be studied. In this context, ILs and pILs are considered 
smart materials because their properties can be modulated by different com-
binations of cations and anions, variations of the lateral chain size or nature 
and functionalization of the cation or anion structures by inserting moieties 
of interest. There are endless possibilities. Moreover, the use of a pIL in the 
assembly of eCds – as the electrolyte – improves several properties compared 
to conventional electrolytes. Finally, the functionalization of these materials 
may generate a complete material with, for example, ionic conductivity and 
electrochromic properties, in other words, color variation by applying an 
external specific potential in a unique chemical structure.

13.4   Transport of Gases by Ionic Liquids and 
Poly(ionic liquid)s: CO2 Separation

Carbon dioxide (Co2) is the main gas emitted to the atmosphere from the 
combustion of fossil fuels. It causes the greenhouse effect, which contrib-
utes to global climate change. despite the recent advances in the search for 
alternative sources of energy, the burning of fossil fuels is still the most eco-
nomical and widely used energy source. Consequently, a short- to mid-term 
approach is to prevent the Co2 from entering the atmosphere by separating it 
from its main emission sources –power plant flue (mainly n2, with 3–20% of 
Co2), syngas production (mainly h2, with 20–40% Co2), natural gas produc-
tion (mainly Ch4, with 1–8% Co2) and biogas production (mainly Ch4, with 
35–40% Co2)112 – for further sequestration and/or recycling.113,114 The sep-
aration of Co2 during natural gas production is currently performed using 
aqueous amines, such as monoethanolamine (Mea), because they can chem-
ically react with Co2; however, it comes with high energy costs to remove the 
Co2 due to the high heat capacity of water, thereby compromising the system 
efficiency.115 In power plants, which represent approximately 40% of total 
emissions, there is no current method for separating Co2.116

herein, the development of new smart materials for Co2 separation rep-
resents an important challenge to be explored in the coming years with 
potential to improve their energy efficiency and capacity.114,117–121 among 
the different possible options, the ones based on ILs have been highlighted 
due to the possibility of designing a task-specific system for a given emission 
stream composition. ILs are smart materials whose structures can be mod-
ified to potentially separate Co2 from a specific gas mixture and at a given 
pressure and temperature. In addition to their significant Co2 solubility and 
high selectivity, the negligible vapor pressure of ILs reduces contamination 
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issues and the energy required to remove the captured gas.122 In the next sec-
tions, the aspects driving the Co2 separation process by ILs, as well as their 
incorporation in solid matrices and the use of pILs to create membranes for 
gas permeation, will be discussed.

13.4.1   Why Can Ionic Liquids Selectively Dissolve CO2?
perhaps one of the most important features of ILs for Co2 separation is that 
they can selectively capture Co2 from a mixture of gases. In the pioneering 
work of anthony et al.,123 the solubilities of different gases and water in the 
IL 1-n-butyl-3-methylimidazolium hexafluorophosphate ([C4mim][pF6]) were 
studied and correlated with parameters such as polarizability, quadrupole 
moment and henry’s constant. From Figure 13.10, one can observe that the 
solubility of Co2 is significantly higher than that of the other gases, where 
the solubilities of h2, Co and n2 are under the detection limit of the appara-
tus used for the measurements.

The solubilities of the gases calculated in terms of henry’s constant fol-
low a trend with their polarizability values, except for Co2, h2o, n2 and Co, 
suggesting that other factors are also governing the solubility in these cases. 
For n2 and Co, the predictable solubility based on the trend is higher than 
the detection limit of the equipment and should be measurable, whereas for 
Co2 and water, the predictable solubility values are considerably lower than 
the actual ones. The reason for the high solubility of water is attributed to its 
strong dipole moment and the formation of hydrogen bonds, whereas the 
high solubility for Co2 is attributed to its large quadrupole moment, which 
interacts with the electrical charges of the IL.

Figure 13.10    Co2, C2h4, C2h6, Ch4, ar, and o2 solubilities in [C4mim][pF6] at 25 °C. 
reprinted with permission from ref. 123. Copyright (2002) american 
Chemical society.
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despite the high selectivity for Co2 absorption over other gases commonly 
found in the gas flue from different processes, the absorption capacity by the 
most common ILs, whose absorption mechanism is physical and not chem-
ical as is the case with amines, is not sufficiently high for power plant flue. 
however, they potentially have sufficient capacity and selectivity for other 
separation processes, such as from natural gas and syngas.116 The absorption 
capacity depends on the IL structure, which can be modified to increase the 
physical absorption and to allow chemical absorption.

13.4.2   Factors Affecting CO2 Solubility in Ionic Liquids
The physical absorption of Co2 in ILs is dependent on their structure and on 
the transport properties, as discussed previously. For instance, both cation 
and anion structures affect the absorption capacity, with the influence of the 
anion being more significant. For imidazolium cations, it has been shown 
that increasing the lateral alkyl chain slightly increases the absorption capac-
ity124,125 due to an increased volume available for Co2. In fact, both simula-
tions and experimental results have shown that the density of ILs increases 
with gas absorption as there is no volume change,126 which means that  
the free space available in the IL structure affects the absorption capacity. 
Changing the nature of the cation from imidazolium to pyridinium has very 
little influence over the Co2 absorption capacity, whereas changing to a cat-
ion with a stronger interaction with the anion such as choline decreases the 
Co2 solubility, which has been attributed to the lower availability of the ions 
for interaction with Co2.127

The nature of the IL anion has a significantly higher influence on the 
Co2 solubility than the cation. The gas molecule interacts strongly with the 
anions, as shown by molecular simulations.126 For a given cation, the solubil-
ity of Co2 does not follow a trend with the anion basicity but is dependent on 
their fluorine content, suggesting a stronger interaction of the gas molecule 
with fluorinated species than an acid/base interaction.127 In fact, the use of 
fluorinated alkyl chains at the surface of substrates has increased the solu-
bility in supercritical Co2.128 however, fluorination of the IL cation still has 
little effect on Co2 compared with the influence of the anion, corroborating 
the fact that the Co2 is mainly interacting with the negative species.127 To 
illustrate these points, the henry’s law constants for some ILs with varying 
cation lateral chain lengths and degrees of fluorination, as well as different 
types of anion, are presented in Table 13.3.127,129

The lower the henry’s law constant, the higher the solubility. The data pre-
sented in Table 13.3 for the ILs containing the [nTf2] anion show that chang-
ing the imidazolium cation lateral chain length from 4 to 6 carbon atoms, 
as well as fluorinating it, only slight affects the solubility. In contrast, a dra-
matic change in solubility can be observed for the phosphate-based anions, 
where the replacement of three of the F atoms by fluorinated alkyl chains 
results in a dramatic decrease in the henry’s law constant, which continues 
to decrease with increasing fluorinated chain length. however, because the 
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Table 13.3    henry’s law constants of ILs.

Ionic 
Liquid name Cation anion

henry’s law 
constant 
(25 °C)

[C4mim]
[pF6]

1-butyl-3-methylimid-
azolium hexafluoro-
phosphate

54.3 ± 0.3

[C4mim]
[bF4]

1-butyl-3- 
methylimidazolium 
tetrafluoroborate

59.0 ± 2.6

[C4mim]
[nTf2]

1-butyl-3-methylimidaz-
olium bis(trifluoro-
methylsulfonyl)
imide

33.0 ± 0.3

[C6mim]
[nTf2]

1-hexyl-3-methylimid-
azolium bis(trifluoro-
methylsulfonyl)
imide

31.6 ± 0.2

[C4mpyr]
[nTf2]

1-butyl-3-methylpyri-
dinium bis(trifluo-
romethylsulfonyl)
imide

32.8 ± 0.2

[C6h4F9im]
[nTf2]

1-methyl-3- 
(3,3,4,4,5,5,6,6,6- 
nonafluorohexyl)-
imidazolium 
bis (trifluoro-
methylsulfonyl)
imide

28.4 ± 0.1

[C8h4F13im]
[nTf2]

1-methyl-3- 
(3,3,4,4,5,5,6,6, 
7,7,8,8,8- 
tridecafluorooctyl)-
imidazolium 
bis(trifluoro-
methylsulfonyl)
imide

27.3 ± 0.2

[C6mim]
[Fap]

1-hexyl-3-methylimid-
azolium tris(penta-
fluoroethyl)
trifluorophosphate

25.2 ± 0.1

[C6mim]
[pFap]

1-hexyl-3-methyl-
imidazolium tris-
(heptafluoropropyl)
trifluorophosphate

21.6 ± 0.1

[C5mim]
[bFap]

1-pentyl-3- 
methylimidaz-
olium tris(nona-
fluorobutyl)
trifluorophosphate

20.2 ± 0.1
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solubility can also be dependent on the molar volume of the anion and both 
the F atom content and the molar volume are changing at the same time in 
this case, it is difficult to separate the effect of each one. If one considers the 
ILs containing the [C4mim] cation, changing the anion from [bF4] to [pF6] 
(and increasing the F content) causes only a slight increase in Co2 solubility; 
however, with the [nTf2] anion, which has the same number of F atoms as 
[pF6], the solubility is much higher. This fact has been attributed to the larger 
size of [nTf2], and because the solubility is a function of the heat of vapor-
ization and the molar volume, it is reasonable to assume that the energy of 
vaporization of both anions is similar.130 based on these data, it appears that 
increasing the molar volume of the anion plays a more significant role in the 
Co2 solubility than fluorination.

Modifications such as fluorination and increasing the molar volume affect 
the Co2 solubility, but the absorption mechanism is still physical. despite 
the advantages of using ILs such as non-volatility and inflammability, as well 
as the high selectivity over other gases, their absorption capacities are still 
not competitive for practical applications. To further increase the Co2 solu-
bility, IL functionalization with groups that allow chemical absorption has 
been explored.

In the pioneering work of bates et al.,131 the inclusion of an –nh3 group 
to the imidazolium cation lateral chain to form the IL 1-propylamide-3-bu-
tyl imidazolium tetrafluoroborate ([apC4im][bF4]) caused a 10-fold increase 
in Co2 absorption capacity at ambient conditions compared with the best 
absorption results obtained with ILs that only allow physical absorption. 
The mechanism of Co2 chemical absorption in both the Mea and the ami-
no-functionalized IL is the formation of a carbamate, which is limited to 1 : 2 
stoichiometry (Figure 13.11).

In this case, a close to stoichiometric 0.5 mol ratio was obtained, which is 
comparable to the standard materials such monoethanolamine (Mea) and 
corresponds to a 7.8% mass gain upon Co2 absorption. The lower absorbed 
Co2 mass percentage for the ILs (due to the higher molecular weight) when 
compared with aqueous Mea is compensated by the energetic gains to regen-
erate the absorbent and the high selectivity. Moreover, a close to 1 : 1 mol 
absorption ratio is possible when some IL anions are functionalized rather 
than the cation,132,133 which can be attributed to the preferred stabilization 
of carbamic acid (eqn (8)) rather than subsequent proton transfer to another 

Figure 13.11    reaction between apC4imbF4 and Co2. reprinted (adapted) with per-
mission from ref. 131. Copyright (2002) american Chemical society.
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amine group (eqn (9) and (10)) to form the carbamate anion (eqn (11)).134 In 
addition to stabilization of the carbamic acid when the amine is attached to a 
negative species, other factors, such as the stability of the derived carbamate 
dianion, must be considered, which can favor one or other stoichiometries.135
  

 R − NH2 + CO2 → R − NHCOOH (13.8)
 R − NHCOOH → R − NHCOO− + H+ (13.9)
 R − NH3 + H+ → R − NH3

+ (13.10)

 2R − NH2 + CO2 → R − NHCOO− + R − NH3
+ (13.11)

  
however, a 1 : 1 stoichiometry is not achieved at atmospheric pressures, 

where the partial pressure of Co2 in air is approximately 0.4 mbar, or it takes 
a very long time under Co2 gas flow to achieve this stoichiometry. This is due 
to the slow diffusion of Co2 through the IL, favoring the formation of carba-
mic acid (1 : 1 IL : Co2 stoichiometry) only at the surface of the liquid, with the 
formation of carbamate anions (2 : 1 IL : Co2 stoichiometry) being predomi-
nant in the bulk, as previously demonstrated by Xps measurements.136 Fur-
ther improvements can be achieved by adding more amino groups to the IL 
cation or anion, increasing the Co2 absorption capacity; however, the effects 
of slow Co2 diffusion are more evident as the ILs become more viscous. In 
addition, strong hydrogen bonds formed between the carboxylic acid groups 
contribute to further reducing the diffusion of the gas molecule through the 
absorbing liquid.137–139

Thus, to improve the efficiency of Co2 absorption, it is important to con-
sider strategies to decrease the gas diffusion path, which can be performed 
by creating high-surface-area structures to support the absorbing IL.

13.4.3   Supported Ionic Liquids for CO2 Separation
The separation of Co2 using solid platforms for selectively capturing Co2 can 
be performed using two different approaches: physical adsorption or mem-
brane separation (Figure 13.12).140

In the physical adsorption approach, the solid material is under the 
flue gas stream. It selectively adsorbs the Co2 and emits Co2-free gas, and 
the solid adsorbent is further regenerated by increasing the temperature 
or pressure. ILs have been immobilized in materials such as mesoporous  
silica141,142 and porous polymers,143,144 resulting in faster adsorption at 
lower pressures compared with the liquid systems. The regeneration of 
the solid adsorbents can be performed by increasing the temperature or 
pressure, and fast desorption under mild conditions is crucial for reducing 
the energetic costs, resulting in a feasible system. Fast desorption at mild 
temperatures from 40 °C to 60 °C was possible with an “inverse” supported 
IL made of silica nanoparticles (Figure 13.13)145 and at mild pressures of 
approximately 15 bar with solid ILs (ILs with melting points above room 
temperature).146
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Membranes can be advantageous over physical adsorption due to their sim-
pler configuration and continuous operation;147 however, the involved energy 
costs for both systems must be considered. With membranes, the separation 
is based on a sieving or sorption–diffusion process for porous or non-porous 
materials, respectively, and in a supported ionic liquid membrane (sILM),  

Figure 13.12    physical adsorption and membrane separation approaches for Co2 
separation using solid adsorbents. reproduced from ref. 140 with 
permission from The royal society of Chemistry.

Figure 13.13    IL encapsulated in silica nanoparticles as a solid adsorbent for Co2 
capture. reprinted (adapted) with permission from ref. 145. Copy-
right (2014) american Chemical society.
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Co2 will preferentially pass through the membrane, being released at the 
other side due to a pressure gradient.112 as gases generally have a small size 
difference among them, the use of non-porous membranes is preferable 
because it is based on gas solubility and diffusivity differences rather than 
size, as is the case for the porous ones. Thus, ideally, a difference in pres-
sure will let only the Co2 pass through the sILM, and the other gases will be 
blocked (Figure 13.14).

In the case of non-porous membranes, their performance is measured 
in terms of permeability and selectivity. permeability is the rate of gas dif-
fusion normalized by the thickness and is a function of gas diffusivity and 
solubility. selectivity is the rate at which gas a moves across the membrane 
in comparison with gas b. These parameters are subjected to a permeability/
selectivity trade off, where selectivity decreases when permeability increases, 
and this is visualized in the robeson plot (Figure 13.15), where an empirical 
upper bound is represented by a line.148,149 The performances of the different 
membranes can thus be compared in terms of permeability/selectivity proxi-
mity to this upper bound line.

a high-performance sILM must have high Co2 permeability and selectivity, 
and many contributions report sILMs from ceramic materials and polymers 
impregnated with ILs.150–157 however, the sILMs based on these solid mate-
rials are capable of maintaining the IL inside their structures at low pres-
sures of less than 3 bar for microporous supports and approximately 7 bar 
for nanoporous supports,158,159 compromising their stability. For application 
in natural gas and syngas processes, new materials with much smaller and 
uniform pore sizes that are capable of retaining the IL at transmembrane 

Figure 13.14    Gas transport through a non-porous dense membrane. reproduced 
from ref. 112 with permission from The royal society of Chemistry.
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pressures as high as 15–60 bar are required. simulation studies with metal–
organic frameworks (MoFs),160 as well as the first report of a material based 
on a high-surface-area mesoporous carbon with a pore size of less than 10 nm 
that was capable of operating at 10 bar,161 show the feasibility of the develop-
ment of membranes that could work at high-pressure conditions.

13.4.3.1  Poly(ionic liquid)s as Active Solid Supports
another strategy for developing membranes for Co2 separation based on 
ILs is to immobilize the IL cation or anion in a polymeric chain to create 
pILs.162 This class of polyelectrolyte combines the properties of ILs in a mac-
romolecular framework, being a promising alternative as a Co2 adsorbent. In 
addition to the possibility of using it at high pressures, as the immobilized 
IL species will not leak from the solid matrix, Co2 adsorption by pILs is in 
general significantly higher and faster than in their non-polymerized coun-
terparts, as first shown for imidazolium-based pIL powders (Table 13.4).163

The reasons why the Co2 sorption capacity and rate are higher in pILs 
with respect to their IL counterparts were explored in later studies, showing 
that in the case of the pIL membranes, the gas permeability dramatically 
increases with increasing cation lateral chain length.33,164 This was attributed 
as being a consequence of more free volume due to the inefficient packing 
of the chains. In addition, because one of the ionic species is fixed in the 
polymer chain, the ions cannot continuously rearrange themselves to accom-
modate the ionic and lateral chain repulsions as they do when they are free 
(which is the case with the ILs), and this will also create free spaces in the 
polymer.

Figure 13.15    General robeson plot with upper bound line for a given Co2/gas 
pair.148,149
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recent strategies to improve the performance of pIL membranes for Co2 
capture consist of creating nanoporous polymers,165 immobilizing poly-
mers on mesoporous silica to create core–shell structures,166 using deep 
eutectic monomers,167 co-polymerization168 and the use of cross-linking 
agents,169 combining ILs and pILs to create gels113 and mixing the pIL with 
an amine-functionalized IL.149 all these contributions show the feasibility 
of using pIL-based membranes for Co2 separation, and many of them pre-
sented their performances in terms of the upper bound line of the robe-
son plot, showing promising results. however, this field is still at its nascent 
stage, and more methodic studies to understand the relationship between 
the different varying chemical structures and Co2 separation performance 
as well as measurements at higher pressures and for longer periods must be 
performed to achieve optimized and competitive performances.

13.5   Concluding Remarks
Tuning the properties of ILs and pILs by changing their structures is a highly 
useful approach for adapting physicochemical properties to a desired appli-
cation, such as for chromogenic devices or solubility of a specific gas. In 
this regard, combinations between different cations and anions, changes in 
the length of the alkyl side chain and functionalization of ionic structures 

Table 13.4    structures of the pIL powders studied as Co2 adsorbents.

Monomer name Cation anion

VbbIbF4 1-(p-Vinylbenzyl)-3-butyl-imidazolium 
tetrafluoroborate

VbbI n Tf2 1-(p-Vinylbenzyl)-3-butyl-imidazolium 
bis(trifluoromethanesulfonil)imide

VbbIsac 1-(p-Vinylbenzyl)-3-butyl-imidazoliu-
mo-benzoicsulphimide

MabIbF4 1-[2-(Methacryloyloxy)ethyl]-3-butyl- 
imidazolium tetrafluoroborate
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greatly influence the transport properties of this class of material, mainly 
because of the interactions among the ions. The possibilities are endless. 
Therefore, with a specific application in mind, it is possible to design an IL or 
pIL with the desired characteristics for this application. additionally, some 
characteristics can be changed using external perturbation, as is the case of 
electrochromic reactions, where in addition to the redox chromophore redox 
couple, a good ionic conductivity is necessary. Moreover, using ILs and pILs 
as electrolytes for edCs, it is possible to improve some characteristics, such 
as lifetime, coloration efficiency, switching times for beaching and coloring 
and electrochemical stability of the assembled devices. all these character-
istics can be merged in an IL or pIL. due to the wide range of applications 
where ILs and pILs can be employed, there is much room for improvement 
and innovation. For example, these materials are widely considered for use 
as electrolytes in supercapacitors and rechargeable batteries; however, the 
still high viscosity hinders the performance of these devices at room tem-
perature. designing and tailoring ILs and pILs may reveal the next state-of-
the-art electrolyte.
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14.1   Introduction
14.1.1   Wearable Technology
The field of wearable technology has been around since the early 1990s 
when high-tech ‘wearables’ were being researched and developed at the Mas-
sachusetts Institute of Technology Media Lab in an effort to make people 
smarter.1 This class of technology refers to electronic devices worn on the 
body. Companies and research institutions have been developing wearables 
since that time,1 and technological acceleration has largely been due to the 
miniaturization and ubiquity of hardware. The popularity of wearables today 
is evident in the adoption of such technologies in fashion, healthcare, and 
military applications. Its surge in the marketplace creates consumer excite-
ment, but is also often met with skepticism2 that impacts user acceptance of 
future wearable technologies.

According to a 2014 survey conducted by Morgan Stanley on wearable 
devices, 30–40% of respondents stated that features such as: (1) more 
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sensors, (2) more comfort, (3) greater computing power, and (4) more accu-
rate and reliable data would increase wearable device usage. Increasing the 
number of sensors would mean more data collected and processed; improv-
ing computing power and generating more accurate and reliable data would 
require developing better hardware or algorithms to ensure that data can 
be processed more efficiently. Although addressing these features will have 
a direct impact on the computing side of wearables, they will also have an 
impact on its energy consumption and usable lifetime. on the other hand, 
providing more comfort to a wearable device means enabling users to have 
normal movements without any physical constraint.3 This has typically been 
addressed by utilizing materials with flexibility and small form factors.3 
however, since wearables essentially evolved from portable electronics,1 
wearable electronics still incorporate the rigid hardware components found 
in portable devices, making these devices uncomfortable to wear. To improve 
wearable technology, incorporating materials that enable portable device 
performance while mimicking properties conducive to comfort in clothing 
would help.

14.1.2   Energy Storage for Wearable Applications
when choosing to power portable electronics, rigid batteries are selected 
due to the reliability and availability of these energy storage devices.4 Thus, 
commercial wearable devices such as Fitbit, google glass and Apple watch 
can be seen as redesigned portable devices made to adhere to the body 
as an accessory. wearable sensors have found market success since peo-
ple have become more interested in improving their health.2 These wear-
able devices, however, are minimal in their computational ability in that 
they only collect simple vital signs like heart rate in order to preserve bat-
tery life. As more sophisticated body sensors develop, more body-confor-
mal wearables are desired for more accurate vital sign data collection.5,6 
Moreover, wearable robotic devices will move towards being as flexible and 
compliant as possible in order to avoid causing potential body damage by 
rigid wearable devices.7 For example, the Soft exosuit developed by har-
vard university’s wyss Institute is a lower limb assistive device that utilizes 
soft, flexible materials that interface with the body.8 while this wearable 
device has demonstrated comfort over its rigid exoskeleton predecessors, 
the control system is powered by two sets of 4-cell bulky lithium polymer 
battery packs that require specific body placement for proper weight distri-
bution, which still acts as a bodily obstruction.8 A guideline for wearabil-
ity requires that wearable objects have a form that is “within the wearer’s 
intimate space, so that perceptually they become a part of the body.”9 An 
example of wearable energy storage that follows this guideline is the uS 
Army’s Conformal wearable Battery (CwB). It is meant to be worn on the 
front of the torso so that the warfighter’s CwB can power portable elec-
tronics while on a dismounted mission.10 rated at 17 V, the CwB achieves 
conformability by being constructed as an array of discrete, rigid lithium 
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383Wearable Energy Storage Based on Ionic Liquid Gels

ion-based cells.11 while lithium-based batteries find use in wearables due 
to their unparalleled performance, they are potentially unsafe and have low 
cyclability. In addition to batteries, supercapacitors should be considered 
when developing energy storage for wearable electronics. As improvement 
in power and energy density is usually the focus when developing energy 
storage devices, ensuring that such technologies are safe and comfortable 
for the user should also be kept in mind when directing them towards wear-
able applications.

Batteries and supercapacitors are energy storage systems that are con-
structed similarly but generate and store energy differently.12 Both systems 
have two electrodes, an electrolyte, and a separator. Batteries produce elec-
trical energy through the conversion of chemical energy generated by elec-
trochemical oxidation–reduction reactions.13 when a battery is connected 
to an electrical load (discharging process), electrons flow from the nega-
tively charged electrode (anode) through the load to the positively charged 
electrode (cathode), thus oxidizing and reducing the anode and cathode, 
respectively.13 negative ions (anions) and positive ions (cations) in the elec-
trolyte flow to the anode and cathode, respectively, to balance the overall 
charge.13 In the charging process for secondary (rechargeable) batteries, 
electrons flow in the opposite direction, making what was once the anode 
and cathode in the discharging process the cathode and anode, respec-
tively.13 As in the discharging process, electrolyte ions flow to the electrodes 
for overall charge balance. Supercapacitors, on the other hand, store energy 
electrostatically – i.e., at the electrolyte/electrode interface between ions 
and electrode surface charges.12 recently, supercapacitors have become 
a focal point of numerous investigations due to their advantages of long 
cycle lifetime (>100 000 cycles), high power and energy densities, high 
safety, and relatively low series resistance.14,15 In comparison to batteries, 
supercapacitors generally possess lower energy density but higher power 
density, due to the different internal mechanisms occurring within each 
device. while batteries have been the primary energy source for portable 
electronics, supercapacitors are finding their place in micropower systems 
as powering sensor nodes in wireless sensor systems, or as intermediary 
storage in conjunction with energy harvesting systems.16

guidelines for developing wearable energy storage can emerge from 
the flexible electronics community by adhering to recommended quali-
ties of being “thin, bendable, and mechanically compliant.”17 Additionally, 
the device should be safe and comfortable to wear. Attaining comfort for 
wearable devices can be achieved by following the guidelines presented by 
gemperle et al.9 in working closely with the human form. These guidelines 
include placement, form language, human movement, proxemics, sizing, 
and attachment; such considerations should be kept in mind when design-
ing energy storage for wearables. on the other hand, achieving safety for 
wearable energy storage devices will involve considering new materials and 
device constructions that pose low danger – such as low flammability and no 
skin irritation – to the wearer.
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14.2   Ionic Liquid Gels for Energy Storage
14.2.1   Ionic Liquid Gels Overview
with their unique combination of physical properties, namely ultralow 
volatility (which confers nonflammability), and high electrochemical and 
thermal stability, as well as moderate room temperature ionic conductivity, 
ionic liquids are an emerging class of materials with tremendous potential 
to enable safe, wearable electrochemical energy storage devices. In spite of 
their many benefits, however, ionic liquids remain subject to one limitation 
that all liquid electrolytes face: the possibility of leaking out from a damaged 
or physically compromised device. By incorporating a solid, volume-span-
ning internal scaffold (such as a cross-linked polymer network) inside the 
ionic liquid for structural support, an ionic liquid gel can be created to elim-
inate this concern. Ionic liquid gels, also referred to as ionogels or ion gels, 
not only alleviate the possibility of electrolyte leakage, but they can also be 
designed to achieve a high degree of mechanical flexibility while retaining 
many of the desirable properties of the pure ionic liquid, including high 
ionic conductivity and electrochemical/thermal stability.

In general, an ionic liquid gel contains a minimum of approximately 50% 
ionic liquid, either on a volume or mass basis, integrated with a support-
ing scaffold material that is generally nonconductive. when the ionic liquid 
content is much lower than 50%, the material properties of the composite 
may more closely mirror those of the scaffold, rather than those of the ionic 
liquid itself. For example, a polymer/ionic liquid mixture that contains only 
a small amount of ionic liquid can yield a solid polymer electrolyte, in which 
ionic motion may be strongly coupled to the polymer segmental dynamics 
(i.e. a salt-in-polymer system).18 Thus, ionic conductivity, in particular, can be 
reduced to levels that are too low for practical electrochemical energy stor-
age devices (≪ 1 mS cm−1) if the ionic liquid is not the majority component 
within an ionic liquid gel.

Several approaches have been successfully employed to create ionic liq-
uid gels in recent years. here, they have been grouped into three major cat-
egories: (1) macromolecular, (2) colloidal, and (3) molecular, following the 
nomenclature used by Marr and Marr,19 who recently classified ionic liquid 
gels according to the nature of their supporting scaffolds. The following sec-
tions provide a general overview of typical ionic liquid gel formulations/syn-
thesis methods and material properties reported to date. It is intended to 
be illustrative, rather than comprehensive. Several recent review articles on 
the topic of ionic liquid gels are recommended for those seeking additional 
information and perspectives.19–22 It should also be noted that the focus here 
is primarily on ionic liquid gels that feature hydrophobic or water-immis-
cible ionic liquids (typically those having polyfluorinated anions), as these 
generally provide higher electrochemical stability, and thus may be better 
suited for wearable energy storage devices that can provide large energy den-
sities. For the sake of brevity, the ionic liquid ion abbreviations shown in 
Table 14.1 are used:
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385Wearable Energy Storage Based on Ionic Liquid Gels

14.2.1.1  Formulations and Synthesis Methods
14.2.1.1.1  Macromolecular Scaffolds (Polymers)

Linear or Chemically Cross-linked Polymers. polymers represent a highly ver-
satile set of scaffold materials from which to create ionic liquid gels. They can 
be synthesized with an endless variety of chemical functionalities and can be 
used to create both physically and chemically cross-linked networks to support 
ionic liquids. polymer scaffolds are integrated into ionic liquid gels mainly 
using one of two different approaches. The first is to blend a desired amount of 
polymer with an ionic liquid, typically using an organic co-solvent to promote 
miscibility, and then allow the polymer to self-assemble or entangle with itself 
to form a supporting network after the co-solvent has been evaporated via a 
heating and/or vacuum treatment step.23,24 The second is to synthesize a poly-
mer scaffold in situ within the ionic liquid, for example by thermally- or uV-ini-
tiated free radical polymerization.25 An advantage of the in situ approach is that 
the solid ionic liquid gel electrolyte can be formed from a liquid phase precur-
sor solution that contains the scaffold-forming monomers/cross-linkers, an 
initiator, and the ionic liquid after the solution has made intimate contact with 
other material layers inside a device structure, such as nanostructured bat-
tery or supercapacitor electrodes. uV-initiated polymerization can generally 
provide shorter gelation times (under 10 minutes)26 compared to thermally- 
initiated polymerization, which is typically performed at 80 °C for up to  
24 hours.27 An exception to this rule was reported by Visentin et al., who 
demonstrated that in situ polymerization/cross-linking via rapid microwave 
heating could generate ionic liquid gels in as little as 10 seconds.28

one of the earliest reports of an ionic liquid gel was made by Fuller, Breda, 
and Carlin in 1997;23 this team at Covalent Associates, Inc. created a gel with 
eMI Tf supported by the copolymer poly(vinylidene fluoride)-co-hexafluoro-
propylene (pVDF-hFp) that contained a little more than 50 wt% ionic liquid. 
A few years later, noda and watanabe synthesized eMI BF4 gels supported by 
a chemically cross-linked poly(2-hydroxyethyl methacrylate) scaffold created 
in situ within the ionic liquid at varying molar ratios, up to a maximum of 
50 mol% ionic liquid.25 The formation of cross-linked polymer scaffolds in 
situ was also reported by the groups of winterton29 and rogers30 using oMI 

Table 14.1    Ion abbreviations for some common ionic liquids.

Cations Anions

eMI 1-ethyl-3-methylimidazolium Tf Trifluoromethanesulfonate
BMI 1-Butyl-3-methylimidazolium TFSI Bis(trifluoromethanesulfonyl)imide
hMI 1-hexyl-3-methylimidazolium BF4 Tetrafluoroborate
oMI 1-octyl-3-methylimidazolium pF6 hexafluorophosphate
pyr13 N-propyl-N-methylpyrrolidinium FAp Tris(pentafluoroethyl)

trifluorophosphate
pyr14 N-Butyl-N-methylpyrrolidinium TCB Tetracyanoborate
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TFSI and hMI TFSI, respectively. In 2005, a landmark paper in the field was 
published by the watanabe group, wherein they described the in situ fabrica-
tion of a series of cross-linked poly(methyl methacrylate) (pMMA)-supported 
eMI TFSI gels that contained up to 70 mol% ionic liquid.27 Jiang et al. cre-
ated linear pMMA-supported BMI pF6 gels with up to 50 wt% ionic liquid 
via in situ polymerization.31 nitrile rubber was combined with N-ethylimidaz-
olium TFSI to generate gels with ionic liquid contents as high as 50 wt%, as 
reported by the ohno group.32

More recently, polymer-supported ionic liquid gels have typically con-
tained in the range of 70–95 wt% ionic liquid, since a higher ionic liquid frac-
tion leads to a greater ionic conductivity of the composite gel. pandey et al. 
created eMI Tf gels with pVDF-hFp scaffolds that included 80 wt% ionic liq-
uid;33 analogous gels featuring the ionic liquid eMI TCB were also reported.34 
In situ polymerization of the cross-linkable macromer poly(ethylene glycol) 
diacrylate (pegDA) successfully enabled the synthesis of eMI TFSI gels con-
taining up to 95 wt% ionic liquid by Visentin et al.26 Cross-linked pegDA was 
also employed to generate eMI TCB and eMI FAp gels that included as much 
as 93 wt% or 96 wt% ionic liquid, respectively.35 Various methacrylate mono-
mers bearing different chemical functional groups were used to synthesize a 
series of cross-linked poly(methacrylate) scaffolds in eMI TFSI by D’Angelo 
et al. that yielded gels with at least 80 mol% ionic liquid.36 In late 2016, 
the panzer group reported the first zwitterionic copolymer-supported ionic 
liquid gels, which contained 76 vol% eMI TFSI.37

Triblock  Copolymers.  ABA triblock copolymer scaffolds have also been 
employed to created ionic liquid gels; this approach has largely been spear-
headed by the Lodge group.24 Triblock copolymers offer the advantage of 
spontaneous scaffold self-assembly due to the presence of both ionic liquid 
compatible and incompatible blocks; however, their synthesis is generally 
more complex. polystyrene-b-poly(ethylene oxide)-b-polystyrene (pS-peo-pS) 
triblock copolymers were used to achieve BMI pF6 gels with as high as 95 wt% 
ionic liquid.24 replacing the middle block with pMMA has also been success-
ful in realizing eMI TFSI gels using pS-pMMA-pS scaffolds.38 In 2011, gu 
and Lodge reported triblock copolymer ionic liquid gels having a poly(ionic 
liquid) middle block to support 85 wt% eMI TFSI.39 The addition of azide 
groups to the polystyrene blocks of pS-peo-pS triblock copolymers yielded 
tough, chemically cross-linked scaffolds for eMI TFSI gels featuring 90 wt% 
ionic liquid.40 photoreversible gelation of up to 90 wt% BMI pF6 using azo-
benzene-functionalized triblock copolymer scaffolds has also recently been 
described.41

Other  Polymer  Scaffolds  and  Lithium  Ion-containing  Electrolytes.  Fujii et 
al. utilized a mixture of two different tetrafunctional macromers to create 
a highly cross-linked polymer scaffold in situ within eMI TFSI, yielding gels 
with up to 97 wt% ionic liquid.42 Festin et al. synthesized nitrile butadiene 
rubber/peo interpenetrating network scaffolds to support eMI TFSI gels 
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387Wearable Energy Storage Based on Ionic Liquid Gels

designed for mechanical actuators.43 poly(ionic liquid)s, such as poly(dial-
lyldimethylammonium) TFSI (pDADMA TFSI), have also been successfully 
used to create ionic liquid gels in combination with a neat ionic liquid (e.g. 
70 mol% pyr14 TFSI).44

polymer scaffolds have been employed to support lithium ion-containing 
ionic liquid gels to serve as nonvolatile battery electrolytes. poly(acryloni-
trile) (pAn) was synthesized in situ within a solution of 0.5 M lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in pyr14 TFSI by patel et al. to create 
gels with up to 85 wt% ionic liquid.45 pVDF-hFp is another common scaf-
fold for creating ionic liquid gels for batteries; this polymer has been used to 
create gelled solutions of lithium hexafluorophosphate in eMI FAp,46 as well 
as LiTFSI in pyr14 TFSI.47 The Schönhoff group described the formation of 
LiTFSI/pyr14 TFSI gel electrolytes using either pMMA or a poly(ionic liquid), 
pDADMA TFSI, as the supporting scaffold.48 horowitz and panzer employed 
the acid-catalyzed hydrolysis/condensation reaction of triethoxysilylethyl- 
terminated poly(dimethylsiloxane) (pDMS) macromers in eMI TCB or eMI 
TFSI to create pDMS-supported gels containing up to 80 wt% ionic liquid; 
LiTFSI was also included in some gel formulations.49

14.2.1.1.2  Colloidal  Scaffolds.  In contrast to polymer supporting scaf-
folds, colloidal (nanoparticle)-based scaffolds are typically inorganic in 
nature (e.g. silicon dioxide, Sio2) and yield ionic liquid gels that display a less 
elastic rheological response. on the other hand, the use of an oxide-based 
scaffold typically provides greater thermal stability to the gel composite in 
comparison to some polymer networks. Ionic liquid gels have been realized 
by mechanically mixing Sio2 nanoparticles into eMI TFSI, using as little as  
3 wt% Sio2, as reported by ueno et al.50 polymer-coated Sio2 nanoparticles syn-
thesized via chemical grafting of pMMA have also been added to eMI TFSI to 
create gels that exhibit structural color tunability.51 Lithium cation-modified 
Sio2 nanoparticles were used to fabricate pyr13 TFSI gels by Sun et al.52

while the examples cited above describe gels formed by the simple addi-
tion of nanoparticles into an ionic liquid, several manifestations of gels have 
also been created by the in situ synthesis of an oxide nanoparticle-based scaf-
fold (e.g. the acid-catalyzed sol–gel reaction of a methoxysilane precursor to 
form a nanostructured silica support). one of the earliest reports of the cre-
ation of a silica scaffold through the reaction of tetramethoxysilane (TMoS) 
and formic acid (FA) in eMI TFSI was made by Dai et al.,53 although the focus 
at the time was on the silica structure itself (the ionic liquid was washed out 
by solvent reflux). The TMoS/FA approach was utilized by the Vioux group in 
BMI TFSI, where a 2 : 1 TMoS : ionic liquid molar ratio led to the creation of 
silica scaffold-supported ionic liquid gels.54 Addition of methyltrimethoxylsi-
lane to the TMoS/FA mixture and up to 50 mol% ionic liquid was also shown 
to yield BMI TFSI gels.55 horowitz and panzer further tuned the TMoS/FA/
ionic liquid ratio to generate soft ionic liquid gels containing up to 94 wt% 
eMI TFSI.56 The generality of the TMoS/FA approach was also demonstrated 
using several additional ionic liquids of various cations and anions.57 An 
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important limitation of the in situ sol–gel oxide scaffold approach, however, 
is the possibility of significant gel shrinkage and/or cracking that can occur 
as volatile reaction byproducts evaporate during the course of gel ageing 
times that can last more than one week at room temperature.56 nanocom-
posite hybrid scaffolds formed using a mixture of tetraethoxysilane and tri-
methoxysilyl-modified pMMA for sol–gel reaction in BMI TFSI have been 
described by gayet et al.58,59

14.2.1.1.3  Molecular  Scaffolds.  The addition and self-assembly of low 
molecular weight gelators (LMwgs) to ionic liquids has been used to create 
molecular framework gel scaffolds. After adding a small amount of LMwg 
to an ionic liquid, the mixture is heated to promote dissolution and then 
cooled back down to room temperature. In some cases, less than 1 wt% of 
the LMwg is necessary to induce gelation.60 however, these gels are typically 
extremely soft and can disassemble upon heating. An interesting hybrid scaf-
fold was recently described by Kataoka et al., which employed a LMwg/cross-
linked pMMA double network to gel eMI TFSI with 90 wt% ionic liquid.61

14.2.1.2  Gel Properties
14.2.1.2.1  Ionic  Liquid  Gel  Deposition  Methods.  In order to measure 
their material properties, ionic liquid gel samples or thin gel films can be 
prepared using various deposition methods. The most common approach is 
to simply cast the precursor solution into a mold with the desired shape, or 
as a thin film on a smooth substrate, and then initiate gelation (e.g. evapo-
rate the co-solvent,34 or irradiate with uV light26). Spin-coating has been used 
to generate triblock copolymer-supported ionic liquid gel thin films.38 If the 
ionic liquid gel film is first formed via spin-coating on an elastomeric stamp, 
it can subsequently be transfer printed onto another substrate.62 Aerosol ink-
jet printing has been successfully employed by the Frisbie group to create 
patterned ionic liquid gels for flexible electronic circuits.63 Spray-coating of 
ionic liquid gel films has also been demonstrated.64

14.2.1.2.2  Ionic Conductivity.  The ionic conductivity of ionic liquid gels 
is typically measured via electrical impedance spectroscopy, with the ionic 
liquid electrolyte contacted by two blocking electrodes in a well-defined 
geometry. The real component of impedance measured at high frequencies 
(∼100 khz) is used to determine the gel ionic conductivity, accounting for 
the series resistance of the test setup.26 The temperature dependence of the 
ionic conductivity for both ionic liquids and ionic liquid gels generally fol-
lows Vogel–Tamman–Fulcher (VTF) behavior,65 which can be approximated 
by simple Arrhenius behavior over small temperature ranges and for values 
significantly above the glass transition temperature of the neat ionic liq-
uid.36 when a scaffold is introduced into an ionic liquid to create an ionic 
liquid gel, the ionic conductivity of the composite is reduced due mainly to 
the lower ionic liquid concentration and higher tortuosity with respect to 
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ion motion, but ionic liquid–scaffold interactions can also play a role. At 
room temperature (rT), some ionic liquids have ionic conductivities near 
10 mS cm−1 or higher (e.g. eMI TFSI, eMI TCB). Several manifestations of 
eMI TFSI gels have displayed rT ionic conductivity values of approximately 
9–10 mS cm−1.26,42,50,56 A 93 wt% eMI TCB gel exhibited a rT ionic conduc-
tivity of 13 mS cm−1, which is one of the highest values reported for an ionic 
liquid gel to date.35

It should be noted that many ionic liquid gels display excellent thermal 
stability, and can exhibit essentially no mass loss for temperatures up to 
∼300 °C.34,55 A high thermal stability of the scaffold component is essential to 
realizing the outstanding thermal stability of the ionic liquid in the gel com-
posite. when the temperature dependence of ionic conductivity is fit to the 
Arrhenius model, the activation energy parameter that one extracts is gen-
erally larger for ionic liquid gels compared to that of the neat ionic liquid.23 
Moreover, the activation energy of ionic conductivity has been observed to 
increase with increasing scaffold content, for the case of highly compatible 
polymer scaffolds.36 In contrast, a pDMS-supported eMI TCB gel (80 wt% 
ionic liquid), in which the pDMS scaffold was not miscible with the ionic liq-
uid, exhibited an activation energy of ionic conductivity nearly equal to that 
of the neat ionic liquid itself.49

14.2.1.2.3  Mechanical Properties/Gel Rheology.  Ionic liquid gel mechanical 
responses are generally probed using either tensile42,66 or compressive37,42,56,67 
stress–strain testing, or via shear rheometry.24,39,45 The typical elastic modu-
lus (or shear modulus) values for the softest gels, those having the highest 
ionic liquid contents, are on the order of 1–10 kpa. elastic modulus values of 
15–20 Mpa have been observed for ionic liquid gels containing high polymer 
contents and/or scaffold cross-link densities.26,66 Typically, however, there is 
a trade-off between increasing mechanical stiffness via polymer addition and 
the resulting decrease in gel ionic conductivity.36

14.2.1.2.4  Electrochemical  Stability  Window.  For both supercapacitor 
and battery applications, a wide potential window of electrochemical stability 
is desirable. generally speaking, the electrochemical stability of a well- 
designed ionic liquid gel will mimic that of its neat ionic liquid component. 
This can be achieved by selecting a scaffold material that is very electrochemi-
cally stable. representative ionic liquid gel device operating voltage stability 
windows range from approximately 3–5 V for several hydrophobic ionic 
liquids.34,45,68

14.2.2   Ionic Liquid Gel Electrolytes for Battery Applications
Lithium-ion (Li-ion, Li+) batteries are the most dominant energy storage 
device to meet the current demands due to their excellent cyclability, robust-
ness, and high energy density.69 rechargeable batteries typically consist of a 
cathode, an anode, and an ion-containing electrolyte. Conventional battery 
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electrolytes are composed of a lithium salt dissolved in an organic solvent 
(e.g. ethylene carbonate or propylene carbonate) that possesses a high dielec-
tric constant. however, organic solvent-based electrolytes exhibit a non-neg-
ligible vapor pressure, making them flammable components in the design of 
an energy storage device; therefore, in the event of a shorting of the device 
or if the device is operated at elevated temperatures, fire or an explosion is a 
likely scenario.20

To circumvent this safety hazard, ionic liquid-based electrolytes possess-
ing a negligible vapor pressure are of great interest for battery applications. 
Furthermore, solid-state electrolytes (ionic liquid gels) confining an ionic liq-
uid offer the advantages of a leakproof design, are lightweight materials, and 
are applicable for flexible electronics.20 Typically, to form a lithium-contain-
ing electrolyte, a lithium salt (e.g. LiTFSI) is dissolved into an ionic liquid in 
which an optimum concentration with respect to ionic conductivity is exper-
imentally determined (∼1 M).70 The increase in viscosity due to the addition 
of a salt to an ionic liquid, which effectively reduces the ionic conductivity of 
the electrolyte, must be considered. Furthermore, an important property for 
lithium-based devices is the Li+ transference number, which is approximately 
equal to the fraction of current carried by Li+ cations through the device, 
calculated by direct current polarization techniques;71 a related property 
is the Li+ transport number, which is calculated from the fraction of the Li+ 
diffusivity relative to the diffusivities of all mobile ionic species measured 
via nuclear magnetic spectroscopy techniques.72,73 A higher Li+ transference 
number promotes lower ion concentration gradients at the surfaces of both 
electrodes, which can reduce the internal resistance of the device and result 
in longer cell lifetime and faster discharge rates.74 Due to the presence of 
the ionic liquid cations/anions, such electrolytes contain three mobile ionic 
species (i.e. Li+, ionic liquid cation, and ionic liquid anion), which limits the 
Li+ transference number to a typical range of ∼0.05–0.5.70 progress is being 
made for ionic liquid-based systems to increase the Li+ transference number 
by various means of anchoring the anions to the scaffold in order to develop 
a more stable electrolyte for lithium-based batteries.75–77

14.2.2.1  Physically Cross-linked Polymer Scaffolds
The most prevalent polymer-based scaffold confining a lithium-containing 
ionic liquid has been pVDF-hFp. This scaffold contains strong electron with-
drawing groups that generate a high dielectric constant polymer with suit-
able anodic stability (i.e. interfacial stability against a lithium metal anode) 
that also promotes lithium salt dissociation. Many investigations have 
focused on the modification of the liquid electrolyte by means of function-
alization of the ionic liquid in order to meet the demands of lithium-based 
battery applications. An early investigation of this system was reported by 
Fernicola and co-workers, who confined an ionic liquid solution of N-butyl-N- 
ethylpiperidinium TFSI (pp24 TFSI) containing 0.2 mol kg−1 LiTFSI; various gel 
compositions were synthesized, featuring 20 wt% to 40 wt% pVDF-hFp.75 An 
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391Wearable Energy Storage Based on Ionic Liquid Gels

important consideration for lithium batteries is the stability of the lithium 
metal anode, which is very reactive and forms dendrites capable of short-
ing the device and causing a fire hazard. Due to the shear modulus of most 
gels being below the gpa range (i.e. too soft to form a mechanical barrier for 
lithium dendrite formation), a mechanism to form a stable lithium metal/
electrolyte interface is the formation of a passivating solid electrolyte inter-
phase (SeI) layer. The SeI layer is monitored by measuring the resistance 
of the lithium/electrolyte interface, where one seeks to verify that a steady 
state value is achieved in a short amount of time. Fernicola et al. determined 
that SeI layer stability was achieved for a 20 wt% pVDF-hFp-supported ionic 
liquid gel after 3 days during open-circuit conditions, reaching a steady state 
resistance of ∼2400 Ω cm−2.

Furthermore, Ferrari et al. attempted to increase the thermal and interfa-
cial stability of a pVDF-hFp-based ionic liquid gel via the incorporation of 
silica nanoparticles as an additive.78 The gel confined an ionic liquid solu-
tion of N-ethyl(methylether)-N-methylpyrrolidinium TFSI (pyr12o1 TFSI) 
with a LiTFSI concentration of 0.41 mol LiTFSI kg−1. The authors also added 
nano-sized silica (10 wt%) possessing a well-ordered hexagonal mesoporous 
structure with a narrow pore size distribution of 6 nm. The synthesized com-
posites containing 30 wt% pVDF-hFp and 10 wt% silica filler achieved a 
stable interfacial stability after 10 days, possessing a steady state resistance 
of 150 Ω cm−2 compared to a resistance of ∼800 Ω cm−2 for the gel without 
silica filler loading. Cyclability and discharge capacity at specific discharge 
rates is also critical for the practical operation of lithium-based batteries. 
Ferrari and co-workers fabricated composite coin cells with a configuration 
of lithium metal/ionic liquid gel (containing silica filler)/lithium iron phos-
phate (LiFepo4). At a C-rate of C/10 (i.e. a discharge time of 10 hours) and C/3 
(i.e. a discharge time of 3 hours), the discharge capacity using the 30 wt% 
pVDF-hFp ionic liquid gel with a silica loading of 10 wt% was measured to 
be ∼140 mA h g−1 (on a mass of cathode basis) and ∼70 mA h g−1, respectively, 
while demonstrating a high cyclability with an average Coulombic efficiency 
of ∼99% up to 180 cycles; it should be noted that the LiFepo4 cathode 
possesses a theoretical capacity of ∼170 mA h g−1.

Moreover, an alternative electrolyte layer synthesis option for battery 
applications is to utilize electrospinning to synthesize polymer-based 
membranes. The electrospinning technique allows for the facile synthesis 
of a homogenous polymer membrane containing pores in the size range of 
1 µm to 1 nm and exhibiting high mechanical strength due to the fibrous 
network.78 A high porosity also allows for significant electrolyte uptake, 
leading to high ionic conductivities of gel membranes with electrospun 
polymer scaffolds. In 2007, Cheruvally and co-workers synthesized electro-
spun polymer membranes supporting a 0.5 M solution of LiTFSI in BMI 
TFSI with a pVDF-hFp polymer content of ∼12 wt%.79 A lithium/ionic liq-
uid gel/LiFepo4 cell was tested using a C/10 discharge rate that achieved 
a capacity of 152 mA h g−1 after 24 charge/discharge cycles. The discharge 
capacity of the identical electrolyte solution soaked in a commercial 
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fiber-based separator was ∼130 mA h g−1 after only 6 cycles. At a faster rate 
of C/2, the discharge performance was 132 mA h g−1 after 10 cycles. how-
ever, the interfacial resistance of the device was not measured. In 2012, 
rao et al. demonstrated an electrospun polymer-supported ionic liquid 
gel electrolyte utilizing pAn/pMMA as the polymer scaffold.80 pAn acts as 
a mechanical support for the membrane while also exhibiting an attribute 
for the improvement of lithium ion mobility via its polar –Cn groups, while 
pMMA acts as a solubilizing agent for the lithium-containing ionic liquid 
electrolyte. The interfacial resistance of this ionic liquid gel against a lith-
ium metal anode was measured to start at 280 Ω and reach a steady state 
value of ∼580 Ω after 30 days, performing markedly better than commercial 
pAn-based membranes. Discharge measurements were performed at a C/10 
rate to yield a capacity of 139 mA h g−1. Cyclic performance at a C/5 rate was 
tested for 50 cycles and a 92% retention of initial capacity was achieved for 
the pAn/pMMA-supported ionic liquid gel compared to only 84% retention 
for the commercial fiber-supported electrolyte.

polymerized ionic liquids (pILs) are a more recent class of polymer scaf-
folds that have attracted much attention for ionic transport applications. 
Appetecchi and co-workers cast a 1 M LiTFSI solution with the poly(ionic 
liquid) pDADMA TFSI to form an ionic liquid gel membrane, in which a min-
imum of 27.6 wt% of pIL was needed to obtain a self-standing gel.81 Interfa-
cial resistance measurements made after 92 days in a lithium/ionic liquid 
gel/lithium cell exhibited an increase in resistance from 900 Ω cm−2 to 2700 
Ω cm−2, while achieving a steady state value after 64 days. Discharge measure-
ments were performed in a Li/ionic liquid gel/LiFepo4 cell and exhibited a 
capacity of 141.1 mA h g−1 and 16.9 mA h g−1 at C/10 and 1C rates, respectively.

14.2.2.2  Chemically Cross-linked Polymer Scaffolds
utilizing a chemically cross-linked polymer scaffold for ionic liquid gel elec-
trolytes has not been extensively explored relative to physically cross-linked 
networks for lithium battery applications to date. In 2002, nakagawa and 
co-workers polymerized pegDA (Mw = 600 g mol−1) inside a 1 M lithium tetra-
fluoroborate (LiBF4)/eMI BF4 solution to create a 15 wt% polymer scaffold.82 
The discharge capacity of a lithium metal cell containing this gel electrolyte 
was measured to be 103 mA h g−1 after the 5th cycle at a C/10 rate; a com-
parable cell containing only the ionic liquid solution exhibited a capacity 
of 132 mA h g−1. Cyclability tests for the ionic liquid gel electrolyte demon-
strated a capacity retention of 73.1% after 50 cycles. The authors attributed 
the decrease in discharge capacity to increased lithium interaction with the 
polymer scaffold (i.e. ethylene oxide groups) that induced a concentration 
polarization due to the diffusion of lithium being relatively slow compared 
to the other ionic species in the system. In addition, the instability of the SeI 
layer also contributed to the decrease in capacity of the battery system.

In 2011, a pAn-based ionic liquid gel system was investigated by patel et al. 
that exhibited an improved interfacial stability of the gel electrolyte relative 
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393Wearable Energy Storage Based on Ionic Liquid Gels

to the lithium salt/ionic liquid solution using a lithium metal anode.45 Dis-
charge measurements also verified an increased capacity using the ionic 
liquid gel electrolyte (by ∼10%) at a C-rate of C/5; however, the discharge 
capacity decreased from 112 mA h g−1 to 60 mA h g−1 after 80 cycles, proving 
this electrolyte system to be unsuitable for practical applications. In 2012, 
yun and co-workers fabricated an ionic liquid gel system with increased 
SeI stability by the addition of vinylene carbonate (10 wt%), an SeI-forming 
organic solvent.83 The gel composites were synthesized via in situ polymeriza-
tion of poly(ethylene glycol) dimethacrylate (pegDMA, Mn = 550 g mol−1) in 
the range of 4–10 wt% with a 1 M LiTFSI in pyr14 TFSI ionic liquid solution. 
For a 4 wt% pegDMA ionic liquid gel doped with vinylene carbonate, the 
discharge capacity in a lithium metal cell at a C/5 rate was measured to be 
149.1 mA h g−1, which decreased to 141.5 mA h g−1 after 50 cycles, whereas 
the liquid electrolyte (no scaffold) cell dropped from 160 mA h g−1 to ∼80 mA 
h g−1 during the same cycle period. The authors reported that a stable SeI 
layer was formed after only one charge–discharge cycle, while flammability 
tests proved that the addition of the organic solvent did not alter the advan-
tageous properties of the ionic liquid-based electrolyte.

14.2.2.3  Inorganic Colloidal Scaffolds
Inorganic oxide-based compounds and nanoparticles are commonly used 
as gelling agents to synthesize solid-state ionic liquid gel composites. Inor-
ganic-based networks can offer the advantages of facile synthesis and high 
thermal stability.77 Silica-supported gels have been the most commonly 
investigated composites in the literature due to the commercial availability 
of silica nanoparticles and their easy fabrication. wu and co-workers fabri-
cated a silica-supported ionic liquid gel containing an epoxy-functionalized 
silane coupling agent with LiTFSI dissolved in pyr13 TFSI, where the scaffold 
was formed via the sol–gel method.84 Lithium/ionic liquid gel/LiFepo4 cells 
exhibited a discharge capacity after 30 cycles of 154.9 mA h g−1 and 168.6 
mA h g−1 at 30 °C and 90 °C (Coulombic efficiency of ∼99% at both tempera-
tures), respectively, demonstrating enhanced capacity at elevated tempera-
tures. A lithium titanium oxide (Li4Ti5o12)/ionic liquid gel/LiFepo4 cell tested 
for 200 cycles demonstrated a capacity of 165.7 mA h g−1 with close to 100% 
efficiency.

Another use of nanoparticles is to immobilize one of the ions of the ionic 
liquid on the surface of the nanoparticles in order to create a gel that is capa-
ble of selectively promoting lithium-ion transport. Lu et al. tethered the cat-
ion of the ionic liquid 1-methyl-3-propylimidazolium TFSI to the surface of 7 
nm silica nanoparticles while doping the composite with LiTFSI.77 The shear 
modulus values for these gel electrolytes were on the order of 0.1 Mpa. Ther-
mal stability up to 400 °C was measured, together with electrochemical sta-
bility up to 4.25 V (vs. Li/Li+) and a Li+ transference number of 0.54. however, 
no charge–discharge measurements or interfacial electrode stability tests 
were performed on this ionic liquid gel system.
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14.2.3   Ionic Liquid Gel Electrolytes for Supercapacitors
The development of new solid-state electrolytes possessing high ionic con-
ductivity and wide electrochemical stability window is necessary to further 
improve the performance of supercapacitors, as the energy density is propor-
tional to the square of the maximum operating voltage, which is generally 
determined by the breakdown limit of the electrolyte. Therefore, consider-
able research has been performed on ionic liquid gel materials with wide elec-
trochemical stability windows and relatively high ionic conductivity, which 
can offer a promising option for future electrolytes in solid-state superca-
pacitors.19,20 Currently, the majority of these studies are focused on the ionic 
liquid gel electrolyte-based electrical double layer capacitors (eDLCs) with 
some common electrode materials, such as activated carbon (AC),85 porous 
carbon,86 and carbon nanotubes (CnTs).34,87,88 Based on ionic liquid gel elec-
trolytes, flexible and stretchable supercapacitors have been demonstrated, 
and are described in Section 14.3.1.1.

The properties of an ionic liquid gel are mainly dependent on the nature 
of the ionic liquid, the polymer scaffold, and the interaction between the 
ionic liquid and its polymer scaffold. Therefore, the selection of an appro-
priate polymer scaffold becomes a crucial factor for achieving good superca-
pacitor performance with ionic liquid gels. A variety of polymers have been 
studied as scaffolds for ionic liquid gels, such as poly(vinyl alcohol) (pVA),89 
poly(ethylene oxide) (peo),90 pMMA,91 pegDA,26,92 and pVDF-hFp.34,93,94 Vis-
entin and panzer26 prepared uV-initiated cross-linked pegDA ionic liquid 
gels based on eMI TFSI. These gels were tested in capacitive structures and 
showed potential for application in supercapacitor devices. other than poly-
mer scaffolds, silica-supported ionic liquid gels could also be a viable option 
for supercapacitors.87,95,96

The properties of ionic liquids can vary greatly, so it is crucial to select and 
design the ionic liquid in an ionic liquid gel electrolyte for the desired appli-
cations. pandey and hashmi34 utilized a low viscosity ionic liquid, eMI TCB, 
to create an ionic liquid gel electrolyte for eDLCs in order to overcome the 
low conductivity that typically results from the high viscosity of many ionic 
liquids. They entrapped eMI TCB in pVDF-hFp copolymer to form the gel 
electrolyte, and fabricated solid-state eDLCs based on the prepared gel. The 
assembled eDLCs showed a specific energy and power density of 3.5 w h kg−1 
and 4.2 kw kg−1, respectively (in terms of the mass of the CnT electrodes). 
The same group also examined the effect of the addition of lithium salt into 
a pVDF-hFp-supported eMI FAp gel electrolyte,46 where they demonstrated 
that the addition of lithium salt could significantly improve the specific 
capacitance of the eDLCs from 76 F g−1 to 127 F g−1. however, the application 
of neat ionic liquids at sub-zero temperatures is often limited by their high 
viscosity and melting point near room temperature. Tsai et al.97 reported a 
eutectic mixture of ionic liquids (1 : 1 molar ratio of N-methyl-N-propylpiper-
idinium bis(fluorosulfonyl)imide (pIp13 FSI) and pyr14 FSI) as an electrolyte 
for supercapacitor applications over a wide temperature range from −50 °C 
to 80 °C. The same group prepared an ionic liquid gel using a sol–gel method 
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395Wearable Energy Storage Based on Ionic Liquid Gels

to create a Sio2 scaffold supporting the eutectic mixture, and further utilized 
the ionic liquid gel in an all solid-state supercapacitor.98 The ionic liquid gel 
exhibited high ionic conductivity over a wide temperature range (from 0.2 
mS cm−1 at −40 °C up to 10 mS cm−1 at 60 °C) and the fabricated supercapac-
itor showed a capacitance of up to 90 F g−1 at room temperature.

14.3   Fabrication Techniques for Ionic Liquid Gel 
Integration into Wearable Systems

14.3.1   Device Assembly Techniques
Ionic liquid gel-based energy storage devices in the literature that could 
find application in wearable systems have been demonstrated as standalone 
devices, on-chip microelectronics components, and elements in electronic 
textiles. Standalone energy storage devices can be made wearable if they can 
adhere to clothing or be worn as an accessory. on-chip micro-energy storage 
can find a place in the hardware inside wearable sensor systems. Lastly, energy 
storage woven into the fabric of clothing for powering interactive textiles99 
is a logical path forward as wearable computing becomes more ubiquitous. 
In Section 14.2.1.2.1, different methods of depositing ionic liquid gels were 
described. however, it is worth understanding the sequential steps in which 
ionic liquid gels are synthesized and assembled with other energy storage 
device components to inform how these devices can be scaled-up for commer-
cialization. The way in which components are assembled is important because 
it influences the overall resistance of the device, ultimately affecting final 
device performance. In general, ionic liquid gel electrolytes100–105 for batter-
ies have been demonstrated in coin cell devices to demonstrate the improved 
safety that ionic liquids can impart on Li-ion batteries. Coin cells use a parallel 
plate architecture, where the electrolyte is sandwiched between two parallel 
electrodes and rigid packaging helps electrical components achieve low device 
resistance. Since the coin cell battery architecture is an established configura-
tion, its assembly will not be described here. In addition to the conventional 
parallel plate architecture, ionic liquid gel supercapacitor devices have also 
adopted the in-plane interdigital electrode architecture, where electrodes exist 
in the same plane on a single substrate. The following section will outline how 
different ionic liquid gel synthesis methods have lent themselves to different 
device architectures. Table 14.2 summarizes methods of ionic liquid gel incor-
poration with respect to each architecture, as well as considerations for device 
assembly for a particular method of incorporation.

14.3.1.1  Polymer-supported Ionic Liquid Gels Integrated into 
Wearable Energy Storage Devices

polymer-supported ionic liquid gel electrolytes have mechanical characteris-
tics that make these materials suitable for wearable energy storage devices. 
Demonstrated devices in the literature with ‘wearable potential’ typically have 
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ionic liquid gels that are fabricated in one of two ways: (1) polymer scaffold 
solubilization through the use of a co-solvent, or (2) scaffold polymerization 
through uV-initiated cross-linking of monomers. removal of a co-solvent 
can take up to 24 hours,28 while uV-initiated polymerization can be achieved 
in only a few minutes.28 polymer-supported ionic liquid gel supercapacitors 
typically utilize the conventional parallel plate architecture due to the higher 
structural integrity of these electrolytes over silica-supported ionic liquid 
gels. researchers, however, are starting to incorporate polymer-supported 
electrolytes into flexible interdigital architectures as flexible microelectron-
ics and low power computing are on the rise.

early polymer-supported ionic liquid gels were based on a pVDF-hFp scaf-
fold and tested in the parallel plate device configuration106–108 in order to 
understand the best type of carbon electrode with which to pair these ionic 
liquid gels. Lu et al. demonstrated the earliest parallel plate supercapacitor 
device with pVDF-hFp ionic liquid gels by pairing them with high surface 
area carbon electrodes/aluminum foil current collectors.106 They constructed 
a freestanding ionic liquid gel electrolyte that was then sandwiched between 
two AC electrode/aluminum foil current collectors epoxied to a polypropylene 
plate.106 epoxy was then used to seal the edges of the components together 
to yield a device. Although the device was not advertised to be flexible, the 

Table 14.2    Methods of incorporating ionic liquid gel electrolytes for different 
device architectures.

Device 
Architecture

ways to incorporate  
ionic liquid gel Device assembly considerations

Parallel plate electrode coating • Mold required for defining ionic liquid 
gel dimensions

• Ionic liquid gel to have characteristics 
that prevent electrical shorting when 
device is flexed

• Sealing components together (can be 
done by using ionic liquid gel as an 
adhesive or through use of external 
packaging)

Freestanding film to 
be assembled with 
other freestanding 
components

• pre-wetting of electrodes to decrease 
electrode/electrolyte interfacial 
resistance

• Sealing components together (through 
use of external packaging or external 
adhesive)

Foundational support  
for attaching other  
electrical components

• electrical components need to be 
added subsequently

• pre-treatment of ionic liquid gel 
for proper adhesion of electrical 
components

Interdigital Thin film deposition • electrical components usually depos-
ited on substrate before ionic liquid 
gel deposition

• Ionic liquid gel dimensions defined by 
mold or finite volume
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397Wearable Energy Storage Based on Ionic Liquid Gels

fabrication steps provide insight into two considerations to heed when con-
structing a parallel plate flexible device for wearability. The first is wetting 
the entirety of the electrode surface area with ionic liquid to “ensure good 
contact and low interfacial [electrode/electrolyte] resistance”;106 and the sec-
ond is proper adhesion of all the electrical components – electrode, current 
collectors and electrolyte – to each other, so as to also keep the overall device 
resistance low.

polymer-supported ionic liquid gels can serve as an “adhesive” between 
two electrodes (Figure 14.1). In their work using CnT/bacterial nanocellu-
lose electrodes, Kang et al. utilized a pS-peo-pS triblock copolymer scaffold 
to produce a gel via the co-solvent method, claiming that “the hydropho-
bic polystyrene block ensures good adhesion to the hydrophobic CnT elec-
trode,” while the peo block retains the ionic liquid in the polymer scaffold.109 
on the other hand, Tamilarasan and ramaprabhu used an ionic liquid gel 
based on a pAn scaffold and BMI TFSI. pAn was chosen due to its mechani-
cal robustness.110 A dispersion of graphene in isopropanol was spray-coated 
onto each side of the freestanding, pAn-supported ionic liquid gel, which 
adhered well to the gel. This electrode/ionic liquid gel/electrode assembly 
was subsequently sandwiched between copper foil current collectors and 
acrylic sheets so that electrical contact and low interfacial resistance, respec-
tively, could be achieved.

A robust ionic liquid gel with durable mechanical characteristics is desir-
able for wear and was demonstrated in a series of parallel plate superca-
pacitor devices by Liu et al.111–113 Two of this team’s earlier ionic liquid gels 
involved formation of a polymer scaffold by self-initiation using the chlorine 
anion of the ionic liquid. This is atypical of uV-initiated polymerization of 
ionic liquid gel scaffolds, which usually requires a separate photoinitiator in 
addition to the monomer and ionic liquid. In another instance of their ionic 
liquid gel formulation, inorganic titanium oxide nanoparticles were added as 
a uV initiator. A cotton mask was also added for more robustness. For practi-
cal use, however, flexible current collectors needed to be integrated with the 
device (the authors of this work integrated it between rigid current collector 
plates for testing).111–113 Furthermore, packaging needs to be incorporated 
to hold freestanding components together. Li and Ardebili demonstrated 
a flexible battery using an ionic liquid gel electrolyte based on pVDF-hFp 
(polymer scaffold), eMI dicyanamide (eMI DCA) (ionic liquid), and lithium 
perchlorate (LiClo4) (lithium ion source), with pVDF-based electrodes and 
aluminum foil current collectors laminated together.114 Before lamination, 
the electrodes were pre-wetted with LiClo4/eMI DCA solution.114 researchers 
from the uS Army natick Soldier research, Development and engineering 
Center115 were able to show that graphene conductive sheet current collec-
tors made intimate contact with activated carbon fabric (ACF) electrodes in 
flexible supercapacitor devices incorporating uV-cured polymer scaffold-sup-
ported ionic liquid gels26,36 formulated by the panzer group. Device compo-
nents were assembled and packaged by a silicone overmolding process that 
interfaced all of the components together and yielded device resistances 
as low as 7 Ω.115 The silicone packaging helped to prevent the components 
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from delaminating, which can be a major problem for flexible energy storage 
devices that undergo mechanical deformation.17

As researchers have focused on stronger component adhesion to prevent 
delamination, flexible energy storage devices with stretchable characteristics 

Figure 14.1    Flexible parallel plate supercapacitors based on polymer ionic liquid 
gel electrolytes. (a) pS-peo-pS ionic liquid gel electrolyte paired with 
CnT bacterial nanocellulose electrodes. reprinted with permission 
from ref. 109. Copyright (2012) American Chemical Society. (b) pAn–
ionic liquid gel electrolytes with spray-coated graphene. reprinted 
from energy, 51, p. Tamilarasan, S. ramaprabhu, graphene based all-
solid-state supercapacitors with ionic liquid incorporated polyacrylo-
nitrile electrolyte, 374–381, Copyright (2013) with permission from 
elsevier.110 (c) Chitosan–hydroxyethyl methacrylate (heMA) ionic 
liquid gel electrolyte paired with activated carbon (AC) electrodes. 
reproduced from ref. 111 with permission from The royal Society 
of Chemistry. (d) Stretchy pVDF-hFp ionic liquid gel combined with 
double-walled CnTs dispersed in an ionic liquid gel matrix. reprinted 
with permission from Institute of physics – Journals, w. Kim, w. Kim, 
3V omni-directionally stretchable one-body supercapacitors based on 
a single ion-gel matrix and carbon nanotubes, nanotechnology, 27 
(22), 1–9, 22 April 2016 © Iop publishing. reproduced with permis-
sion. All rights reserved.93 (e) Flexible supercapacitor encapsulated in 
silicone incorporating pegDA/eMI TFSI ionic liquid gel electrolyte, 
AC fabric electrodes and graphene foil current collectors.115
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have also emerged. Stretchable ionic liquid gel supercapacitors91,93,116 were 
demonstrated using pVDF-hFp. Lee et al. demonstrated stretchable ionic 
liquid gels based on eMI TFSI and pVDF-hFp by spreading the ionic liquid 
gel precursor onto stretchy electrodes.116 The electrodes were made from 
CnT sprayed onto micro-roughened pDMS. The authors optimized adhesion 
between the CnT electrode and ionic liquid gel by drop casting ionic liquid 
gel precursor onto pre-stretched CnT electrodes. using pMMA as the poly-
mer scaffold, a highly stretchable BMI TFSI-based ionic liquid gel electrolyte 
was prepared by Tamilarasan and ramaprabhu, which was also used as a 
supporting medium for a hydrogen exfoliated graphene electrode material.91 
The assembled supercapacitor showed a specific capacitance of 83 F g−1, an 
energy density of 26.1 w h kg−1, and a power density of 5 kw kg−1 at a specific 
current of 2.67 A g−1, in terms of mass of total electrode material. Kim and 
Kim demonstrated stretchable ionic liquid gel supercapacitors with the same 
electrolyte formulation as Lee et al.; similar to the work of Tamilarasan and 
ramaprabhu, the electrodes in these devices incorporated the ionic liquid 
gel to facilitate intimate contact between the electrode and electrolyte.93 The 
energy and power density of these devices were 20.3 w h kg−1 and 3.7 kw kg−1, 
respectively, and those values remained stable after 500 cycles of 50% strain.93

Interdigital architectures can be used over parallel plate architectures to 
minimize the risk of electrically shorting the device. This is especially advan-
tageous through device handling. The ha group at Korea university has 
demonstrated a few examples92,117–119 of polymer-supported ionic liquid gel-
based interdigital devices, which are all shown in Figure 14.2. Furthermore, 
their demonstrations provide design strategies for imparting characteristics 
such as stretchability and a waterproof nature, which is advantageous for 
wearability. one of their first devices (Figure 14.2a) used an ionic liquid gel 
composed of the triblock copolymer pS-pMMA-pS in eMI TFSI.117 The pS-pM-
MA-pS-supported ionic liquid gel precursor solution was deposited on top of 
CnT electrodes spray-coated onto patterned titanium/gold (Ti/Au) current 
collectors. Individual devices were assembled into an array, and stretchability 
in the assembly was achieved by using electrical interconnects in a serpentine 
pattern, along with a pDMS packaging material. Subsequent microsuperca-
pacitor device arrays92,119 utilized an ionic liquid gel synthesized via uV-initi-
ated polymerization of a pegDA scaffold in situ. The pegDA-supported ionic 
liquid gel enables patterning of the electrolyte in a desired area; in this case, 
it was printed atop multiwalled carbon nanotube (MwCnT) electrodes and 
Ti/Au current collectors on a flexible polyethylene terephthalate (peT) sub-
strate. This construction constitutes the supercapacitor device cell seen in 
Figure 14.2b. This device cell was seen to be stable in air without packag-
ing (Figure 14.2c).118 waterproof and stretchable arrays were demonstrated 
with this cell using liquid metal interconnects and ecoflex rubber material 
(Figure 14.2d).119 Lim et al. reported highly stretchable microsupercapaci-
tors exhibiting high performance using a pegDA-supported eMI TFSI ionic 
liquid gel electrolyte and CnT electrodes.92 The microsupercapacitors were 
tested in an array, which consisted of a pair of parallel connected and four 
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serially connected capacitors. The formed supercapacitor array exhibited a 
high energy and power density of 25 mw h cm−3 and 32 w cm−3 (in terms of 
the total volume of the electrodes) and remained electrochemically stable up 
to 100% uniaxial and 50% biaxial stretching strain.

14.3.1.2  Colloidal Ionic Liquid Gels Integrated into Potential 
Wearable Energy Storage Devices

As mentioned previously, colloidal ionic liquid gels are fabricated in one of 
two ways: (1) through the addition of nanoparticles to an ionic liquid, or (2) 
in situ via sol–gel reaction. Silica-based ionic liquid gels can take anywhere 
from fifteen minutes to several days28 to render into solid gel form, depend-
ing on the formulation. A typical fabrication process consists of using the 

Figure 14.2    Flexible interdigital supercapacitors based on polymer ionic liquid gel 
electrolytes. (a) Ionic liquid gel deposited on top of printed coplanar 
single-walled CnT electrodes connected with serpentine interconnects 
reprinted with permission from ref. 117. Copyright (2013) American 
Chemical Society. (b) Ionic liquid gel patterned on top of interdigital 
MwnT electrodes printed on flexible peT. A stretchable array is made 
by using liquid metal to connect single supercapacitor cells and eco-
flex as packaging material. reprinted with permission from ref. 92. 
Copyright (2014) American Chemical Society. (c) Single supercapaci-
tor device cell as made in (b), but with no packaging, and with demon-
strated stability in air for 8 weeks. reprinted with permission from ref. 
118. Copyright (2015) American Chemical Society. (d) Stretchable and 
stacked array made of single supercapacitor cells as in (b), encapsu-
lated in ecoflex elastomer and demonstrated to work under different 
mechanical stresses and underwater. reprinted with permission from 
ref. 119. Copyright (2016) American Chemical Society.
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ionic liquid gel in a ‘slurry’ state to apply onto the electrodes. The low viscosity 
of silica-based ionic liquid gel precursors enables good wetting of the elec-
trodes,120 which is advantageous for achieving very thin films (∼100 µm).121 
however, precursor slurry application requires careful control of its wetting 
behavior so that a clean electrical connection can be made to the electrode. 
Application of the ionic liquid gel is achieved by utilizing a finite amount 
of precursor volume or using a mask to define areas on porous electrodes. 
Integration of silica-based ionic liquid gel electrolytes with in-plane interdig-
ital microsupercapacitor architectures has mostly been explored due to the 
established methods used by the semiconductor industry to fabricate thin 
films. For instance, Leung et al. incorporated ionic liquid gels synthesized 
via sol–gel reaction of vinyltriethoxysilane, TMoS, and FA in BMI TFSI. The 
authors used a mask to deposit ionic liquid gels on top of carbon electrodes 
and gold current collectors sequentially printed onto Sio2.

121 on the other 
hand, wang et al. also incorporated their fumed silica-supported eMI TFSI 
ionic liquid gel onto interdigitated carbon electrodes printed on a silicon 
wafer. electrical connection was made to the device using silver epoxy to cop-
per wire. no mention of a mask was stated as being used for the ionic liquid 
gel integration, but the volume was probably controlled to obtain a repeat-
able electrolyte/electrode interface.86 Their technique was claimed to be eas-
ily scalable, which is promising for ionic liquid gel entry into commercialized 
micro-integrated circuits. Silica-supported ionic liquid gels have also been 
demonstrated to be stable at the high temperatures present in reflow sol-
dering,120 a technique used to connect electrical components, which is also 
advantageous for integration of these materials into microelectronics.

Silica-based ionic liquid gel microsupercapacitors have also been fab-
ricated in the conventional parallel plate architecture using AC,68 electro-
phoretic deposition-grown CnTs,122 and silicon nanowires (Sinws)120 as 
electrode materials. For parallel plate architectures, a thin gasket between 
the electrodes is typically utilized for the precursor solution to control the 
geometry of the ionic liquid gel as it cures.122 Alternatively, prepared elec-
trodes can be coated with silica/ionic liquid gel slurries and subsequently 
assembled;68,123 however, there needs to be something that physically holds 
the coated electrodes together during use. Kang et al. demonstrated how sil-
ica-supported ionic liquid gel alone could be used to adhere two CnT-coated 
office paper electrodes in a parallel plate architecture for a flexible superca-
pacitor device.87 The authors coated a slurry of their ionic liquid gel – which 
was made by adding fumed silica to eMI TFSI – onto two CnT/office paper 
electrodes, and waited for the slurry to dry. Another layer of ionic liquid gel 
slurry was subsequently applied to ‘gently’ adhere the two dried ionic liq-
uid gel-coated CnT/office paper electrodes together. The device had a wide 
electrochemical window of 3 V, retained almost 100% of its capacitance 
after 4000 cycles and was able to bend to a radius of curvature of 4.5 mm. 
The maximum power and energy density of the CnT-based supercapacitors 
were 164 kw kg−1 and 41 w h kg−1, respectively. The device performed the 
same after being bent 100 times; however, the authors did not show how the 
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device performs during bending. This would be helpful to know for dynamic 
structural integrity assessment of the ionic liquid gel electrolyte for wearable 
applications. parallel plate architectures have a higher risk of short-circuiting17 
if the electrodes make contact with one another through the ionic liquid gel 
while being mechanically flexed.

As mentioned previously, to minimize the risk of device short-circuiting 
that can occur in flexible devices, it is best to use the in-plane interdigital 
electrode architecture.16 Interdigital supercapacitors incorporating silica- 
supported ionic liquid gels via fumed silica addition124 and sol–gel reaction 
within the ionic liquid125 have been demonstrated. el Kady and Kaner incor-
porated their ionic liquid gel (fumed silica in BMI TFSI) onto interdigitated 
graphene electrodes that were laser scribed on a sheet of peT plastic.124 The 
authors used polyimide (Kapton) tape to define and control the area where 
the ionic liquid gel electrolyte was to be coated. electrochemical results 
showed that the device retained the same capacitive behavior as in its flat 
state while being twisted at different angles and bent at different radii of 
curvature (2.5–7 mm).124 The electrochemical window achieved during cyclic 
voltammetry testing and galvanostatic charge/discharge testing for a single 
device was 2.5 V.124 hsia et al. integrated an ionic liquid gel based on the 
sol–gel silica formulation developed by horowitz and panzer56 with chemi-
cal vapor deposition-grown, vertically-aligned carbon nanotubes transferred 
onto a thin polycarbonate sheet.125 The device reached a higher electrochem-
ical window of 3 V and could be bent to radii of curvature ranging from 
1.5–6.5 cm.

14.3.1.3  Ionic Liquid Gels in Textile Energy Storage
The durable nature of polymer-supported ionic liquid gels suggests a vision 
of energy storage devices integrated into things we wear daily. The studies 
summarized above describe energy storage devices that, after being assem-
bled, could be fabricated separately and then adhered to clothing or worn 
as part of an accessory to power wearable flexible electronics. Textile energy 
storage has recently been explored by researchers, and the concept of uti-
lizing nontoxic ionic liquid gels as an alternative electrolyte to boost energy 
density has been suggested.126 In this section, some thoughts on how ionic 
liquid gel electrolytes can realistically be incorporated into textiles by exam-
ining relevant work and how it pertains to different steps of textile manu-
facturing are outlined. Figure 14.3 shows the textile manufacturing process 
steps conducive to ionic liquid gel integration, based on recent developments 
of ionic liquid gel–textile composites found in the literature.

14.3.1.3.1  Fiber and Yarn Production.  examples of fiber and yarn energy 
storage devices have been reported in the literature (ref. 126 includes a com-
prehensive overview); however, very few devices incorporate ionic liquid 
gels. utilizing ionic liquid gel electrolytes can enable easy synthesis of such 
devices. Kozlov et al. reported the earliest description of an ionic liquid gel 
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fiber supercapacitor in 2005.127 In their work, hollow single-walled carbon 
nanotube fibers were synthesized and separately coated with a “polymer 
ionic liquid–solid electrolyte system [comprised of] (methyl methacrylate 
polymerized in the presence of the ionic liquid electrolyte, ethylmethylimid-
azolium trifluoromethylsulfonyl imide)”127 (details of the ionic liquid gel syn-
thesis in this work were not reported). Two coated fibers were then twisted to 
form a yarn supercapacitor with a specific capacitance of 7 F g−1 (normalized 
by device weight), as measured using cyclic voltammetry. More recently, Lyu 
et al. reported a yarn supercapacitor with a more detailed description of the 
ionic liquid gel synthesis and device fabrication. The ionic liquid gel utilized 
pVDF-hFp as its scaffold and eMI BF4 as the ionic liquid.128 As for yarn device 
fabrication, the core of the yarn was constructed of stainless steel and carbon 
nanotubes, acting as current collector and electrode, respectively. As with the 
device reported by Kozlov et al., each yarn acts as one part of the current 
collector/electrode pair. each yarn is then coated in ionic liquid gel twice, 
resulting in a coating that is 20–25 µm thick. each coated yarn is then twisted 
together to create a 2-ply yarn supercapacitor device as depicted in Figure 
14.3a and 14.3b.

14.3.1.3.2  Textile  Printing.  printing onto textiles involves incorporating 
inks physically adsorbed onto the surface and into the bulk of the fabric. 

Figure 14.3    Steps in textile production where ionic liquid gels can be integrated. 
Ionic liquid gels can be coated, printed, or incorporated into textiles 
as a standalone device. (a) and (b) Ionic liquid gels can coat the sur-
face of fibers and yarn to create “3D” devices (each fiber can act as an 
electrode). (c) and (d) Ionic liquid gels can be printed onto fabric. (e) 
Freestanding ionic liquid gel devices can be sewn or adhered onto 
fabric before assembling a wearable system.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
03

81
View Online

http://dx.doi.org/10.1039/9781788010535-00381


Chapter 14404

Ionic liquid gels have been printed on textiles for wearable sensors, but not 
too many examples exist for ionic liquid gels printed on textiles for wearable 
energy storage. A device architecture that leverages textile printing of ionic 
liquid gels is an avenue worth exploring since they can easily be integrated 
with textiles. now that microsupercapacitors are finding a place within inte-
grated circuits and conductive materials are being printed onto textiles,129–131 
an interdigitated architecture is a design that could be used in order to enable 
ionic liquid gel-based energy storage on clothing. The uV curing of polymer 
scaffolds to form ionic liquid gels offers a way to achieve this. For example, 
Takamatsu et al. selectively printed uV-cured polymer scaffold-supported 
ionic liquid gels onto knitted textiles inspired by a Japanese kimono dyeing 
process.5 This process involved filling the bulk of the fabric with pDMS to cre-
ate a stencil in order to selectively choose areas on which to incorporate ionic 
liquid gel. The ionic liquid gel consisted of eMI ethyl sulfate (eMI etSo4) 
as the ionic liquid, and pegDA and the photoinitiator 2-hydroxy-2-methyl-
propiophenone as polymer scaffold precursor and uV initiator, respectively.5 
Another promising method of printing ionic liquid gels is inkjet printing. 
Delaney et al. used uV-curable ionic liquid gel inks to print ionic liquid gels 
onto paper. The researchers used a piezoelectric-driven Autodrop system to 
deposit ionic liquid gel precursor solution onto paper, and then placed the 
assembly into a uV chamber to cure.132 Although printing was not performed 
on a textile material, this substrate could be easily exchanged for one.

14.3.1.3.3  Freestanding Device Incorporation.  Lastly, as outlined in this 
section, researchers have developed freestanding ionic liquid gel-based 
energy storage devices. If one were to incorporate these freestanding devices 
into a wearable system, one could simply use adhesive or devise a way to 
package it in order to sew it onto clothing. The packaging method described 
by researchers from the uS Army natick Soldier research, Development and 
engineering Center not only allowed supercapacitor components (and free-
standing ionic liquid gel electrolytes) to interface intimately with one another, 
but also afforded a material that allowed the device to be sewn onto a textile 
(Figure 14.1e).115 The next section outlines factors to take into account when 
incorporating freestanding devices into wearable systems.

14.3.2   Considerations for Integrating Ionic Liquid Gel-based 
Energy Storage into Wearable Systems

Developing wearable electronics involves considering both the design of 
printed circuit boards and the design of suits with mobility. Currently, wear-
able electronics has mostly focused on achieving the desired application 
performance, while powering the application remains an afterthought. This 
results in bulky systems that are uncomfortable to wear. In order to design an 
all-flexible electronic application, the integration of a flexible power source 
should be taken into account from the start by simultaneous consideration 
of preserving electronics and wearability.
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14.3.2.1  Device Selection Based on Electrical Properties
electronic designers are advised to choose a battery to power their portable 
electronic applications based on “price, energy density, shelf life, constancy 
of voltage during discharge, peak current capability, temperature range, and 
availability.”4 Although guidance for choosing supercapacitors is similar, it is 
largely design-based, since the energy density of supercapacitors limits them 
from being a primary energy source. A supercapacitor’s voltage continuously 
drops during discharge, and so an additional parameter by which superca-
pacitors can be compared against one another is the characteristic discharge 
time (or ‘time constant’). Since most ionic liquid gel-based energy storage 
technologies still reside in non-commercial sectors such as university and 
government labs, price and availability are currently unavailable as bases for 
comparison. Voltage, current and resistance values of energy storage devices 
are needed when designing integrated circuits for electronic applications, in 
addition to knowing energy density and capacity/capacitance. Tables 14.3 
and 14.4 show an overview of the flexible ionic liquid gel-based energy stor-
age devices discussed in the previous section that can aid with incorporating 
ionic liquid gel devices into electronic circuit designs.

14.3.2.2  Device Development Towards Wearability
14.3.2.2.1  Durability  and  Comfort.  when making electronics wearable, 
durability and comfort are two properties to be maintained.133 Body worn 
systems will have to move with the wearer, which means that future wearable 
flexible energy devices will undergo the constant mechanical stresses and 
strains that textiles endure. while no standardized testing exists for these 
devices, flexible ionic liquid gel-based energy storage devices are reported 
to be resilient to various types of mechanical stress. Table 14.5 points to ref-
erences that include devices demonstrating electrical performance stability 
after enduring the listed mechanical stress.

Comfort, on the other hand, is affected by size, weight, shape and place-
ment of the electronic component.133 As a start, developers of wearable elec-
tronics can find guidance for the placement of flexible and stretchable energy 
storage systems on body-worn systems from the use of “lines of non-exten-
sion,” a concept developed by Arthur Iberall in the 1960s for providing more 
mobility to space suits.134 The left portion of Figure 14.4 depicts this concept 
on a body in motion. These lines indicate the direction in which the skin 
does not elongate during body movement.135 Areas between the drawn lines 
on the body are potential areas of placement for stretchable energy storage; 
however, in areas of limited stretch, ionic liquid gel-based devices that have 
some flexibility but not stretchability may be incorporated on those parts of 
the body. According to watkins and Dunne, it is difficult to outline a list of 
desirable characteristics for mobile clothing designs due to the varied move-
ment needs required for each activity, which depends on the environment 
and the wearer.135 Thus, wearable energy storage device developers need to 
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Table 14.3    Flexible parallel plate ionic liquid gel supercapacitor devices.

gel Components electrical performance

Ionic Liquid Scaffolda electrodeb
Capacitancec 
(F gelectrode

−1)
Voltage 
window (V) eSr (Ω)

energy densityc 
(w h kg−1)

power densityc 
(kw kg−1) Cyclesd ref.

eMI Tfe pVDF-hFp MwCnT 41.0 2.0 20.0 17.0 13.0 >50 000 107
eMI TFSI Silica CnT 134.6 3.0 30.5 41.0 164 4000 87
eMI TFSI pS-peo-pS CnT 50.5 3.0 31.3 15.5 1.5 5000 109
eMI FAp pVDF-hFp MwCnT 76.0 2.0 28.7 16.2 20.3 10 000 108
BMI TFSI pAn graphene 108.0 3.0 4.4 32.3 82 1000 110
BMI TFSI pMMA graphene 83 3.0 16.0 26.1 5 1000 91
BMI Cl Chitosan-heMA AC 4.0 1.0 – – – 2000 111
BMI Cl Chitosan-heMA/water AC 43.5 1.0 – – – – 112
eMI TFSI pVDF-hFp SwCnT 47.3 3.0 45.0 15.7 1.48 3000 116
BMI BF4 DMAA, MBAA, Tio2 and 

cotton mask
AC 26.0 3.0 – – – – 113

eMI TFSI pVDF-hFp DwCnT 66.3 3.0 20.0 20.3 3.7 5000 93
eMI TFSI pegDA ACF 36.4 1.8 9.1 16.4 0.9 500 115
eMI TFSI TFeMA/peTA ACF 47.1 1.8 6.9 21.2 1.2 500 115

a Abbreviations in this column not previously defined: DMAA = N,N-dimethylacrylamide; MBAA = methylene-bis-acrylamide; Tio2 = titanium oxide; TFeMA/
peTA = 2,2,2-trifluoroethyl methacrylate/pentaerythritol tetraacrylate.

b Abbreviations in this column not previously defined: SwCnT = single-walled carbon nanotube; DwCnT = double-walled carbon nanotube.
c highest reported.
d Defined by constant current charge–discharge testing.
e Combined with magnesium trifluoromethanesulfonate and a co-solvent of ethylene carbonate and propylene carbonate.
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work with clothing designers to come up with an optimal way to harness the 
mechanical benefits of their devices into wearable systems.

14.3.2.2.2  Safety.  protection for flexible energy storage is also crucial not 
only for electrical insulation, but also for preventing the wearer from mak-
ing contact with chemical components. An advantage of using ionic liquid 
gel electrolytes is reduced flammability,136 which has been demonstrated 
by researchers in an effort to improve the safety of lithium ion batteries.137 
As for skin toxicity of ionic liquid gels – the effect of prolonged exposure to 
the material is unknown, although Takamatsu et al. demonstrated on-skin 
electroencephalography sensors based on formulations similar to super-
capacitor electrolytes for a period of four days without any skin irritation.5 
To be safe, some kind of inert material should probably be used for packag-
ing. Additionally, packaging can help reduce the permeation of oxygen and 
water into ionic liquids, which can degrade performance. There also exists 
the potential to use ionic liquid gel electrolytes without packaging. The ionic 
liquid gel microsupercapacitors developed by Kim et al.118 using eMI TFSI as 
the ionic liquid showed stability by retaining 80% of its original capacitance 

Table 14.4    Flexible interdigital ionic liquid gel supercapacitor devices (single cell).

gel 
Components electrical performance

Ionic 
Liquid

Scaf-
fold electrode

Capaci-
tancea  
(mF cm−3)

Voltage 
window 
(V)

eSr 
(Ω)

energy 
densitya 
(mw h 
cm−3)

power 
densitya 
(w 
cm−3) Cyclesb ref.

BMI 
TFSI

Silica graphene 2400 2.5 9 2.0 15 30 000 124

eMI 
TFSI

Silica VACnTc 86 3.0 450 0.1 2 – 125

eMI 
TFSI

pegDA MwCnT 13 200 3.0 66 20.0 60 10 000 92

eMI 
TFSI

pegDA MwCnT 1800 1.5 234 – – 30 000 119

a highest reported.
b Defined by constant current charge–discharge testing.
c VACnT = vertically aligned carbon nanotubes.

Table 14.5    Flexible ionic liquid gel energy storage devices demonstrating physical 
capabilities.

physical Stress references

Flexing 87, 109, 111, 119, 125
Compression 112 and 113
Twisting 119
Stretching 91, 92, 93, 116, 117, 119
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for 8 weeks and 30 000 cycles when tested at room temperature (27 °C) and 
50% relative humidity. Although these devices were geared towards on-chip 
microsupercapacitors, this demonstration showed the potential of the use 
of an easy-to-fabricate ionic liquid gel that could also be used for wearable 
applications. If ionic liquid gels were to be used as an outer coating, however, 
their mechanical characteristics would have to be optimized to withstand 
physical abrasion. however, the question of whether wearable electronics 
would be capable of being laundered126 or rugged enough to weather the 
elements is always posed, implying that packaging of such devices is still 
desirable. Kim et al. demonstrated waterproof device packaging for ionic liq-
uid gel supercapacitors by encapsulating their devices in ecoflex, a silicone 
rubber material that offers stretchability.119 when the encapsulated device 
was submerged underwater for four days, the authors found that 82% of 
the original capacitance was retained. Degradation of device performance 
was attributed to water permeation through the thin ecoflex packaging film. 
Although four days is not a long time, a working, stretchable device that can 
be used underwater has nevertheless been demonstrated.

14.4   Conclusions
Ionic liquid gel electrolytes have characteristics that enable the realization of 
safer energy storage with increased energy density. on the material level, the 
choices of ionic liquid and supporting scaffold are parameters that can be 

Figure 14.4    Lines of non-extension on a body (for further reading please see ref. 
134). potential locations of flexible energy storage for wearability.
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adjusted in order to yield desirable ionic conductivities and electrochemical 
windows for the material itself. while many combinations of various poly-
meric or other scaffolds with different ionic liquids have been used to suc-
cessfully create ionic liquid gels to date, these represent only the tip of the 
iceberg when it comes to exploring the nearly endless variations that may be 
achieved by varying the chemical identities of both components. recogni-
tion of the important role of chemical interactions (e.g. ion–dipole, hydro-
gen bonding, Lewis acid–base) between the ionic liquid components and the 
scaffold on the properties of these composite materials is only just beginning 
to be considered for most ionic liquid gel systems. gaining a deeper under-
standing of how these interactions can be leveraged to maximize the elec-
trochemical characteristics of ionic liquid gels will naturally lead to better 
design rules for creating the next generation of nonvolatile gel electrolytes.

Ionic liquid gel electrolytes may prove to be imperative for the development 
and commercialization of safe, flexible, and environmentally friendly lithium 
metal-based energy storage devices. In terms of polymer-based scaffolds, the 
chemical nature of the polymer network needs to be more thoroughly investi-
gated to gain a deeper understanding of the interactions between the polymer 
network and Li+ as well as its counter anion. The most critical factor for the 
commercialization of lithium metal-based batteries is the interfacial stability 
of the lithium metal anode and the electrolyte as lithium metal is plated and 
stripped from the surface. Cyclic charge–discharge testing on lithium/ionic 
liquid gel/LiFepo4 cells must be more thoroughly investigated up to at least 
∼500 cycles, which would match the typical lifetime of a commercially avail-
able lithium-ion battery; additionally, the interfacial resistance must be mea-
sured and remain relatively constant throughout the lifetime of the battery. 
Furthermore, the capacity must be further improved at higher C-rates (∼1C) to 
prove the viability of ionic liquid gel electrolytes for lithium metal batteries, in 
which the lithium-ion transference number and its diffusivity must be further 
enhanced in order to increase the discharge capacity of the battery to meet the 
power and energy demands of contemporary applications.

In supercapacitors, ionic liquid gel materials with a wide electrochemical 
stability window and high ionic conductivity are promising as electrolytes. 
however, some problems remain that may limit the large-scale application 
of ionic liquid gels. Ionic liquids are often costly and potentially toxic, so it is 
necessary to find environmentally friendly substitutes and/or develop benign 
ways to synthesize ionic liquids. In addition, creating electrode materials 
with the optimal pore size and hierarchical structure to allow ionic liquid 
ions to effectively polarize within them, could also improve the performance 
of ionic liquid gel-based supercapacitors to some extent.

For wearable applications, a more thorough understanding of how best 
to incorporate ionic liquid gels into a final energy storage device is required. 
Several flexible devices for potential wearable application have been reported, 
although much room for improvement and innovation remains. Lastly, in order 
for ionic liquid gel devices to be viable, it is important that the devices meet the 
required demands from both the electrochemical and wearable viewpoints.
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15.1   Introduction
the umbrella term “Wearable technologies” has been coined to describe tex-
tiles, garments or devices with embedded sensors and data collection/trans-
mission capabilities, which are worn by an individual. this allows the wearer 
to measure signatures generated by themselves (components of the Quan-
tified Self) and/or sense environmental stimuli.1,2 Such technologies may 
therefore include any one of a number of individual technologies, including 
smart/functional materials, electronic textiles (e-textiles), and flexible elec-
tronics, as well as an array of different technology platforms ranging from 
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functional garments (clothing, footwear, gloves) through to miniaturised 
devices integrated into standard wearable items (watches, glasses, contact 
lenses etc.).1–3 access to these technology options has been supported by 
accelerating developments in materials science (smart fabrics, miniaturised 
sensing devices) in combination with continued drivers for increasing access 
to greater resolution of signals of importance to public health. a vast and 
disruptive commercial market for person-worn physiological monitoring 
technologies has therefore emerged, targeting markets in sport and health-
care, and catalysing a debate as to the validity of these types of technology in 
preventing injury/death and to enhance performance.4–6

15.2   Sensing with Wearable Technologies
as the technologies available in wearable form have become more sophisti-
cated, the options to exploit wearable technologies beyond standard phys-
iological measurements into wider sensing applications has grown.7 here, 
chemical sensing is discussed and defined as the transformation of chem-
ical information, such as molecular identity, ion species, ph, and so forth, 
into a signal that can be interrogated analytically. thus, chemical sensors 
are the technology being employed to interact with the target environment 
and analyte, provide a transduction mechanism, and furnish a readable 
response. to add further to this definition, the chemical targets considered 
herein are small molecules and these can be found in a range of environ-
ments and scenarios, ranging from small gas molecules, to metabolites, 
bio-markers, and compounds of environmental and/or health and safety 
concern. Markets for these classes of sensors would be available for those 
responsible for ensuring health and safety within work environments as 
well as medical practitioners responding to drivers for remote monitoring 
of patient health in addition to smaller communities such as emergency 
first responders and specialists within the defence and security sectors.8–10 
as such, development of wearable sensors for specific chemical materials 
present in environments and/or produced by an individual, as a result of 
exposure or acute/chronic disease, remains an area of high investment 
within the research community.

not all sensor types require solvents to facilitate a transduction response; 
for example, spectroscopic and spectrometric approaches allow for direct 
detection of target analytes, and require no solvents or additional techniques 
to provide a signalling output. as a consequence, development of wearable 
sensors exploiting these technologies may be limited by fundamentals of 
miniaturisation, energy requirements, computation power, cost and so forth. 
however, many other sensing strategies require the use of sample collection 
from the environment and/or from the individual, processing of that sample 
into a form appropriate for analysis, and then generation of a signal output 
using multiple interconnected steps and/or techniques. all of these steps 
may impose power requirements and the need for solvent/liquid handling. 
developing these classes of technology into a wearable solution requires 
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solvents with particular physical and chemical properties to be compatible 
with integration and functionality in a wearable context.

15.3   The Benefits of Ionic Liquids for Use in 
Wearable Chemical Sensors

in a human-centric (worn close to the skin or on the skin of an individual) 
wearable concept, the sensing materials incorporate flexible electronics,11–16 
papers17–19 and organic elastomers20–22 that are soft, flexible and stretchable 
to conform to the non-linear shape of the body and maintain contact to 
the sensing surface throughout the constant multi-directional movements 
and mechanical stresses that the surface, e.g. skin, will undergo. these 
mechanical property requirements inherently lead to the consideration of 
liquid-based chemical sensors, as the liquid phase can undergo substantial 
deformations without detrimental impact on performance. Sensing compo-
nents are also being embedded into functional yarns,2,21,23–25 where the sens-
ing component must be viable as a garment, displaying additional facets 
above a sensing capability, i.e. they must be flexible, durable, and ergonomic 
(breathable, comfortable) in order to adequately replace existing clothing.

as discussed in previous chapters, ils are typically composed of large 
organic cations and small inorganic or organic anions. through this com-
bination of mismatched sizes and asymmetry the Coulombic interactions 
are reduced, crystal packing frustrated and entropic contributions enhanced 
leading to very low melting points resulting in them usually being liquids 
below 100 °C. as a class of solvents, ils exhibit some unusual and highly 
desirable physical properties, and these will also have an impact on their 
selection as components in wearable sensors, including:
  

 – Favourable solvation behaviour to enable uptake and concentration of 
analytes, potentially in a selective manner.

 – high thermal stability and large liquid temperature range allowing 
for the use of the sensors in multiple environments and long-term 
operation.

 – negligible vapour pressure enabling long-term use through retention of 
sensor structure.

 – optical transparency facilitating interrogation of reporter groups via 
spectroscopic means.

 – high electrochemical stability and conductivity window enhancing the 
options for electrochemical-based sensing of analytes.

  
it is noteworthy that many of these properties cannot be found, especially 

in conjunction with each other, in standard aqueous or organic solvents. 
Furthermore, each of these characteristics can be manipulated by judicious 
selection of the ions used to form the il.

although the application of ils to novel wearable sensors is currently 
in its infancy, step changes in components of the sensing concept such as 
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sampling and sensing capabilities have already been made. in addition, 
although out of the scope of this chapter, the impact of ils on future power 
sources that could enable flexible batteries to be included in wearable devices 
should not be ignored. For example, Zhang et al.26 have investigated the use 
of ionic liquid-doped gel polymers as electrolytes for batteries and have 
found that with 40–50 vol% ionic liquid, the resulting electrolyte has superior 
ionic properties and lower internal resistance compared with the undoped 
gel polymer (ethylene carbonate/propylene carbonate), combined with 
a high rest voltage and discharge capacity (3.81 V, 87.6 ma h g−1 and 3.94 V,  
91.8 ma h g−1, respectively). research has also shown that il hybrid systems have 
potential for use in lithium batteries, such as the use of il-tethered nanopar-
ticles, which have been shown to retard lithium dendrite growth at moderate 
current densities, which could improve cell operating times by several hundred 
hours.27 Compared with pure propylene carbonate (pC), the use of il nanopar-
ticle hybrids dispersed within the pC retarded lithium dendrite growth, and 
increased the time before short circuit by one order of magnitude. While ils 
have a lower thermal conductivity compared to solid-state materials, they have 
shown promise due to their tuneable properties and the possible coupling with 
polymers or the direct use of polymeric ionic liquids could allow for the manu-
facture of flexible generators, which would be ideal for wearable devices.28

in the context of this chapter, the term sensor is therefore considered to 
refer predominantly to material-based systems that present an interface for 
interaction (e.g. molecular recognition, chemical reactivity, solvation) with 
the environment and target analytes. these requirements, combined with 
other beneficial properties (vide infra), have resulted in the assessment of 
ils as components in many sensor materials. this chapter will therefore 
consider case studies of where ils have already had a beneficial impact on 
optimising sensing applications through (a) enhancement of the selectivity/
specificity of analyte interactions, (b) enhancements of sensor performance, 
such as electrochemical response, and (c) the imparting of novel properties 
to material structure and assembly. Where ils have already been incorpo-
rated into early wearable technologies, consideration of how these solutions 
might transition to real world requirements for man-worn sensors to provide 
a viable sensing concept is also discussed.

15.4   Exploiting the Selective Solvation of Ionic 
Liquids in Sensor Systems

With any sensing device, the sampling of the target material from the envi-
ronment (vapour, gas, liquid or solid) and effective delivery of that sample to 
the transduction system is a fundamental requirement. ideally, where low 
power in situ detection systems are desirable, this process would be entirely 
passive.

the tuneable solvent properties of ils have long been understood to be 
an advantage in enhancing the selective (the ability to respond only to the 
target) uptake of materials and thus improve the sensitivity (the ability to 
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discriminate between small differences in concentration) and accessibility 
of sampling strategies29–31 in the ideal wearable system. the design potential 
of ils is almost limitless with an estimated 108 different possible single anion 
and cation combinations and billions more combinations possible if indi-
vidual ils are combined.32,33 Within these possible combinations, particular 
chemical functionalities are well understood. For example, potential issues 
experienced in atmospheric sampling due to water contamination may be 
alleviated through the use of long alkyl chains on the cation and appropriate 
selection of counter-anions (e.g. per-fluoro-based ions) to furnish hydropho-
bic ils.34–36

taking full advantage of the tuneable solvation behaviour of ils, to facil-
itate selective analyte uptake, requires an understanding of the underlying 
solvation properties of ils and a way to quantify these to support predictive 
solvent design. in an attempt to aid the design and application of ils, several 
reviews have been written about their solvation properties based on differ-
ent solvation models, including the rohrschneider–Mcreynolds model,37 
the abraham solvation parameter model,38,39 the electrostatic interaction 
model40 and the reference interaction site model.41 Solvation behaviour is 
commonly described by three factors: solvent strength (synonymous with 
polarity), solvent selectivity (the ability of the solvent to interact with com-
pounds through specific interactions), and solubility. kamlet–taft parame-
ters can be utilised to understand solvent properties through the generation 
of well-understood data on the solvent polarisability, hydrogen bond donor 
ability and hydrogen bond acceptor ability.29 through both computational 
and experimental data analysis the a priori design of task-specific ils may 
be feasible. aspects of all of these have been used to select liquids for partic-
ular applications including in the selective uptake of specific analytes from 
complex backgrounds – a key technical challenge imposed on wearable tech-
nologies. in an environment where a wearable device is being used, many of 
the materials being targeted tend to be vapours or gases. the utility of ils to 
solubilise a range of gases including Co2,42–54 n2,44,45,51–53,55–57 o2,45,51–54,56,58 
and Co45,51–54,56 has been discussed by lei et al.59 in their extensive review 
highlighting the applicability of ils as solvents within this class of sensor.

15.4.1   Towards Selective Sampling Using Ionic Liquid 
Solvents

an area where differential solvation characteristics have found the greatest 
application is in solid phase sampling technologies where concerns of sen-
sitivity, selectivity and specificity can also be found. Consideration of some 
recent developments may indicate the potential for exploiting the same 
understanding of il behaviour in new wearable chemical sensors. Solid 
phase microextraction (SpMe)60 is a very common technique for the collec-
tion of environmental samples, leaving the analysis to be performed down-
stream using standard benchmarked analytical techniques. in this scenario, 
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ils have shown compatibility with a range of analytical techniques includ-
ing headspace gas chromatography (GC),61–65 liquid phase microextraction 
(lpMe),66–69 and matrix-assisted laser desorption/ionization-mass spectrom-
etry (Maldi-MS).70–72 For further specific details the reader is directed to 
two reviews.31,73 additionally, it should be noted that ils have been shown to 
allow for greater control of retention factors and separation selectivity when 
used as the GC stationary phase; this is out of the scope of the current chap-
ter but interested readers are referred to a number of recent examples of ils 
used in this manner.74–78

SpMe is an advantageous technique to consider in the context of wear-
able sensing as it encompasses both the sample collection and sample 
extraction in a single step. Furthermore, it can be used in active (direct 
immersion) or passive (sampling of air) modes.79,80 ils have begun to find 
exploitation pathways in SpMe methodologies improving the sensitivity, 
versatility and extraction efficiency of standard commercial SpMe fibre 
substrates.81 recent examples have attempted to illustrate the application 
of il-functionalised SpMe substrates as a wearable passive sampling solu-
tion, for example, for the monitoring of air for quantities of illicit drugs, 
e.g. ketamine.82 in this example, four polymeric il formulations (pils 1–4), 
with C4 and C12 spacers, based on mono and di-cationic imidazolium il 
components, were selected on the basis of parameters considered likely 
to be selective for ketamine and tested against a range of small molecules 
with differences in polarity to test their selectivity. in three of the tested pil 
formulations (pil4 was discarded due to poor adhesion to the fibres), selec-
tivity to ketamine was observed above low level binding of toluene (selectiv-
ity factor, SF, of 1, 1 and 1 for pils 1, 2, and 3, respectively), limonene (SF: 
0.6, 1.3, 0.1) and ethanol (SF: 2.9, 1.1, 5.8). Cross-reactivity to methamphet-
amine, which has similar chemical structure and properties, indicated that 
hydrophobicity, h-bonding, dipole–dipole interactions and π–π stacking 
were all important in the selectivity towards ketamine. Figure 15.1 shows 
the chromatograms obtained via SpMe-GC-MS after environmental sam-
pling using a commercial polydimethylsiloxane/divinylbenzene (pdMS/
dVb) fibre (C) and a pil1-coated fibre (d). the pil1-based fibre is shown 
to have a substantially lower sensitivity to possible environmental interfer-
ents such as coffee, alcoholic and non-alcoholic beverages, and cigarettes, 
compared to the commercial pdMS/dVb fibres.

testing of the SpMe fibres against controlled ketamine aerosols indicated 
that the best performing pil formulation (polymerised 1-vinyl-3-butylim-
idazolium with a bis(trifluoromethylsulfonyl)imide ([n(tf)2]−) counter ion) 
could achieve two-fold improvement compared to commercially available sil-
icon-based SpMe fibre substrates with extraction efficiencies of up to 84.2 ± 
3.3% (at 0.1 mg m−3) and 93.6 ± 2.6% (at 1.0 mg m−3) (n = 3), showed excellent 
thermal stability (up to 350 °C) and could be reused up to 200 times without 
loss of function, demonstrating the potential for passive collection targeted 
to downstream analytical processes where appropriate.82



Figure 15.1    performance of pil formulations in wearable SpMe devices for envi-
ronmental monitoring of ketamine in recreational areas. (a) enhance-
ment factors (eFs) for pil formulation-coated SpMe vs. commercial 
coatings. (b) example SpMe fibre prior to insertion into a wearable 
device. SpMe-GC-MS full scan using (C) pdMS/dVb fibres and (d) 
pil1 fibres. (reprinted from Journal of Chromatography A, 1331, F. bian-
chi, F. bisceglie, S. dugheri, G. arcangeli, V. Cupelli, e. del borrello, 
l. Sidisky, M. Careri, ionic liquid-based solid phase microextraction 
necklaces for the environmental monitoring of ketamine, 1–9, Copy-
right (2014) with permission from elsevier).82
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15.4.2   Improved Selectivity and Specificity of Sensing 
Strategies Achieved Using Ionic Liquids

ambitions within the il research community extend further than achiev-
ing selective sampling and are now reaching towards enabling selective 
sampling linked to transduction methods. the ability of ils to support sen-
sor selectivity was first examined on a quartz crystal microbalance (QCM) 
where differential binding of ils containing methylimidazolium cations and 
tetrafluoroborate ([bF4]−) and [n(tf)2]− anions,83 imidazolium cations with 
non-halogen anions, and phosphonium or ammonium cations with alkyl-
sulfonate or alkylbenzenesulfonate anions84 were demonstrated for a variety 
of organic vapours.

arrays of small numbers of broadly selective ils have since transitioned to 
platforms that are aiming at portable wearable systems that provide a signal 
output based on the chemical changes that occur within the solvent environ-
ment due to the uptake of particular analytes. optical detection platforms 
based on porous silicon (pSi)85 can be readily functionalised with a variety of 
il formulations to generate surfaces with differential selectivity.86,87 Sensing 
signals can be generated from these arrays by taking advantage of refrac-
tive index and volume changes that occur in the ils as they take up vola-
tile organic compounds (VoCs). these changes create microdroplets on the 
surface of the pSi resulting in light scattering and reflectance peak inten-
sities of the il, which can be used as a simple transduction mechanism.88 
this phenomenon has recently been demonstrated in an array format using 
1-butyl-3-methylimidazolium ([C4C1im]+) in combination with six different 
anions: hexafluorophosphate ([pF6]−), [bF4]−, trifluoromethanesulfonate 
([otf]−), trifluoroacetate ([CF3Co2]−), perchlorate ([Clo4]−), and [n(tf)2]− in 
addition to 1-octyl-3-methylimidazolium tetrafluoroborate ([C8C1im][bF4]), 
tributylhexyl ammonium bis(trifluoromethylsulfonyl)imide ([n4446][n(tf)2]), 
and trihexyl(tetradecyl)phosphonium ([p66614]+) with imidazole, triazole and 
tetrazole anions.89 the differential responses of each il were used to gener-
ate principal component plots that could clearly discriminate between seven 
analytes (Figure 15.2).

electronically-driven approaches have also been established with a num-
ber of semi-selective il formulations, namely [C4C1im][otf], [n6222][n(tf)2], 
[C4C1im][bF4], [C4C1im][Clo4], and [C4C1im][pF6], having been transitioned 
towards a filter paper-like graphene oxide (Go)-supported small array where 
differential responses measured by electrical conductance were observed for 
model gas and vapour molecules (o2, no2, Cl2, toluene, hexane and ethylac-
etate).90 it is hypothesised that these measurements are based on changes 
in viscosity and/or volume due to dipole interactions of polar VoCs with 
il anions and π–π interactions between imidazolium groups and aromatic 
VoCs (Figure 15.3).

Further work targeting the design of ils with selectivity to particular vol-
atile components, e.g. aldehydes,91,92 and acyclic and cyclic ketone gases,92 
has also been performed. development of silver(i)-based ils of the general 



Figure 15.2    (a) Schematic of the pSi VoC detector and illustration of the array 
sensing mechanism. (b) Greyscale fingerprint images of the pSi VoC 
detector array upon exposure to a range of VoCs (ethanol, ethylace-
tate, hexane, trichloroethylene, toluene, dichloromethane and methyl-
ethylketone). (C) 3-dimentional principal component analysis (pCa) 
score plots for the pSi array for seven different VoCs. reprinted from 
Analytica Chimica Acta, 953, h. Zhang, l. lin, d. liu, Q. Chen, J. Wu, 
optical nose based on porous silicon photonic crystal infiltrated with 
ionic liquids, 71–78, Copyright (2017) with permission from elsevier.89
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type [ag(l)2][n(tf)2], where l is a long-chain alkylamine, has been shown to 
lead to better gas uptake, selective characteristics and complete insensitivity 
to water, making them particularly applicable to open architecture passive 
collection for environmental samples (Figure 15.4).93

if the application of a particular sensor aims at discrimination between, 
for example, materials known to be present in a complex clinical matrix, then 
ils with bespoke selectivity can be designed in order to allow both analytes 

Figure 15.3    development of (a) fully flexible paper-supported il-reduced graphene 
oxide (rGo). (b) the Go–il paper array in a gas flow chamber and 
(C) the performance of the sensor array e-nose system for gas detec-
tion and discrimination. (d) 2-dimensional pCa plot resulting from 
the normalised responses of the rGo–il to six different gas samples. 
(reproduced from ref. 90, with permission from the royal Society of 
Chemistry.)
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to be measured on the same platform. palladium nanoparticle (np)–Go 
dispersions modified with the ils N-butyl-N-methylpyrrolidinium bis(triflu-
oromethylsulfonyl)imide ([C4C1pyrr][n(tf)2]) and N-butyl-N-methylpyrroli-
dinium dicyanamide ([C4C1pyrr][n(Cn)2]) exhibited specific voltammetry for 
glucose and ascorbic acid, respectively (Figure 15.5). anion selection was 
shown to be critical to the selectivity of the sensor through cation-indepen-
dent results using [C2C1im]+-based ils and the results from angle resolved 
X-ray photoelectron spectroscopy. the latter indicated that anion-rich elec-
trode surfaces dominate the selectivity, and suggested a more favourable 
association of the cationic components with the π-rich graphene sheets.94

the majority of examples currently used in the literature restrict them-
selves to a narrow list of broadly classical-type ils focusing on common 
imidazolium cations (mostly [C4C1im]+). the importance of changing the 
anion to achieve differential specificities in il formulations is also clear 
from the published work to date, as shown by the surprising levels of selec-
tivity that have been achieved so far with only a relatively small list of anions 
(mainly [otf]−, [bF4]−, [pF6]−, [Clo4]−, and [n(tf)2]−), with rare usage of 
more exotic combinations of anions and cations for very specific materials.  

Figure 15.4    (a) differential sensing of aldehyde and ketone gases using il arrays. 
Graph shows the response of QCMs thin-coated with “Sil-2” to each of 
the stated VoCs at 76 ppb. (reproduced from ref. 92 with permission 
from the royal Society of Chemistry). Silver-based ils thin-coated on 
QCMs showing a reactivity-based response to 100 ppb volatile (b) ali-
phatic aldehydes (privaldehyde, isobutyraldehyde, butyraldehyde, val-
eraldehyde), (C) aromatic aldehydes (p-tolualdehyde, benzaldehyde, 
p-fluorobenzaldehyde), and (d) α,β-unsaturated aldehydes (acrolein, 
crotonaldehyde, 3-methylcrotonaldehyde) exhibiting no insensitivity 
issues in the presence of water. (reproduced from ref. 93, with permis-
sion from the royal Society of Chemistry.)
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this highlights a considerable bottleneck between full exploitation of this 
concept in a wearable platform, namely the facile identification of useful cat-
ion and anion pairs for particular molecular interactions. limited work has 
been performed in this area to tackle this aspiration, including an example 
where anion exchange was demonstrated on tethered il ions to generate il 
microarrays.95 however, while this strategy was successful in producing il 
variants in situ, it was more challenging to show that an increased diversity 
with no rational design achieved increases in microarray performance.

in summary, predicting the solubility of ils in a rational way and to enable 
selection of the most appropriate solvents for a selective array remains a sub-
stantial technical challenge for ils. research in multiple application areas 
will furnish valuable data, with developments in selective sampling and 
extraction continuing to provide a significant avenue for solvent understand-
ing and subsequent design.

15.5   Progression of Ionic Liquid Sensors Towards 
Viable Wearable Sensor Options

in order for a sensor platform to have exploitability as a wearable sensor it 
must possess a number of characteristics. on a chemical level it must provide 
tuneable sensitivity and a relevant dynamic range to the analyte of interest, 
and require no consumables (including additional solvent). previous sections 

Figure 15.5    Simultaneous detection of both analytes in a mixed solution of ascorbic 
acid (1 mM) and glucose (5 mM) using highly specific il formulations. 
(a) linear scan voltammograms from GnS–pd-based electrodes func-
tionalised with bMp-dCa il demonstrating specific measurement of 
ascorbic acid and bMp-tFSi for detection of glucose. (b) amperomet-
ric dose response curves for GnS–pd-bMp–tFSi and GnS–pd-bMp–
dCa electrodes to successive additions of 5 mM glucose, 1 mM aa, 
and then 5 mM glucose. (reprinted from Biosensors and Bioelectronics, 
89, C.-h Wang, C.-h Yang, J.-k Chang, high-selectivity electrochemical 
non-enzymatic sensors based on graphene/pd nanocomposites func-
tionalized with designated ionic liquids, 483–488, Copyright (2017) 
with permission from elsevier.)94
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have described how il formulations might provide enhanced sensitivity 
and selectivity to sensor platforms. however, at the most basic level, the sen-
sors themselves must also be physically compatible with unobtrusive inte-
gration into a format that would allow comfortable wear. development of 
appropriate materials that allow the improvement of sensors of this kind 
has remained one of the consistent barriers to achieving portable/wearable 
sensing options for chemical analytes,9,10,96 but this is a particular area where 
the physical properties of ils could add real benefit to achieving wearable 
chemical sensors.

in this section attention is given to those sensor systems where a solvent 
forms a component of the system, and therefore focuses on optically trans-
duced and electrochemical-based sensor systems. the latter is a particularly 
active field of research given the favourable electrochemical properties of 
ils, as stated earlier.

15.5.1   Optical Systems
Within a wearable device, the sample collection medium can be part of the 
sensor system and as such the desired optical properties of that medium 
must be either negligible or such that they enhance the measured effect. 
research into the optical properties of ils has typically focused on their 
absorption and fluorescence behaviour. this has shown that in the UV region 
ils generally exhibit a strong absorbance band at lower wavelengths coupled 
with a low trailing absorbance reaching up to higher wavelengths; the fluo-
rescence intensity follows the same trend with higher intensity emissions 
at lower wavelengths, and lower intensities at higher wavelengths.97,98 it 
should, however, be noted that in some cases careful synthesis can reduce 
the absorbance features found in ionic liquids.99

photonic gels are generated by the suspension of colloidal crystals within 
a 2- or 3-dimensional gel network.100 Control of the spatial distribution of the 
crystals within the gel generates a periodicity of the refractive index between 
the crystals thus creating a gel with an optical bandwidth. Swelling or shrink-
ing of the gel causes the distance between the particles to shift creating a 
change in the refractive index and thus the optical bandwidth shifts (Figure 
15.6a). linkage of this to some form of stimulus (temperature, ph or spe-
cific chemical/biological interaction) can be used to generate a very simple 
transduction mechanism that has been widely exploited using conventional 
solvents.101 Use of these hydrogels is in many cases impractical due to the 
evaporation of aqueous and organic solvents over time, and thus transition 
to low volatility ils is desirable.

early work integrating novel ils into photonic gels showed that 1-(2-acryloy-
loxyhexyl)-3-methylimidazolium bromide or phosphate could be used to gener-
ate an inverse opal structure by Sio2 microsphere templating, which could then 
be used to reversibly monitor relative humidity. Changing to a sodium dodecyl 
sulfate counter-anion ([SdS]−), generated a gel with selectivity towards ethanol.102 
hydrogels with intact microspheres were then generated with either polystyrene 
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or silica microspheres by replacing the water in the hydrogels with hydrophilic 
ionic liquids, namely 1-allyl-3-butylimidazolium bromide103 or 1,3-diallylimid-
azolium bromide,104 while maintaining the optical properties of the gel. Sub-
sequently, it was demonstrated that the swelling of the il gels and thus colour 
could be robustly controlled by tuning the ratio of hydrophilic 1,3-diallylimidaz-
olium bromide to hydrophobic 1,3-diallylimidazolium [n(tf)2]−.104

application of these gels has since transitioned towards broader pas-
sive chemical sensing applications through the use of the novel il eth-
yl-guanidine perchlorate as the supporting phase in a 2d polystyrene bead 
gel.105 the gel was found to respond to both humidity and ammonia gas.  

Figure 15.6    (a) Schematic describing the signalling mechanism of photonic 
hydrogels showing the spatial dispersion of photonic nano-colloids 
within a mobile matrix; associated refractive index (θ) and how stim-
uli induced impact on that refractive index. (reproduced with per-
mission from Organic and Hybrid Photonic Crystals, Gel-immobilized 
Colloidal photonic Crystals with tunable properties, 2015, 431–450, 
t. kanai, © Springer international publishing Switzerland, with per-
mission of Springer.)100 (b) response of polystyrene-ethyl-guanidine 
perchlorate 2d photonic gel to exposure to increasing ammonia con-
centration (black diamonds) and the impact of decreasing ammonia 
concentration relative to particle spacing after exposure (red squares). 
inset shows the colour change associated with ammonia exposure. 
(reproduced from ref. 105, with permission from the royal Society 
of Chemistry.)
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When exposed to humidity the gel shrinks reducing the spacing of the parti-
cles within the gel, which results in a visible blue shift in colour. Conversely, 
exposure to ammonia (nh3) causes irreversible deprotonation of the gel 
polymer groups leading to swelling of the gel resulting in a visible red shift 
in colour (Figure 15.6b). the authors report a detection limit of 3 ppm for 
nh3, which is broadly comparable to what existing metal oxide sensors can 
currently achieve, but would need further development to achieve the levels 
possible with more advanced high burden detection systems.

the potential for use of such visible indicators to indicate the presence of 
hazardous materials is extremely attractive. however, technical challenges 
still need to be addressed to transition these types of cheap gel sensors to 
fully wearable solutions. Most notably, all experiments within these stud-
ies were performed in a controlled environment, where humidity could 
be closely monitored. in a real environmental context, this will not be the 
case and the use of hydrophilic ils may ultimately mean that background 
responses to changing humidity may become a confounding factor in their 
utility. Further exploitation will therefore likely be dependent on overcoming 
such confounding stimuli responses in air-exposed gel networks.

ils have also shown early promise in enhancing the properties of trans-
parent, luminescent films.106 Films of europium(iii)–nanoclay composites 
embedded in chitosan can be shown to luminesce under 365 nm irradiation. 
replacement of acetic acid solutions with the carboxyl-functionalised ionic 
liquid 3-(5-carboxypentyl)-1-methylimidazolium bromide retains solubilisa-
tion of the chitosan and results in improvements in the luminescence effi-
ciency of the film (Figure 15.7). the latter is speculated to arise from the 
deprotonation of acid sites on the nanoclay platelet surfaces by the il, in 
turn leading to higher coordination complexes of europium and enhanced 
luminescence. this film has shown application as a vapour luminescent 
sensor with trimethylamine (et3n) vapour enhancing the luminescence and 
hydrochloric acid (hCl) vapour quenching it.

15.5.2   Electrochemical Sensors
one class of sensor platform for which ionic liquids are particularly suited is 
electrochemical sensors. Conventional electrolytes for use in electrochemi-
cal sensors tend to be aqueous or organic salt solutions and have very limited 
exploitation potential for use in wearable technologies due to evaporation of 
the solvent, especially in small sensor systems and in varying temperature 
regimes. While polymer-based electrolytes generated from conventional sol-
vents can overcome these volatility issues, they tend to exhibit low ionic con-
ductivity and therefore have limited exploitation in many sensor solutions.107

When using an il as an electrolyte (which can be as a liquid or polymer) 
the important factors to consider are the electrochemical stability, electro-
chemical window and the conductivity. in general, ils exhibit wide electro-
chemical potential windows (i.e. the difference between the reduction and 
oxidation potentials) ranging from 3.1–7 V.108–112 these are substantially 
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higher than those found in aqueous salt solutions.113,114 Moreover, due to the 
high ion density within an il, its conductivity tends to range from 0.1 to 20 
mS cm−1 at room temperature.108,115,116 the intrinsically low (or near-zero) 
vapour pressure of ils as solvents coupled with these electrochemical prop-
erties therefore makes them highly compatible with integrated, portable 
sensing technologies.

15.5.2.1  Integration of Ionic Liquids into Miniaturised 
Electrochemical Devices

Miniaturisation of standard sensing materials may be compatible with an 
extrinsic device format and this has been widely explored with ils, partic-
ularly within the field of electrochemical sensors.117,118 the use of ils to 
enhance both the form and function of electrochemical detection platforms 
underpinning their application as fully integrated wearable sensing plat-
forms is elegantly introduced through the trace detection of gases. the detec-
tion of oxygen is frequently achieved using a ‘Clark’ style electrode119 where 

Figure 15.7    Flexible films composed of europium(iii) complex–nanoclay compos-
ites within chitosan under (a) daylight conditions and (b) under 365 
nm irradiation, and prepared using either (1) aqueous acetic acid or 
(2) carboxylate-functionalised ils. (reprinted with permission from 
ref. 106, Copyright (2016), american Chemical Society.)
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the oxygen is reduced using a platinum electrode – a process that is limited 
by temperature in conventional solvents.

ils composed of imidazolium cations in combination with [n(tf)2]−, 
[b(Cn)4]− and tris(pentafluoroethyl)trifluorophosphate ([Fap]−) anions were 
selected as potential electrolytes due to their thermal stability and hydropho-
bicity. each il was applied as a liquid layer between two membranes to cover 
either platinum or gold electrodes and tested for detection of o2, using mul-
tiple-potential-step-chronoamperometry (Figure 15.8).120 in this system, the 
most sensitive sensing response was achieved using an au-membrane-sensor 
filled with either [C2C1im][b(Cn)4] or [C6C1im][Fap], where limits of detec-
tion of 5 ppm and 30 ppm were achieved, respectively. the stability of the 
electrode systems was demonstrated with a pt-membrane-sensor filled with 
[C2C1im][n(tf)2] over the course of one week (Figure 15.8).

Figure 15.8    (a) Schematic of electrode format and (b) current values (black line) from 
continuous multiple-potential-step-chronoamperometry using the mod-
ified Clark electrode constructed with [C2C1im][n(tf)2] using a pt counter 
electrode. readings taken over 8 days. t: 23 °C; e1 = 0 V (20 s); e2 = −1.35 V 
(20 s). X-symbols: controlling mass spectrometer signal. reprinted from 
Talanta, 116, n. baltes, F. beyle, S. Freiner, F. Geier, M. Joos, k. pinkwart, 
p. rabenecker, trace detection of oxygen – ionic liquids in gas sensor 
design, 474–481, Copyright (2013) with permission from elsevier.120
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exploitation of the electrochemical characteristics of il electrolytes can be 
used to further improve the performance of il-based gas sensors. in one par-
ticularly elegant example, [C4C1pyrr][n(tf)2] was used by Wang et al.121 to tar-
get both methane and oxygen detection. this was possible through the use 
of pt electrodes to oxidise the methane, producing Co2 and h2o. incomplete 
oxidation of the methane also leads to generation of Co, which would result 
in poisoning of the pt working electrode over time in conventional solvents 
(Figure 15.9a). however, exploitation of the wide electrochemical window of 
[C4C1pyrr][n(tf)2] (∼5.2 V)109 also enables the production of oxygen super-
oxide radicals. these radicals could then be used to simultaneously react 
with Co2 generated by the electrooxidation of methane effectively removing 
it from the sensor platform (Figure 15.9a).122 the further benefit of this sys-
tem is that [C4C1pyrr][n(tf)2] has poor solubility for a variety of other gases 
increasing the overall selectivity of the system to methane over other back-
ground interferents (Figure 15.9 b and C).

the macroelectrode-based oxygen sensor upon which this sensor is based 
had a detection limit of 500 ppm for oxygen, good selectivity and reversibil-
ity, and showed long-term stability with only a 0.3% decrease in the peak cur-
rent (at −1.2 V) in response to 20% oxygen over 60 days (during a 90-day  

Figure 15.9    (a) Scheme describing the electrochemical coupling of methane detec-
tion to quantification of oxygen via the oxidation of Co generated 
from the incomplete oxidation of methane by electrochemically gen-
erated superoxide radicals. (b) Current density transients measured in 
response to increasing/decreasing concentration of methane at 0.9 V 
and (C) relative change in current density (%) of the sensor to 5 vol% 
of interferent gases in the presence of 5 vol% methane. (reproduced 
from ref. 121, with permission from the royal Society of Chemistry.)
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test period).123 in comparison, the methane-oxygen sensor exhibited the 
same selectivity and reversibility characteristics, along with excellent long-
term stability (tested over 120 days). Quantification of methane was possible 
with a detection limit of 3000 ppm in air, along with confirmation of the 
oxygen concentration. the exploitation of il electrochemical properties 
has since progressed further not only in terms of the sophistication of the 
transduction approach, but also in terms of integration of multi-analyte gas 
sensors into fully integrated miniature devices, e.g. the intelligent electro-
chemical gas analysis system (ieGaS). the ieGaS system is a fully integrated 
sensor array in combination with embedded microcontrollers, power (via an 
integrated supercapacitor), and algorithms designed for monitoring multi-
ple gases of importance for health and safety.124

this system utilises the same single il, [C4C1pyrr][n(tf)2], as the electro-
lyte medium in a planar-electrode-on-semi-permeable-membrane format to 
minimise the diffusion times of gases to the electrode surface for analysis (8 
seconds). Furthermore, this platform elegantly exploits the tuneable selec-
tivity of il formulations describing the use of bespoke embedded algorithms 
and differential applied dC bias to the il electrolyte to achieve selectivity 
to four gases, namely Ch4, o2, So2 and no2, using dual aC impedance and 
amperometry modes – a methodology that would be hugely challenging to 
achieve using conventional solvents.125

15.5.2.2  Integration of Ionic Liquids with Flexible Substrates
the development of full system architectures within the sensing devices 
described previously is a promising step forwards in terms of wearable sen-
sors; however, these platforms still result in a rigid substrate that would be 
severely limited in a human-centric concept. as stated earlier, for human 
mounted sensors, the ‘soft’ nature and curvilinear surface of human tissue 
requires sensing devices that are capable of connecting reproducibly and 
robustly with the tissues beneath and to maintain this connection when sub-
jected to regular and complex human deformations. Generally, the wearables 
are likely to require similarities in mechanical properties to the underlying 
tissues upon which they are to be mounted.

integration of ils into more flexible smart and functional materials is 
therefore a key driver within the il field. a number of screen printed elec-
trodes (Spes) that use ils as components in electrode preparation and to 
enhance performance have been reported, and generally indicate that use of 
ils is a favourable route to low cost, readily and reproducibly fabricated, and 
resilient electrodes.126,127 there are levels of sophistication where this may be 
achieved ranging from the simple inclusion of ils via the coating of flexible 
electrode materials, such as the coating of a flexible interdigitated electrode 
(planar pt electrode on a teflon gas-permeable membrane) with [C4C1pyrr]
[n(tf)2] for methane/oxygen sensing, to the printing of the il, [C2C1im]
[n(tf)2], as a component of a solid polymer electrolyte as part of a fully 
printed no2 sensor (Figure 15.10) on polyethylene terephthalate (pet).121,128  
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this printed no2 sensor exhibits excellent responsiveness (t90/t10 of 70/60 s 
per 2 ppm step change), stability under different environmental conditions, 
including 10–90% relative humidity, and resolution (0.2 ppm).

the deposition of ils on functional substrates is now being taken a step 
further with the full integration of these solvents into functional complexes 
with a variety of solid matrices, most commonly carbon nanotube (Cnt)–
graphene–il composites.94,126,127,129–136 these composite materials are rela-
tively easily generated using simple mixing and sonication processes, and 
have the benefit of producing ink-like materials that can be applied to a 
variety of flexible electronics and can be printed onto electrodes. the fully 
flexible characteristics of these types of materials make them increasingly 
suitable for use in wearable technology due to their increased compatibility 
with many of the form factors required to achieve small, low visibility sensor 
platforms that integrate into a device or garment.137

Manipulation of the structures generated within electrodes through the 
use of different combinations of carbon supports and ils can also enhance 
the overall performance of the electrode systems, increasing the conductivity 
and the robustness of the physical properties of the electrode mixes. these 
composite electrodes can frequently demonstrate greater signal outputs and 
thus sensitivity to their target analytes.126,127 Judicious choice of an il as an 
electrolyte within these types of composite can further be used to overcome 
specific challenges associated with the electrochemical detection of particu-
lar analytes. this can be a powerful tool when targeting components of com-
plex matrices or mixtures such as clinical samples. in one specific example 

Figure 15.10    top left: images of (from left to right) a ceramic-based no2 sensor 
with a potentiostatic circuit, a fully printed sensor on a pet-based 
graphite sheet and a fully printed sensor based on graphite and silver/ 
silver chloride paste. bottom left: images of fully printed sensors 
based on graphite paste. right: Sensor topology–pet fully printed 
and ceramic-based. reprinted from Sensors and Actuators B: Chemi-
cal, 209, p. kuberský, t. Syrový, a. hamáček, S. nešpůrek, l. Syrová, 
towards a fully printed electrochemical no2 sensor on a flexible sub-
strate using ionic liquid based polymer electrolyte, 1084–1090, Copy-
right (2015) with permission from elsevier.128
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regarding the sensing of nicotinamide adenine dinucleotide (nadh), the use 
of an il (1-(3-aminopropyl)-3-methylimidazolium bromide) as an electrolyte 
in a graphene–il electrode mix was used to reduce the large overvoltage and 
surface fouling of the electrode, a known issue caused by nadh at electrode 
surfaces made with conventional substrates.138 Furthermore, the introduc-
tion of charge through the use of an il had the added advantage of increasing 
the solubility of the electrode components and dispersal of graphene sheets, 
leading to much improved electrochemical performance of the electrodes in 
general.129

the most sophisticated il–substrate composites generated to date have 
begun to address the potential inclusion of catalytic nanoparticles (nps).139 
inclusion of nps has been demonstrated to further enhance the properties 
of il–Cnt/graphene composites and is exemplified by the in-depth study 
of Wang et al.,136 investigating the impact of il–pd-doped graphene- and 
carbon nanotube-based electrodes for the detection of ascorbic acid, dopa-
mine, uric acid and glucose. they demonstrated the synergistic impact of 
combining ils and pd nanoparticles on electrode performance, substan-
tially increasing the detection sensitivity (0.86 µa µM−1 and 3.28 µa µM−1 for 
da with the graphene–pd and graphene–pd–il electrode, respectively, with 
a limit of detection of 0.12 µM and 0.07 µM – Figure 15.11). although the 
authors acknowledge that further investigation into the interactions of ils 
with graphene sheets is warranted, they attribute the more significant posi-
tive effects of the il inclusion in the electrode to two key reasons. First, the 
formation of il layers on the graphene sheets, which leads to electrostatic 
repulsion and thus suppression of nano-sheet stacking (π–π interactions). 
Second, wrapping of the graphene nanosheets in il layers may overcome the 
low conductivity of graphene in its z-axis (i.e. perpendicular to the graphene 
plane) and allow for improved signal transduction.136

aspirations to specifically drive these substrates towards wearable/
implantable applications are now occurring, commonly targeting the direct 
electrochemical detection of small molecules in biological fluids. in the 
most recent example of this, gels composed of ptau np-loaded graphene–
Cnt–ionic liquid (il: [C4C1im][bF4]), which had previously been shown to 
exhibit good conductivity and mechanical properties,140 were printed onto 
graphene paper to produce flexible electrodes for the sensing of glucose in 
blood.133 optimisation of the deposition of the ptau nanoparticles via a novel 
ultrasonic electrodeposition process (Figure 15.12a) was used to generate 
free-standing paper substrates (Figure 15.12b and C). the resulting elec-
trode material is decorated with highly dense nps with an average diameter 
of 20–40 nm, and X-ray diffraction (Xrd) data indicates that the pt (control), 
au (control) and ptau nps possess a single crystallinity.

Upon investigation of the electrode materials with the redox probe 
Fe(Cn)6

3−/4− a greater Faradaic current and capacitance current was shown 
for the graphene oxide (Go)–Cnt–il/graphene paper (Gp) electrode material 
over plain Gp, attributed to the greater surface area and porous structure. 
Furthermore, decoration of the 3d assembly with ptau nps led to an increase 
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in the peak current and a decrease in peak potential separation as observed 
in CV measurements, thus, claim the authors, demonstrating an increase in 
the electroactive surface area and accelerated electron transfer.

the materials were tested with regard to the electrochemical sensing of 
glucose. initial testing demonstrated the advantage of all three np species 
over the np-free electrodes, and that the ptau alloy nps exhibit greater elec-
trochemical activity and resistance to surface poisoning than the mono- 
metallic nps. the long-term stability of the ptau/reduced graphene oxide 
(rGo)–Cnt–il/Gp electrode material is indicated by the retention of over 
90% of the amperometric current after a period of 30 days. Comparison of 10 
different ptau/rGo–Cnt–il/Gp electrodes provided a relative standard devi-
ation (r.s.d.) of 4.2% in the amperometric current for 5 nM glucose, and ten 

Figure 15.11    improvement in performance of a graphene–pd electrode through 
incorporation of il 1-butyl-3-methylimidazolium hexa-fluorophos-
phate to generate graphene–pd–il electrodes. (a) enhanced signal 
output demonstrated by comparison of differential pulse voltam-
mograms from graphene–pd and graphene–pd–il against a solution 
containing 1 mM ascorbic acid (aa), 2 mM dopamine (da) and 50 
mM uric acid (Ua). (b) Calibration curves of current density versus 
dopamine concentration. (C) Chronoamperometry measurements 
for graphene–pd and graphene–pd–il after sequential addition of 
dopamine (10 µM). in each case, readings from graphene–pd are 
shown on curve i with graphene–pd–il shown on curve ii. (repro-
duced from ref. 136, with permission from the royal Society of 
Chemistry.)
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repeat measurements on a single electrode gave an r.s.d. of less than 2.9%. 
addition of potential interferents, dopamine, ascorbic acid and uric acid at 
1.0–5.0 mM and naCl at 2.0–100.0 mM, resulted in changes in the response 
of the electrode to glucose of less than 10%.

electrochemical sensing of glucose in diluted human serum was also 
claimed, with r.s.d. values of 2.21–3.58% and recoveries of 93.5–105.7%, 
potentially indicating the feasibility of such materials being exploited in clin-
ical diagnosis. the authors state that these results combined indicate the 
good reproducibility, repeatability and stability of the electrode materials.

15.5.3   Skin-worn Chemical Sensors
Flexible organic electrodes and elastomers141 can be applied to any number 
of substrates including fabric mountings142,143 or onto the skin in the form 
of a tattoo.144–146 these platforms are suitable for placement on skin surfaces 

Figure 15.12    (a) Schematic of the preparation of ptau alloy np-decorated 
graphene–Cnt–il/Gp electrodes reported by duan and co-workers. 
Step i: 3d graphene–Cnt assemblies ground with ils to produce a 
printable gel. Step ii: the graphene–Cnt–il gel is printed onto Gp. 
Step iii: Ultrasonic-electrodeposition of ptau nps onto the electrode. 
(b) Graphene paper at different magnifications and (C) SeM image 
of the ptau/Go–Cnt–il/Gp electrode material reported by duan 
and co-workers showing the uniform distribution of nps on the 3d 
assembly. inset: indication of the flexibility of the electrode material. 
reprinted from Analytica Chimica Acta, 903, W. he, Y. Sun, J. Xi, a. 
a. M. abdurhman, J. ren, h. duan, printing graphene-carbon nano-
tube-ionic liquid gel on graphene paper: towards flexible electrodes 
with efficient loading of ptau alloy nanoparticles for electrochemical 
sensing of blood glucose, 61–68, Copyright (2016) with permission 
from elsevier.133
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and in a host-based monitoring format can take advantage of biological flu-
ids (e.g. sweat) to access specific biomarkers and aqueous liquids that are 
required for detection of specific biological events (i.e. enzymatic function 
or receptor/material binding). it is interesting to note that ils were exploited 
in early forms of these wearable platforms as simple ph sensors143 where an 
ionogel was used to support ph responsive gels (Figure 15.13) – a concept 
that had previously formed part of the proeteX wearable sensor system pro-
totype147 for health and safety monitoring of first responder communities.

Furthermore, an il was used in one of the early skin-worn tattoo form 
biosensors in the form of an ionogel supported on a poly(3,3-ethylenedi-
oxythiophene):polystyrene sulfonate (pedot:pSS) organic electrochemical 
transistor (oeCt) for the detection of lactate in sweat.148 in this example, 
the il layer was composed of [C2C1im][etSo4] (a water soluble il), which was 
mixed with a ferrocene mediator in a solution that also contained the lactate 

Figure 15.13    (a) Microfluidic ph sensor constructed from il ionogel-supported 
ph sensitive dyes. (b) Schematic showing the construction process 
for the microfluidic platform. Systems for attachment of the ph sen-
sor into (C) a bandage and (d) a wristband to achieve a prototype 
skin-worn device. reprinted from Sensors and Actuators B: Chemical, 
171–172, V. F. Curto, C. Fay, S. Coyle, r. byrne, C. o’toole, C. barry, 
S. hughes, n. Moyna, d. diamond, F. benito-lopez, real-time sweat 
ph monitoring based on a wearable chemical barcode micro-fluidic 
platform incorporating ionic liquids, 1327–1334, Copyright (2012) 
with permission from elsevier.143
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oxidase enzymes, in a photo-cross-linked ionogel on the surface of the oeCt 
(Figure 15.14).

a number of limitations to this system were identified within the work, 
including the slow response time (10 minutes). in addition, the particular 
form of ionogel used would have limited exploitation as a wearable sensor 
due to the toxicity of some of the components of the material. however, it did 
represent a possible starting point for ils in these forms of sensor. Certainly 
the use of skin-worn sensors that exploit similar principles has moved on 
since this sensor was demonstrated, with the development of skin-applied 
sensors for a narrow group of analytes, i.e. ammonium, ph, sodium and 
lactate.145,146 these sensors show demonstrable detection performance and 
consistency of function even when placed under the stresses and strains of 
moving skin (Figure 15.15); however, of note with this style of sensor is that 
it is currently not possible for this class of sensor to provide a measurement 
response in isolation. instead they must be worn either with a directly con-
nected electrochemical device or a data transmitter (shown in Figure 15.15d).

pedot:pSS has been used to generate highly stretchable sensor interfaces 
that have been shown to integrate well with skin (shown in Figure 15.15F–
h).149 Moreover, ils combined with pedot:pSS have also shown properties 
that allow for composites with excellent electrical performance and improved 
stretchability. the incorporation of 1 wt% [C2C1im][b(Cn)4] into a conductive 
pedot:pSS polymer produced a composite film with a conductivity greater 
than 1000 S cm−1, and increased resistance up to 50% applied strain (Figure 
15.16a) (pristine pedot:pSS has a conductivity and maximum strain of ∼1 
S cm−1 and <6%).150 this has been achieved because inclusion of the ionic 
liquid causes a structural transformation of the pedot chains giving a fibril-
lar-like structure. this combination of pedot:pSS and il has also shown 

Figure 15.14    (a) response of the il-functionalised ionogel oeCt to a change in 
lactate concentration (10–100 mM). (b) illustrative positioning of the 
ionogel on the forearm. it should be noted that this sensor was not 
tested on human subjects. (reproduced from ref. 148, with permis-
sion from the royal Society of Chemistry.)
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application as a possible actuator material, when coupled with single-walled 
Cnts (SWCnts), which could allow for a wearable sensor with energy-con-
version/generation built in.151 the incorporation of il cavities into soft elas-
tomers has also shown application as a method of isolating a device from the 
skin and the stresses it can experience (Figure 15.16b).152 an il is used due to  

Figure 15.15    development of organic electrode systems that can be deposited onto 
the skin for standard electrochemical measurements. (a) and (b) indi-
cate the flexibility of the designs that can be printed onto the skin and 
(C) shows the resistance of these tattoos to twisting of the skin (repro-
duced from ref. 144, with permission from the royal Society of Chemis-
try). (d) potentiometric sensor for sodium ion detection demonstrating 
the requirement for readout using a separate potentiostat. (reprinted 
from Biosensors and Bioelectronics, 54, a. J. bandodkar, d. Molinnus, o. 
Mirza, t. Guinovart, J. r. Windmiller, G. Valdés-ramírez, F. J. andrade, 
M. J. Schöning, J. Wang, epidermal tattoo potentiometric sodium sen-
sors with wireless signal transduction for continuous non-invasive 
sweat monitoring, 603–609, Copyright (2014), with permission from 
elsevier).145 (e) amperometric detection of lactate production during 
exercise using epidermal mounted temporary tattoo sensor platforms 
(reprinted with permission from ref. 146, Copyright (2013), american 
Chemical Society). (F – h) deformation resilience of pedot-based 
transistors deposited onto skin. (reproduced with permission from a. 
J. bandodkar, r. nuñez-Flores, W. Jia, J. Wang, all-printed Stretchable 
electrochemical devices, Advanced Materials, John Wiley and Sons, 
Copyright (2016) Wiley-VCh Verlag Gmbh &Co. kGaa, Weinheim).149
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Figure 15.16    examples of the use of ils to enhance the properties of stretchable sensor substrates. (a) incorporation of 1-ethyl-3- 
methylimidazolium tetracyanoborate into (pedot:pSS) to generate a polymer with a high conductivity of >1000 S cm−1 
with stable performance at tensile strains. (reprinted with permission from ref. 150, Copyright (2017) american Chemical 
Society.) (b) Use of ionic liquid-filled elastomer cavities ([C2C1im][etSo4]) as a strain isolating support to ensure full con-
nectivity of inflexible sensor materials to the skin. (reproduced with permission from Y. Ma, M. pharr, l. Wang, J. kim, Y. 
liu, Y. Xue, r. ning, X. Wang, h. U. Chung, X. Feng, J. a. rogers, Y. huang, Soft elastomers with ionic liquid-Filled Cavities 
as Strain isolating Substrates for Wearable electronics, Small, John Wiley and Sons, Copyright (2016) Wiley-VCh Verlag 
Gmbh &Co. kGaa, Weinheim).152 (C) real-time monitoring of wrist pulse (left) and hand gestures (right), using ionic  
liquid-filled rubber band sensors. (reproduced from ref. 153, with permission from the royal Society of Chemistry.)
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its negligible vapour pressure and in this case, its negligible permeability 
through the elastomer.

this approach of using il-filled cavities has been applied to microchannels 
to form il-based wearable rubber band-like sensors.153 the incorporation of 
[C8C1im]Cl into the microchannels between two layers of ecoflex produced a 
rubber band-like stretchable sensor which had durability under low and high 
strains (5% and 100% respectively, for >50 000 cycles), excellent long-term 
stability, wide strain detectability (0.1%–500%) and maintained conductivity 
after being stretched up to 500%. the authors targeted the design of flexible 
sensors, and were able to identify wrist pulses when the sensor was attached 
to the human wrist. this potentially offers application to chemical detection 
and exemplifies how ils could improve integration of sensors directly with 
the human form (Figure 15.16C).

Given the obvious compatibility of ils with these formats, it is curious that 
il skin-worn sensors have not appeared at greater densities in the literature. 
While the [C8C1im]Cl il selected for use in the ecoflex elastomer described 
above was chosen based on its putative biocompatibility,152 possible toxicity 
issues must be considered. these issues have yet to be tackled or tested for 
ils with this application in mind.148 More generally while it is considered 
likely that this approach will continue to develop for biochemical targets, 
current sensors of this type do not currently provide a comparable perfor-
mance in terms of reliability in comparison to traditional solid state elec-
trode materials.154 in addition, the breadth of targets is currently very limited 
by the need to use targets with an innate electrochemical profile (i.e. those 
with known characteristic electrochemical signatures).142,144 Furthermore, 
the broad utility of skin sensors is likely to be limited by the presence of a 
clinically relevant analyte in sweat.

15.5.4   In situ Environmental Detection Using Paper-based 
Sensors

initial work incorporating ils into paper substrates began with printing 
of electrodes onto filter paper substrates with carbon wax inks. these inks 
were modified by Co(ii) phthalocyanine to facilitate thiol-based detection 
of 1-butanethiol. an il electrolyte was then added by simply soaking hydro-
phobic imidazolium ils ([C4C1im][n(tf)2], [pF6]− and [bF4]−) into the paper to 
generate the functionalised electrodes.155 in subsequent studies, improve-
ments to the electrochemical performance of this system were made by 
changing the anion to a basic acetate, thus reducing the potentials required 
to perform oxidation of 1-butanethiol and phenol, and removing reactions 
from interfering species.156

paper-based devices have since progressed from this point finding particu-
lar application in the analysis of analytes that do not easily present as mobile 
vapour or gas phases in the environment. a good example of this application 
is detection of explosives; many of which may be present as deposited solids, 
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with low vapour pressures.157 trinitrotoluene (tnt), and associated nitroaro-
matic-based materials, have emerged as model analytes for the development 
of potential portable and future wearable solutions for explosives, and ils 
have developed as promising electrolytes for in situ detection techniques 
to allow these materials to be effectively sampled and analysed in the field. 
paper-based sensors have demonstrated good utility in this application, 
being resilient to deformation and thus capable of sampling across surface 
types likely to be found in real world scenarios.

the hydrophobic ionic liquids [C4C1im]+ and [C4C1pyrr]+ with [n(tf)2]− 
and [Fap]− anions have been characterised for their behaviour as electro-
lytes for tnt and dinitrotoluene (dnt) using thin layers of each il on 
glassy carbon electrodes.158 this work indicated that the il layer could act 
as a pre-concentrator, preferentially pulling the tnt and dnt from the 
gas phase, leading to detection at estimated concentrations of 0.27 and 
2.05 ppm in the gas phase for tnt and dnt, respectively. ils [C4C1im]
[n(tf)2], [C8C1im][pF6] and [C4C1im][pF6] have since formed the basis of 
novel surface sampling paper-style sensors for in situ analysis of dnt from 
surfaces.159 these sensors utilise gold–pVdF-sandwich electrodes infil-
trated with il as an electrolyte. these materials have been shown to be 
effective at direct sampling and analysis of dnt from surfaces, e.g. plant 
leaves and knife blades (Figure 15.17) with a detection limit as low as  
0.33 ng mm−2. technical challenges do still, however, remain in the tran-
sition of this system to real life scenarios, the most pressing being the 
requirement to purge each functionalised paper with nitrogen prior to  
electrochemical analysis.

the enhanced properties of graphene nanosheet/Cnt electrodes func-
tionalised with a functionalised il (1-(3-aminopropyl)-3-methylimidazolium 
bromide) versus standard il–Cnt composites on glassy carbon electrodes 
(GCes) and bare GCes has previously been demonstrated for environmental 

Figure 15.17    demonstration of the detection of dnt deposited on (a) a plant leaf 
and (b) a knife blade using the paper-like smart sensor to solubilise 
deposited solid. (reprinted with permission from ref. 159, Copyright 
(2014) american Chemical Society.)
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sampling and analysis of tnt in ground water, tap water and lake water, 
without any pre-filtering or pre-treatment.134

In situ detection of dnt in gunshot residue has also been applied to glove-
worn options. in this example, electrochemical sensors were printed from 
organic materials functionalised with a peG-diacrylate (pedGa) [C2C1im]
[bF4] ionogel on plastic/nitrile gloves to generate a contact-based detec-
tion technology for firearms residue.160 this sensor exploits il-based solid 
electrolytes (printed on the thumb) as the solvent for performing voltam-
metry-based electrochemical analysis using an organic printed electrode 
(printed on the index finger) (Figure 15.18a). analysis is performed by sam-
pling the surface with the electrode, then bringing the electrode into contact 
with the il solvent to complete the circuit (Figure 15.18b and 15.18C). the 
flexibility of the electrode means that the electrochemical response can be 
measured with the hands in a variety of positions and while under strain.

it should be noted that the printed electrochemical sensors described here 
have no current intrinsic connectivity to a power/measurement source in 
the form pictured. this represents a current limitation to fully wearable for-
mats, such as the glove. Connection to a potentiostat with data transmission 
capability such as that described for tattoo-style sensors would therefore be 
required for measurement to occur.161

Figure 15.18    two-component printed electrochemical cell showing (a) a printed 
electrode (forefinger) and solid il-based solvent (thumb), (b) sam-
pling of a surface onto the electrode and (C) completing the electro-
chemical circuit for analysis by voltammetry. (reproduced from ref. 
160, with permission from the royal Society of Chemistry.)
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15.5.5   Environmental Detection of Vapours
the sensor platforms closest to delivery of realistic solutions for testing in 
open environments are currently those associated with passive collection and 
detection of VoCs in the vapour phase. ionic liquids form a component part of 
several of these systems. Zhu et al.,162 have used Chemically actuated resonant 
devices (Cards) generated from chemoresistive SWCnts as a platform for their 
system (Figure 15.19a). this work, which builds on their previous studies,163 
developed a concept for wearable vapour sensing that currently represents a 
realistic dosimeter for hazardous materials. this sensor uses a SWCnt/il com-
posite (il: [C4C1im]Cl) combined with 2-(2-hydroxy-1,1,1,3,3,3-hexafluoropro-
pyl)-1-naphthol (hFipn) as a chemiresistive material. the addition of hFipn 
to the SWCnt/il composite was found to give a 3.3 times improvement in 
the irreversible response of the chemiresistor to the hydrolysis of diethylchlo-
rophosphate (dCp). Figure 15.19b shows the response of the Card to dCp 
vapour. at a 2.4 ppm dCp exposure, a chemiresistor change of ∼65% min−1 was 
achieved, while detection at 28 ppb caused a chemiresistor change of ∼0.4% 
min−1. the Card was exposed until gain readout saturation was reached, 
which is represented by the plateau at approximately ΔGain ≈ −1.9 db (ΔGain 
≈ −1.5 db at 28 ppm).

the use of the Card as a triggered smartphone binary switch was also 
demonstrated through repeated exposure to dCp where it successfully 
switched on when the protective action criterion (paC-1) time-weighted 
average (tWa) of 10 ppb was exceeded. Selectivity of the sensor was estab-
lished against a range of possible interferents. While not tested concurrently 
with the target materials, the sensor responses for the targets were at least 
an order of magnitude larger (Figure 15.19C), which implies that a selective 
response could be possible. it should be noted that the authors stringently 
defined the current utility of the existing platform in a practical sense and 
highlight the areas where substantial development is required to transition 
this platform towards practical chemical sensing.

15.6   Prospects for the Future of Ionic Liquids in 
Smart Chemical Sensors

the span of technologies, applications and devices, both optically driven and 
electrochemically monitored, that have been described here illustrate the 
influence that ils could have in translating sensing technologies from the 
bench to the field or clinic into a future man-worn format. the inherent phys-
ical characteristics of these solvents make them favourable, in general, for 
use in liquid-based sensors and thus demonstrate their compatibility with 
man-worn sensor systems. in addition, inclusion of these solvents in sensor 
substrates, for example, in graphene-based and np-containing electrodes, 
has been shown to both enhance performance and impart solvation-based 
selectivity towards particular analytes in sensor platforms that could be com-
patible with wearable sensors in future iterations.
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Within these examples it is clear to see that a number of il families are 
commonly used. this is likely to be due to the easy availability of some of 
these materials from commercial providers as well as an existing understand-
ing of behaviour and proven enhanced performance from previous studies. 
however, it also indicates that there is a very large number of ils that have yet 

Figure 15.19    prototype chemical dosimeter for dCp. (a) passive sensor based on 
a single-walled carbon nanotube (SWCnt) chemically actuated res-
onant device (Card), applied as a single-use skin-worn sticker read 
by a mobile phone. (b) Measurement of the saturation response of 
the SWCnt Card after exposure to different concentrations of dCp, 
showing reduced gain associated with concentrations below 100 ppb 
(inset 28 ppb). (C) Sensor response curves to different concentrations 
of dCp as a function of time (upper) and dose (lower). (reproduced 
with permission from r. Zhu, J. M. azzarelli, t. M. Swager, Wireless 
hazard badges to detect nerve-agent Simulants, Angewandte Chemie 
International Edition, John Wiley and Sons, Copyright (2016) Wiley-
VCh Verlag Gmbh &Co. kGaa, Weinheim).162
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to be investigated in this context. Significant further performance enhance-
ments could therefore potentially be garnered by broadening these studies 
and in particular by the use of design-led task-specific il selection specific 
to particular performance requirements. this is likely to become increas-
ingly important as improvements in overall sensor sensitivity continue to 
be reported and therefore bring the need for commensurate improvements 
in selectivity, sensitivity and specificity. although understanding of il sol-
vent properties is well developed, and numerous models have been shown 
to be advantageous in solvent prediction, there are still additional gains to 
be made by further fundamental work in this area. this will undoubtedly 
furnish data that can be exploited positively in future sensor designs. Similar 
arguments may also be made for understanding the positive effects of ils on 
the ordering and assembly of materials in composite electrodes.

test criteria to enable development of sensors beyond controlled proof-of-
concept studies performed in controlled laboratory environments need to be 
developed in parallel with the sensor platforms. the resilience of these classes 
of materials to environmental exposure is currently poorly validated and many 
of the immature sensors reported to date may be subject to baseline shifts 
depending on the natural background of materials in the environment. Fur-
thermore, to be applicable to sensors on which human health might depend, 
a sensor would need to conform to key requirements regarding the speed of 
response and sensitivity required to have any utility in response to high levels of 
toxic challenges. in short, the sensor system must be compliant with the needs 
of the analyte of interest. in this context, it is clear that there are substantial tech-
nical challenges ahead to transition some of the technologies described here 
to real world solutions for high impact sensing requirements in public health. 
however, the diversity of new technologies reported in the literature exploit-
ing the unique and tailorable properties of ils is encouraging and the broad 
options available in terms of il enabled sensors (active surface-based sampling 
through to full passive vapour sensors and dosimeters) implies that this will be 
a strength of systems developed including these solvents in the future.
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16.1   Introduction
There is growing interest in robots working with or in the close vicinity of 
humans. Making them compliant is one of the biggest challenges. For the 
next generation of robots, adapted control strategies will need to be com-
bined with lightweight materials, actuators, sensors and power sources. 
For example, traditional actuators have low power density, power-to-mass 
ratio and efficiency. These and other properties are limiting the creation of 
dynamic micro-robots. Furthermore, their cost, bulkiness and lack of inte-
grated tactile or force feedback are limiting their applications in medicine.

Even though very limited at the moment, electroactive polymers (EAPs) 
have the potential to replace prevalent actuators, where a compliant mus-
cle-like response is desirable. EAP actuators are categorized into two classes: 
electric actuators mainly based on the use of dielectric elastomers (DEs) and 
ionic actuators mainly based on ionic polymer–metal composites (IPMCs) 
and conducting polymer actuators (CPAs).

DEAs are typically made of a passive elastomer film (e.g. silicone, polyure-
thane, polyacrylate) that is sandwiched between two compliant electrodes. 
When a voltage is applied, the electrostatic pressure between the electrodes 
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457Ionic Electrochemical Actuators

(Maxwell stress), arising due to the Coulomb forces, compresses the thick-
ness and expands the area of the elastomer in-between. DE actuators come in 
a variety of shapes and sizes, driving e.g. small robots.1,2 nevertheless, DEAs 
require high electric fields (150 MV m−1) and, consequently, voltages up to 5 
kV; therefore their application in medicine and other fields that require con-
tact with humans is very limited.3,4

Ionic EAP actuators are most promising for biomedical applications, 
where biocompatibility, compactness and accurate positioning are essential. 
They are driven by low potentials, typically 1–2 V, but need an ion source/
sink. This can be an ionic liquid embedded in a polymer matrix making the 
technology work in air.5 Compared to DEAs, they produce low forces and 
moderate strains. however, as ionic EAP actuators are driven by low poten-
tials, they operate silently. Moreover, being polymers, they are lightweight, 
potentially cheap to mass fabricate and can be used in the vicinity of human 
beings, i.e. for applications in medical devices.6–8 Another major advantage 
of ionic EAP actuators is their compactness, which reduces the overall weight 
of the devices and simplifies their handling and use in various environments 
making them especially interesting for applications in soft robotics.9–11  
nevertheless, the development of applicable devices is held back by their 
low efficiency and the absence of tactile, force or position feedback. Another 
feature limiting the development of functional devices is their fast perfor-
mance deterioration, often due to the evaporation of the solvent. A major 
breakthrough in the development of actuators was the discovery of ionic 
liquids used as an electrolyte, which prolonged the lifetime of the actuators 
by several orders of magnitude.12,13

A variety of other emerging ionic EAP actuator technologies have also been 
reported, including ionic gels, ionic polymer–metal composites (IPMCs) and 
more recently, carbon nanomaterial-based composites. Several types of ionic 
electromechanical actuators were investigated during the last decades to 
design artificial muscles for prosthetics (hands and arms) or soft robotics 
(grippers, manipulators, etc.)10,11,14 but also to develop optical microsystems15 
and in the biomedical field (minimally invasive surgical and diagnostic 
tools).6–8

16.1.1   Ionic Gels
Active hydrogels are three-dimensional polymer networks in which the voids 
are filled with water. They can undergo a volume change in response to an 
environmental stimulus and already have various applications in biotech-
nology and medicine.16–18 As an emerging method for producing artificial 
muscles, ionic gels could potentially match the force and the energy density 
of a skeletal muscle at low voltages. In active ionic gels, the reversible volume 
or shape change is a response to a chemical reaction, e.g. ph oscillations19,20 
(Figure 16.1) through diffusion of a reactive substrate into the gel.21 Because 
the flow of the solvent into the gel matrix is a diffusion-controlled process, 
the response time of ionic gels is limited to several seconds. nevertheless, 
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fast gels could be made of thin films but at the expense of the force.22 In order 
to make active gels more practical, the speed of their stimuli responsiveness 
and their weak mechanical properties need to be improved.23,24 Furthermore, 
robust electroding techniques need to be developed that will not damage the 
gel surface.

16.1.2   Ionic Polymer–Metal Composites
IPMCs are made of a semipermeable polymer membrane sandwiched 
between two metal electrodes. These membranes are usually ion-conduct-
ing polyelectrolytes, having a backbone chain of perfluorinated alkane 
terminated with ionic groups, e.g. sulfonate (SO3

−) for nafion® or car-
boxylate (COO−) for Flemion®. These ion groups form hydrophilic clus-
ter networks, where the solvent and the mobile counter-ions accumulate. 
Once an electric field is applied, the cations along with the solvent move 
towards one of the electrodes, causing swelling and a fast bending motion 
(Figure 16.2) (more sophisticated actuation mechanisms are reported in 
ref. 25–28). Factors influencing the electrochemomechanical response 
of the actuators, such as (1) the chemical composition and structure of 
the polymer,29,30 (2) the morphology of the electrodes,31 (3) the nature 
of the mobile ions,30,32,33 (4) the solvent saturation,34 etc., are rather well 

Figure 16.1    Actuation of an electroresponsive polyelectrolyte gel placed in salt 
solution and schematic illustration of historically proposed models to 
explain electroactuation. rod-like gel (a) before and (b) after applying 
electric potential. Electroactuation mechanisms: (c) Coulomb mecha-
nism, (d) electroosmosis mechanism, (e) electrochemical mechanism, 
and (f) dynamic enrichment/depletion mechanism (darker and lighter 
colours at the gel/solution boundaries represent ion accumulation and 
depletion at the anode and cathode side, respectively). reproduced 
from ref. 19 with permission from The royal Society of Chemistry.
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understood and are extensively reviewed.35–37 Due to their low actuation 
voltage and relatively large bending, IPMCs have potential applications in 
underwater robotics (e.g. grippers,38 swimming devices39–41) and medicine 
(e.g. microgrippers,42 steerable catheters).7

When used with aqueous solvents, one of their drawbacks is back-relax-
ation – the actuation is followed by a slow relaxation due to the water dif-
fusion out from the cation-rich area. In addition, IPMCs are sensitive to 
dehydration and hydrolysis above 1.23 V, and tend to drift in position or get 
permanently deformed when a direct current is applied. Furthermore, the 
lifetime of IPMCs is rather limited,43 primarily because of:
  

 ● gradual water evaporation during cycling.44,45 The evaporation of water 
in air could be avoided if ionic liquids were used as the electrolytes32 but 
at the cost of the response speed and strain. Alternatively, devices could 
be encapsulated in e.g. parylene,46,47 polydimethylsiloxane (PDMS)48 or 
other materials.49,50 nevertheless, because of encapsulation, the actu-
ator stiffness increases and this leads to a decrease of the deflection 
amplitude.

Figure 16.2    (a) Optical image of the bending actuation of an IPMC actuator under 
AC electric signals. (b) Schematic of the bending actuation mecha-
nism. reproduced with permission from ref. 26.
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 ● Poor adhesion of the metal electrodes to the membrane. In order to ensure 
sufficient adhesion between the membrane and the electroplated met-
als, expensive and time-consuming surface roughening techniques are 
required.51,52 Therefore, alternative adhesion improvement methods, e.g. 
polymer coating53,54 and nano-powder casting,55 have been investigated.

 ● Damage of the electrode surface.44,56 In order to decrease the electrode 
cracking and degradation during bending cycles54,57 development of fab-
rication techniques, e.g. introducing novel electrodes,58,59 is necessary.

16.1.3   Carbon Nanotubes
The most recent ionic actuator type is based on carbon nanotubes (CnTs) 
and their composites suspended in electrolytes60 or ILs.61 When a voltage 
is applied (1–4 V), the CnT surface is charged and the electrolytes form an 
electric double layer around them. The electrostatic repulsion of the charges 
on the nanotubes causes the elongation of the carbon–carbon bonds, which 
consequently elongates the nanotube.60 Due to their stiffness, networks of 
entangled nanotubes or yarns are needed to induce macroscopic deforma-
tions, and even then, strains smaller than 1% are achievable.60 On the other 
hand, due to the porosity and fast ion diffusion, the strain rate of the CnT 
actuators can reach 19% s−1 (<10 ms response time).62 Furthermore, their 
high elastic modulus (640 gPa) leads to huge work densities of 108 J m−3.

The discovery of the ‘bucky gel’63 was followed by its application in actu-
ators.64 ‘Bucky gel’ actuators are similar to IPMCs in their trilayer structure: 
the polymer impregnated with the ionic liquid in-between two electrodes 
made of a gelatinous ionic liquid containing single-walled carbon nanotubes 
(SWCnTs). nevertheless, the motion is caused by charging of the SWCnTs 
and subsequently the ion transport within and to the gel. The main advan-
tages of the ‘bucky gel’ actuators are their facile fabrication (layer-by-layer 
casting) and fast actuation times (responding to up to 100 hz) (Figure 16.3). 
nevertheless, just like SWCnT actuators, they are difficult and expensive to 

Figure 16.3    (Left) Schematic configuration of a bucky-gel-actuator; (right) bending 
motion of the corresponding actuator (3.5 V, 0.01 hz). reproduced from 
T. Fukushima and T. Aida, Ionic Liquids for Soft Functional Materials 
with Carbon nanotubes, Chemistry - A European Journal,70 John Wiley 
and Sons, © 2007 WILEY-VCh Verlag gmbh & Co. KgaA, Weinheim.
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mass-produce.65–67 As a cheaper alternative, carbon black and carbon fiber 
mixtures with ILs are being investigated.68 however, the strains remain low, 
less than 0.01% for a frequency of 100 hz.69

16.1.4   Conducting Polymers
CPs are also a class of ionic electroactive materials widely investigated for 
the development of lightweight, noiseless, high stress, large strain and low 
driving voltage actuators. In CPs, ion transport occurs during the electro-
chemical oxidation and reduction of the polymer. This redox change results 
in a change of material properties such as conductivity,71 color,72 wettability73 
and shape or volume.74 Indeed, when the CP is oxidized or reduced electro-
chemically, ions and solvent molecules are inserted or expelled from the CP 
in order to ensure the overall electroneutrality leading to a variation of the 
CP volume. This behavior makes them particularly interesting in the family 
of electroactive polymers for actuator applications.4 Moreover, considering 
that they are biocompatible, down-sizable and can present large deforma-
tions, they are the most promising candidates for applications in medicine 
and implantable devices.75

It is also worth mentioning the growing interest in using composite mate-
rial electrodes along with conducting polymers to improve the electromechan-
ical properties of ionic conducting polymer actuators (CPAs). Alternatives rely 
on the use of carbon-conducting polymer composites76,77 or the use of CnT 
mixtures with nanoparticles.78 Torop et al. described an in situ synthesis of 
nanoporous carbide-derived carbon (CDC) powder and pyrrole monomers 
using electrochemical polymerization.76 They have demonstrated that for iEAP 
actuators, the amount of swelling per injected charge is double for PPy-CDC 
films compared to non-modified PPy actuators.

16.2   Volume Change in Ionic Conducting Polymers
As mentioned above, CPs are reactive materials under a flow of electric cur-
rent. An electrical energy input changes the electrochemical state of the con-
jugated polymer and is followed by several simultaneous and subsequent 
processes, e.g. volume changes of the material. Indeed, when the CP is oxi-
dized or reduced electrochemically, ions and solvent molecules are inserted or 
expelled from the CP in order to ensure the overall electroneutrality. In 1995, 
r. gandhi et al. summarized the different volume variations of a material in 
two different redox reactions and the accompanying ion flows (Figure 16.4).79

A complete volumetric expansion mechanism will depend essentially on 
the nature and size of the ions involved, and on their solvation state. In a gen-
eral sense, the ion flow and redox reactions can be described as follows. For 
a polymer P doped with small or medium-sized mobile dopant anions (A−), 
such as perchlorate (ClO4

−) anions, in contact with an electrolyte containing 
both mobile cations and anions, the redox reaction is mainly controlled by 
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mechanisms (1) and (2) (Figure 16.4). That is, when reducing the polymer 
to its neutral state, anions A− are expelled and when oxidizing the polymer, 
anions are inserted into the polymer matrix in order to compensate for the 
charge imbalance.80–83 On the other hand, for a polymer P doped with large 
immobile dopant anions A−, such as dodecylbenzenesulphonate (DBS−), 
poly(styrene sulfonate) (PSS) or trifluoromethanesulfonate (CF3SO3

−) anions, 
in contact with an electrolyte containing small mobile cations C+, the redox 
reaction is mainly controlled by mechanisms (3) and (4) (Figure 16.4). That 
is, cations C+ are inserted when the polymer is reduced and expelled when 
the polymer is oxidized.84–86 In the former case, the volume typically expands 
in the oxidized state, i.e. when a positive potential is applied, and in the latter 
case the volume of the polymer expands in the reduced state, i.e. when a neg-
ative potential is applied. In the former case, however, there may be two mov-
ing species because not only redox reactions 1 and 2 (Figure 16.4) occur, but 
reactions 3 and 4 (Figure 16.4) may also occur, which can lead to a “twitch-
ing” or “salt draining behavior”, i.e. the neutral pairs of ions could form and 
move out from the polymer, leading to a decrease in expansion.87 Therefore, 
CPs doped with large immobile anions, such as DBS or PSS, have frequently 
been employed since they provide a smooth motion (with only cations as the 
moving species), stability, and long life-time. Ions in the electrolyte are usu-
ally solvated and their actual volume and mobility depend on the solvation 
shell. Therefore, solvents can be critical in determining the mobile species. 
Furthermore, osmotic effects that lead to solvent molecules moving in and 
out of the polymer were also shown to play a significant role in actuation.13 In 
addition, conformational changes and coulombic repulsion of the polymer 
chains may also contribute to the volume change.88,89

16.3   Synthesis of Conducting Polymers
The properties of conducting polymers are strongly dependent on their  
synthesis conditions. To achieve a good conductivity, it is required that the 
conjugated nature (Figure 16.5) of the monomer is conserved in the repeating 

Figure 16.4    Molecular mechanisms of volume variation in conducting polymers.
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unit during the polymerization process, which strongly limits both the choice 
of monomer and the choice of the deposition pathway. The polymerization 
of designated conducting polymer monomers can be carried out in many 
ways. however, the most widely used technique is oxidative coupling involv-
ing the oxidation of monomers via chemical or electrochemical routes.90–93

Its simplicity, high selectivity and reproducibility have made electrochemi-
cal synthesis the preferred method to synthesize conducting polymers for 
actuator applications. It has the advantage of producing the material on an 
electrode facilitating further analysis, and hence eliminating processability 
problems. Moreover, the electrochemical route has the advantage of allow-
ing good control of the polymer thickness, morphology and degree of poly-
mer doping by mastering the synthesis parameters, such as the quantity of 
charge injected during the deposition process. The electrosynthesis is usu-
ally achieved using a two- or three-electrode configuration through the elec-
tro-oxidation of a given monomer (e.g. pyrrole or 3,4-ethylenedioxythiophene) 
in a solution containing a supporting electrolyte (Figure 16.6). This may be 
an inert organic solvent, such as propylene carbonate with e.g. bis(trifluo-
romethane)sulfonimide lithium (LiTFSI), an aqueous electrolyte, typically 
sodium dodecylbenzenesulfonate (naDBS), or an ionic liquid. Indeed, Prin-
gle et al. reported the use of the ionic liquids 1-butyl-3-methylimidazolium 
hexafluorophosphate, 1-ethyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl) amide and N,N-butylmethylpyrrolidinium bis(trifluoromethane-
sulfonyl) amide, both as the growth medium and as an electrolyte for the 
electrochemical cycling of polypyrrole films. The use of the ionic liquid as 
the growth medium results in significantly altered film morphologies and 
enhanced electrochemical activities compared to films grown in conven-
tional molecular solvent/electrolyte systems.94

As mentioned, CPs are deposited on conducting substrates, such as gold, 
stainless steel, platinum, indium-tin oxide (ITO)-coated glass or more recently 
CP-coated textiles.95 The electrochemical polymerization process can be 

Figure 16.5    The chemical structures of some common conjugated polymers used 
as actuator materials.
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Chapter 16464

performed using different ways of applying the current or the potential to the 
conducting substrate. The simplest electrochemical methods include poten-
tiostatic or galvanostatic methods (constant potential and constant current, 
respectively), but potentiodynamic methods have also been employed.12,76,96

In some applications, it is either impractical or undesirable to synthesize 
the polymer on a conducting surface. In these cases, CPs can often also be 
synthesized using chemical oxidative polymerization. Distinct advantages of 
the chemical route over electrochemical synthesis are that there is no need 
for electrochemical instruments such as a potentiostat and that non-con-
ductive surfaces can also be coated. Moreover, chemical polymerization is 
known to be a simple and fast method and is recommended if large amounts 
of CP are needed. In typical chemical polymerization, an oxidizing reagent 
such as iron(iii) chloride is used in aqueous or non-aqueous solvents97,98 to 
produce a polymer in the conducting form. Although other oxidizing agents 
can be used as well,99 iron(iii) chloride was found to be one of the most 
efficient oxidants for pyrrole or EDOT polymerization because of the high 
polymerization yield. In chemical synthesis, however, it is difficult to gain 
direct control over the polymer deposition, which results in a lack of accu-
racy and reproducibility.

An alternative chemical synthesis method to conventional solution-based 
CP deposition is the so-called vapour phase polymerization (VPP) tech-
nique.100–104 There is much interest in this method because it provides high 
control over CP film thickness, uniformity and density. Typically, the forma-
tion of CPs is carried out directly on the surface of the substrate in a two-step 
process (Figure 16.7). First, the oxidant such as iron tosylate in n-butanol is 

Figure 16.6    A three-electrode electrochemical polymerization cell. The sample, 
for instance a stainless steel substrate, is connected as the working 
electrode.
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465Ionic Electrochemical Actuators

applied on the substrate using solvent coating processes and then the coated 
surface is exposed to a reactive CP monomer vapour. PEDOT films have been 
reported to have conductivities as high as approximately 3400 S cm−1 for a 
thickness of 60 nm, which is equivalent to commercially available indium 
tin oxide (ITO).105 The ability to fabricate CP thin films directly onto sub-
strates opened up the opportunity to integrate them into practical devices. 
For example, Maziz et al. have recently employed VPP PEDOT in ionic actua-
tor devices and electroactive fabrics for robotics.95,106

CP processing using commonly employed deposition methods such as 
spin-coating, solvent-casting or ink-jet printing is virtually impossible since 
these CPs are relatively insoluble in most solvents. To overcome this prob-
lem, alternative synthetic routes have been proposed that involve the attach-
ment of soluble functional groups to the polymer or doping with stabilizing 
polyelectrolytes.107–110 An aqueous dispersion of PEDOT:PSS is commercially 
available under the brand names Baytron P or Clevios P.

16.4   Ionic Electromechanical Actuators Based on 
Conducting Polymers

As previously mentioned, CPs can undergo dimensional changes in response 
to an electric charge, and consequently they are capable of transducing elec-
trochemical energy directly into mechanical work. The latter can be converted 

Figure 16.7    The VPP process involving (a) deposition of the oxidant solution (onto 
the substrate, black) commonly containing an Fe3+ salt in a solvent 
(typically an alcohol such as ethanol) with possible additives, (b) expo-
sure of said oxidant to monomer vapour at a given temperature (T) and 
pressure (P), where the oxidant/monomer is transported/condensed at 
the interface to initiate polymerization, and (c) washing away excess 
oxidant and monomer to yield an ICP thin film. reprinted from Prog-
ress in Materials Science, 86, r. Brooke, P. Cottis, P. Talemi, M. Fabretto, 
P. Murphy, D. Evans, recent advances in the synthesis of conducting 
polymers from the vapour phase, 127–146, Copyright (2017) with per-
mission from Elsevier.111
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Chapter 16466

into a variety of forms (Figure 16.8), i.e. bending, linear or out-of-plane defor-
mation according to the different device architectures reviewed below.

16.4.1   Actuators Immersed in an Electrolyte: Linear 
Deformation

The easiest way to design an electromechanical actuator system based on 
CPs is to shape the active material as a freestanding film to induce a linear 
deformation (Figure 16.9). Freestanding film, wire or fibre actuators provide 
access to the intrinsic actuator characteristics, such as strain, force and gen-
erated stress. In all cases, the characterizations of the system are done in an 
electrochemical cell allowing both isotonic and isometric measurements, 
including strain, force and stress under electrical stimulation.112 PPy is the 
most studied CP in a linear configuration since it is quite easy to prepare 
PPy films by an electrochemical synthesis process. The typical values for 
strain and stress are around 2% and 5 MPa, respectively.113,114 nonetheless, 
PPy actuators prepared using specific conditions e.g. by varying the electro-
chemical synthesis conditions and/or the choice of the dopant, can show 
large strains of up to 30%.115–118 however, for these systems, the electroche-
momechanical stability remains a critical issue for practical applications. 
A PPy actuator film doped with TFSI generated 24.5% strain in the first 
cycle, whereas only 12.4% was measured in the 7th cycle.117 The reduction 

Figure 16.8    Different actuation modes used for conducting polymer actuators: 
bulk or perpendicular expansion, linear strain, bending bilayer, and 
buckling sheet.

Figure 16.9    Architectures of CPAs: linear deformation actuators immersed in an 
electrolyte.
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467Ionic Electrochemical Actuators

in performance might be caused by parasitic reactions, i.e. over oxidation 
– side reactions of dissolved oxygen in driving electrolyte solutions leading 
to structural changes along the PPy backbone and hence to a lower capac-
ity to generate movement after several cycles. In this context, Kaneto et al. 
reported the use of ILs as the electrolytic solution, which results in a signif-
icant increase in stability with increasing cycle number; however, in such 
cases, the strain is less than 5% and the ability of the PPy film to undergo 
large deformation is hampered.119

Even though CPA actuators generate high stress, the exerted forces are typi-
cally low. The actuation mechanism of CPAs is dominated by mass transfer, 
including ions and solvents into the polymer. Therefore, the actuation speed 
will be determined by the diffusion rate and diffusion distance.13,84,120–122 To 
keep a moderate actuation speed, only thin layers or fibres of CPs are used, 
and hence, the exerted forces remain rather small. higher actuation forces 
were demonstrated by assembling CP fibers into macrodevices that increase 
their thickness and/or cross-sectional area (Figure 16.10).112,122 The prototype 
shown in Figure 16.10(A) is a CPA assembled with bundles of PPy deposited 
on nickel-plated stainless steel coils. This actuator configuration lifted 22 kg 
when immersed in aqueous naBF4 solution. Maziz et al. proposed another 
approach by developing textile actuators. Advanced textile technology allows 

Figure 16.10    (A): Schematic diagrams of some bundles of PPy–metal coil actu-
ators. One piece of PPy–metal coil composite exhibits only 0.20 n 
force, but a bundle and a bundle of bundles, etc. can create huge 
force (reprinted from Synthetic Metals, 146, S. hara, T. zama, W. 
Takashima and K. Kaneto, Polypyrrole-metal coil composite actua-
tors as artificial muscle fibres, 47–55, Copyright (2004), with permis-
sion from Elsevier).123 (B): Textile actuators. (a) Lyocell-based single 
yarn. (b) CP-coated Lyocell-based knitted fabric.
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Chapter 16468

rational parallel assembly of fibres/yarns, and this increases the total force 
of the actuators (Figure 16.10).96 Soft actuators were produced from cellulose 
yarns assembled into fabrics and coated with CPs. When immersed in pro-
pylene carbonate with LiTFSI, the generated force scaled linearly with the 
number of yarns in the fabric, while conserving the strain and keeping the 
advantages of single, thin yarns, that is, a high surface-to-volume ratio.

16.4.2   Bilayer Bending Actuators
The volume variation during the redox process can also be used to get out-
of-plane movement by designing the actuator in a bilayer configuration. 
Bilayer actuators are laminates of conducting polymers and passive or 
“non-volume changing” thin films, in which the relative expansion or con-
traction of the conducting polymer with respect to the other layer leads to 
a bending of the structure (Figure 16.11). In these structures, the CP film 
is connected as a working electrode in a three-electrode configuration cell 
in the presence of the electrolytic solution. The volume increase due to the 
oxidation (or reduction) of the CP layer generates a stress gradient at the CP/
passive layer interface causing the bending of the actuator. The first design 
of bilayer actuators was proposed by Baughman et al.60,124 Since then, these 
types of actuators have been extensively studied by T.F. Otero et al.,120,125,126 
Q. Pei et al.,84,127 K. Kaneto et al.128,129 and E. Smela et al.130–132

16.4.3   Trilayer Bending Actuators: Use of Ionic Liquids as 
Electrolytes for Air Working Actuators

For CPAs operating in air, the presence of two electroactive electrodes and 
an ion reservoir from which ions can move is essential. In a three-layer con-
figuration, active CPs are laminated with an inactive substrate. The relative 
differential expansion between CP layers generates a stress gradient at the 
interface and results in bending (Figure 16.12). To operate trilayer CPAs in 
air, the substrate between the CP layers can be replaced by a membrane 
impregnated with an electrolyte as first reported by MacDiarmid in 1994.133 

Figure 16.11    Architectures of CPAs: bilayer bending actuators immersed in an 
electrolyte. reprinted with permission from ref. 146. Copyright 2015 
American Chemical Society.
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469Ionic Electrochemical Actuators

The configuration was based on a piece of paper, acting as an ion reservoir 
membrane, two PAnI electrodes and hydrochloric acid as an electrolyte. 
Thereafter, more classical solid polymer electrolytes (SPEs) have been used 
as the ion reservoir for the fabrication of trilayer actuators. In this case, 
requirements of SPEs are much more difficult to fulfil compared to other 
solid-state electrochemical devices, such as batteries or supercapacitors. The 
stringent requirements for a SPE to be used in an electromechanical actua-
tor include adequate ionic conductivity and electrical stability. It must also 
be flexible, present good mechanical properties, and maintain good adhe-
sion with the electroactive layers during bending. SPEs are based on either 
poly(epichlorohydrin-co-ethylene oxide),134 nitrile butadiene rubber,135 or 
polyethylene oxide (PEO),136 or elaborated using more complex macromolec-
ular architectures, such as an interpenetrating polymer network (IPn). SPE 
IPns are based on PEO and either polycarbonate,136 polybutadiene137 polytet-
rahydrofurane138 or nitrile butadiene rubber.139,140 In SPE IPns, one polymer 
network is really used as the SPE, i.e. the PEO partner, whereas the second 
one provides the required mechanical properties for the device. Porous poly-
vinylidene fluoride (PVDF) membranes have also been used, with the poros-
ity of the membrane being filled by the electrolytic solution.141

Table 16.1 shows the molecular structures of the most widely employed 
polymer electrolytes for the development of CP actuators.

In most of these approaches, the use of aqueous or organic electrolytic 
solutions strongly limits the potential applications of the ionic actua-
tors. Aqueous or organic electrolytic solutions evaporate during actuation, 
decreasing the ionic conductivity within the membrane and ultimately the 
actuators stop working due to the lack of ionic movement. Moreover, water 
electrolysis severely restricts the actuation voltage to less than 1.23 V at room 
temperature, which limits the strain that the actuators can generate.144 Var-
ious polymer-based encapsulating layers were investigated in an attempt to 
minimize or eliminate the electrolyte evaporation, but none of them was 
successful.134,137,145

A major breakthrough in the development of actuators was the discov-
ery of room temperature ILs, also known as molten salts, used as an elec-
trolyte. ILs have excellent physical and electrochemical properties, such as 
high ionic conductivity, non-volatility and larger electrochemical window. 

Figure 16.12    Architectures of CPAs: trilayer bending actuators operating in air.
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Chapter 16470

non-volatility prolongs the lifetime of the actuators by several orders of mag-
nitude.12,32 Due to their larger electrochemical window, higher voltages can 
be applied without leading to an irreversible electrochemical deterioration of 
the actuators.32,140 Moreover, ILs can be tailored to exhibit specific properties 
for various applications.28

Table 16.2 shows the molecular structures of the most widely employed ILs 
as electrolytes for the development of CPAs. W. Lu et al. used ILs for the first 

Table 16.1    Molecular structures of the most widely employed solid polymer 
electrolytes for conducting polymer actuator applications.

SPE Membrane Molecular structure Electrode Electrolyte ref.

Poly(epichloro-
hydrin-co- 
ethylene 
oxide)

PPy LiClO4/water 
solution

133

nitrile  
butadiene 
rubber

PEDOT EMITFSI, 
BMMPF6 
BMIMBF4, 
BMIMTFSI

134

Branched  
polyethylene 
oxide (PEO)

PEDOT LiCLO4/water 
solution

135

Poly(vinylidene 
fluoride) 
(PVdF)

PPy LiTFSI/PC 
solution

136,137

Poly (vinylidene 
fluoride-co- 
hexafluoro-
propylene) 
(PVDF-co-
hFP)

PPy LiTFSI/PC 
solution

137

Poly(methyl 
methacry-
late) (PMMA)

PPy Tetraethylammo-
niumhexafluoro-
phosphate 
(TEAh°/PC 
solution)

114

Polycarbonatea PEDOT LiCLO4/water 
solution

135

Polybutadienea PEDOT EMITFSI 138

Polytetrahydro-
furana

PEDOT EMITFSI 139

a The SPE was associated with a PEO partner as an IPn architecture.
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471Ionic Electrochemical Actuators

time in 2002 for actuator applications.141 The polymer-in-ionic liquid electro-
lytes were prepared by using PAnI and PPy both with BMIM(PF6) and EMI-
MTFSI. The electrochemomechanical actuators showed a maximum strain 
of ±2% when a potential of ±2 V was applied. The stability of this system was 
evaluated by subjecting the actuators to continuous pulsing for more than 
3600 cycles without degradation.5,142 The cyclic lifetime and stability of the 
trilayer actuators were significantly enhanced compared to those containing 
propylene carbonate-based electrolytes.5,138 The presence of ILs in polymer 
electrolytes has also proved to enhance the switching speeds and to increase 
the amplitude of actuation.143 The types of ILs play a critical role in the actu-
ating properties of ionic polymer-based actuators. Mattes and Lu observed 
enhanced electroactivity and mechanical actuation in a BMIMBF4 electrolyte 
after doping PAnI with CF3SO3h, suggesting a strong interaction between 
the CF3SO3

− dopant of the conducting polymer and the BMIM cation. This 
actuator showed an excellent lifetime of over 100000 cycles between +2.5 V 
and −2.5 V at 2 hz.144

Another major drawback for the fabrication of very long-life air work-
ing actuators is the delamination at the interface between the conduct-
ing polymer layers and the flexible SPE.151 The delamination problem has 
been overcome via three different strategies (Figure 16.13). First, a porous 

Table 16.2    Molecular structures of the most widely employed ILs as electrolytes for 
CP actuator applications.

name Abbreviation Molecular Structure ref.

1-Butyl-3-methylimida-
zolium bis(trifluoromethyl 
sulfonyl)imide

BMITFSI 134

1-Ethyl-3-methylimidaz-
olium bis(trifluoromethyl-
sulfonyl)imide

EMI TFSI 145

1-Butyl-3-
methylimidazolium 
hexafluorophosphate

BMIM PF6 141

1-Butyl-3-methyl imida-
zolium tetrafluoroborate

BMIMBF4 141

1-Butyl-1-methylpyrro-
lidinium bis(trifluoro-
methylsulfonyl)imide

BMP TFSI 119

Methyl-trioctylammonium 
bis(trifluoromethylsulfo-
nyl)imide

MTOATFSI 119

Triethylsulfonium bis(tri-
fluoromethylsulfonyl)
imide

TESTFSI 119
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commercial PVDF membrane was used as the electrolyte storage layer and 
electrochemical and/or chemical deposition of the CP working material was 
performed.142,152 The CP is anchored in the pores of the PVDF membrane, 
which creates an interfacial layer between the membrane and the electrode. 
The second strategy was proposed by designing actuators such as conduct-
ing IPns where a CP is embedded in an IPn SPE. These two architectures, 
combined with ILs as electrolytes, allow the cyclic life-time and the electro-
chemical stability of actuators to be enhanced. Operations in air of up to 
3600 (1 hz) to 106 (10hz) cycles were reported.150 These performance advan-
tages were obtained by using the environmentally stable, room temperature 
ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide (EMITFSI) (Table 16.2). C. Bergaud et al. proposed another approach 
by developing hybrid ion-storing membranes.146,154 The wetting properties 
of the surface of a PVDF membrane were improved using argon-plasma-
induced surface polymerization of poly(ethylene glycol) monomethyl ether 
methacrylate (PEgMA). hybrid membranes were created with hydrophilic 

Figure 16.13    Air-operating trilayer systems based on CPs. (A) Au/PPy/PVDF actu-
ators: a porous PVDF membrane onto which two PPy electrodes are 
electrochemically deposited. (B) PEDOT/PEO-nBr IPn actuators: the 
trilayer system is shaped as a conducting IPn, where two PEDOT elec-
trodes are chemically embedded through the thickness of the IPn. 
(C) PEDOT:PSS/PVDF-graft-PEgMA actuators: the PEDOT:PSS water 
solution fills the pores of the functionalized PVDF membrane and 
a mixing layer between PEDOT:PSS and PVDF is created. reprinted 
with permission from ref. 146. Copyright (2015) American Chemical 
Society.
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473Ionic Electrochemical Actuators

PVDF-graft-PEgMA outer surfaces and hydrophobic bulk. The width of each 
layer is controlled by spray coating, as this technique allows for the deposi-
tion of the reaction precursor to a certain depth. Subsequently, a PEDOT:PSS 
water solution fills the pores of the functionalized part of the membrane and 
a mixing layer between PEDOT:PSS and PVDF is created. Finally, PEDOT:PSS/
PVDF-graft-PEgMA/PEDOT:PSS actuators are made by simple solution cast-
ing. They are capable of producing high strains of 0.6% in the EMITFSI ionic 
liquid, and show no signs of delamination after more than 150 h or 104 actu-
ation cycles at 0.1 hz.

16.4.4   Creeping Effects
Creeping in CPAs is observed as a continuous displacement of the move-
ment range.147 It originates from the incomplete recovery of the initial 
position on consecutive actuation cycles. There are two identified reasons 
causing such a behavior: (1) mechanical creeping, i.e. cycling-induced sol-
vent swelling as suggested by Melling et al.,148 and (2) chemical creeping, 
i.e. unbalanced charging as characterized by Kaneto et al.149,150 In the first 
case, cycling opens the polymer matrix so that with each cycle the ions dif-
fuse faster and therefore deeper into the film. Consequently, if present, 
more solvent can be irreversibly accommodated in-between the polymer 
chains.148,149,151,152 Concerning chemical creeping in aqueous solutions, 
faster actuation rates during both reduction148 and oxidation153 were pre-
viously observed. This was attributed to the higher electronic conductivity 
in the oxidized state and the higher ion conductivity because of the more 
expanded, open and swollen polymer. For polypyrrole (PPy) actuators oper-
ating in propylene carbonate, J. D. Madden et al. have shown a correlation 
between a reduction in strain amplitude and a decrease in charge transfer 
that could suggest an irreversible degradation of the polymer.147 Kaneto  
et al. have compared the swelling of PPy films in ILs and mixed solutions of 
ILs and propylene carbonate (PC).149 The electrochemomechanical strain 
(ECMS) was studied as a function of the stress induced by applied tensile 
loads. It was shown that if ILs are used, creeping only takes place at high 
tensile stresses. however, in a mixed solution of IL and PC, a decrease of 
the ECMS was rapidly observed at lower stresses after a few electrochemi-
cal cycles. This was explained as a loss of the electrochemical activity and 
the conductivity of the PPy films. recently, the use of carbon nanotubes 
spray-coated onto the surface of a PEDOT:PSS actuator was shown to sig-
nificantly reduce creeping by avoiding charge accumulation in the polymer 
film (Figure 16.14). This led to a significantly improved performance during 
cycling actuation.154 Modeling conductive polymer actuators as viscoelastic 
materials could be useful to more accurately predict creeping. An advanced 
mathematical model was, for example, proposed by nguyen et al. for this 
purpose for trilayer conjugated polymer actuators.173
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Chapter 16474

16.5   Interfacing and Actuation
The lack of proper electrical connections and interfacing systems to CPAs 
working in air has been a major obstacle hindering further progress of these 
smart devices into practical applications. Macroscopic electrical connectors 
such as Kelvin clips, alligator clips, or home-made tweezers12,139,155–157 have 
been used to connect the two CP electrodes in the trilayer structure into a 
functional electrical device. Therefore, designing a complex device with 
several individually controlled trilayer actuators operating in air remains a 
major issue. Jager et al. developed a new interfacing method for PPy trilayer 
actuators that can be individually controlled.158 The millimetre-sized PPy 
actuators were first patterned on a PVDF membrane to form an actuator unit 
comprising three individually controllable actuators. The new interface was 
based on a commercial flexible printed circuit board (FPCB) that comprised 
the electronic circuit into which the actuator unit was embedded by simply 
inserting and folding the FPCB (Figure 16.15). The contact pads were auto-
matically aligned to the actuator unit. however, this methodology is not 
suitable for microscale engineering since it uses thick PVDF membranes. In 
addition, the substrates need to be flipped during the fabrication process in 
order to pattern both electrodes making the alignment difficult across an 
optically opaque layer. For these reasons, A. Maziz et al. and A. Khaldi et al. 
developed bottom-up microfabrication processes to microfabricate CP actu-
ators on the substrates on which they ultimately operate.106,159 The bending 
microactuators, which use ILs as electrolytes, were fabricated by sequentially 

Figure 16.14    (A) Bending profiles versus time for actuators with (blue dotted line) 
and without (red line) a CnT layer. The voltage polarity (±1.5 V) was 
changed every time the actuator reached the ±1 mm set value. (B) 
Time needed for the tip of the actuator to move from its initial posi-
tion to ±1 mm vs. time for the CnT (blue) and simple (red) actuators. 
±1.5 V was used to change the direction of bending as soon as the 
actuator tip reached the set value. For the actuator without a CnT 
layer, the value was reset to −0.8 mm and +1.2 mm due to the large 
creeping (shown as the dotted line).
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stacking layers using a layer-by-layer polymerization of CP electrodes and var-
ious SPEs (Figure 16.16). In addition, the process design integrates contact 
pads. This has been an issue for small-scale conducting polymer actuators.

16.6   Applications
CPAs have been employed for a wide range of applications.78,160–166 Their 
use with ILs as electrolytes has led to fewer applicative developments, 
among which we can find optical devices, microgrippers and bioinspired 
devices.15,167,168 nonetheless, the fact that iEAP actuators are compatible with 
harsh space environments may lead to new potential applications.169 In addi-
tion, as ILs have become the “green alternative” of volatile organic solvents 
for pharmaceutical synthesis,164 biocompatible devices based on iEAP actua-
tors may spark renewed interest and open new challenging issues in the near 
future for biomedical applications.

Optical MEMS: The development of autofocus lens actuators using CPs has 
been reported by Ikushima et al. The design was based on the requirements of 
standard camera module dimensions for cellular phones.15 The whole system 
comprises an image sensor and a lens holder with two stages of four actuators 
and separators as shown in Figure 16.17. This configuration allows the lens 
holder to be moved smoothly along the optical axis. Three-layer actuators were 

Figure 16.15    An interface based on flexible printed circuit boards (FPCBs) for 
contacting CP actuators in the open (a) and closed (b) position. The 
actuator unit is placed in the open FPCB interface with the actuators 
aligned to the Cu leads (c). Thereafter, the FPCB interface is folded 
around the actuator unit to provide contact to both sides of the actu-
ators (d). Scale bars: 2 mm. LiTFSI/propylene carbonate was used as 
the supporting electrolyte. reprinted from Sensors and Actuators B: 
Chemical, 183, E. W. h. Jager, n. Masurkar, n. F. nworah, B. gaihre, g. 
Alici and g. M. Spinks, Patterning and electrical interfacing of indi-
vidually controllable conducting polymer microactuators, 283–289, 
Copyright (2013) with permission from Elsevier.158.
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Figure 16.16    (A) Top-down fabricated PEDOT-PEO-nBr semi-IPn microactuators 
on flexible substrates. EMITFSI was used as the supporting electrolyte. 
reprinted with permission from ref. 106. Copyright 2016 American 
Chemical Society. (B) Bottom-up fabricated PPy-PVdF actuator devices 
(or “fingers”) with individually addressable PPy actuators. (a) top face 
and (b) bottom face of  a device comprising two 5 × 10 mm2 sized PPy  
actuators and (c) top face of two devices each comprising two 2 × 4 mm2 
sized PPy  actuators. LiTFSI/propylene carbonate was used as the sup-
porting electrolyte. reprinted from Sensors and Actuators B: Chemical, 
230, A. Khaldi, A. Maziz, g. Alici, g. M. Spinks, E. W. h. Jager, Bottom-up 
microfabrication process for individually controlled conjugated polymer 
actuators, 818–824, Copyright 2016 with permission from Elsevier.159

Figure 16.17    (A) Micro-autofocus lens actuator that uses bending CP actuators. (B) 
The bending-type CP actuator produced by hydrophilic treatment of 
a porous PVDF membrane and PEDOS:PSS casting. (C) Changes in 
voltage, current, and displacement over time after elapse of 500,000 s 
since the start of the actuation. On the horizontal time axis, the clock 
time at which 500,000 s has elapsed since the start of the actuation 
is defined as “0.” reprinted from Synthetic Metals, 160 (17–18), K. 
Ikushima, S. John, A. Ono, S. nagamitsu, PEDOT/PSS bending actu-
ators for autofocus micro lens applications, 1877–1883, Copyright 
2010 with permission from Elsevier.15
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477Ionic Electrochemical Actuators

used made of a porous membrane in PDVF incorporating an IL and sandwiched 
between two PEDOT:PSS conductive layers. In order to enhance the electrical 
and mechanical properties of the actuators, PEO was added to the PEDOT:PSS. 
The authors have shown that, an increase in the PEO concentration leads to a 
decrease of the elastic modulus, higher elongation at break and higher electri-
cal conductivity. The surface of the hydrophobic PVDF membrane was made 
hydrophilic by grafting polyethylene glycol methacrylate (PEgMA) under uV 
irradiation to favour the penetration of the PEDOT:PSS within a few microns 
on both sides of the porous membrane. The actuation tests were performed for 
more than a million cycles with an actuation frequency of around 1 hz. It was 
shown that despite some remaining creeping effects, the operating device met 
the requirements for the targeted application.

Festin et al. used trilayer actuators in ILs to design an autonomous biomi-
metic vision system composed of a visual perception board, a micro-imager 
and a PEO/nBr/PEDOT actuator in EMITFSI IL.167 The micro-imager posi-
tion was controlled by a closed loop of the actuator with the visual perception 
board as shown in Figure 16.18. The device was tested in a tracking object 
experiment showing robust tracking at an angular speed of 4° s−1 for a maxi-
mum movement of 20 degrees.

Figure 16.18    resulting visual target tracking pictures (left) and corresponding 
device (right) in three different positions, (1), (0) and (−1).
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Chapter 16478

Bio-inspired devices: using microfabrication, Khaldi and co-workers have 
used the trilayer configuration to fabricate bio-mimicking insect wings. using 
Su8, they fabricated artificial wings on the surface of which they attached IPn 
microactuators to operate them. They showed that the IPn microactuator 
has enough force to put a wing in motion at a frequency of 24 hz with a bend-
ing amplitude of 20 degrees.168 Figure 16.19(A) shows an IPn microactuator 
moving as an artificial wing with a bending amplitude of 60° at 16 hz demon-
strating the potential of CP actuators to power micro-uAVs (unmanned aerial 
vehicles or drones). Micro-uAVs would need a higher flapping wing frequency 
to lift; however, this preliminary result is very encouraging. The authors used 
the same trilayer configuration to fabricate standalone gripper-like microac-
tuators. The actuator with its three fingers was electrically stimulated using 
an input voltage of 4 V at 0.05 hz. The displacement response of the actu-
ator could be observed inside a SEM, i.e., in a vacuum environment, since 
EMITFSI IL does not evaporate. A large displacement amplitude of 475 µm 
was measured as presented in Figure 16.19(B). This result shows the great 
interest of this innovative material for creating micro-tools and bio-inspired 
devices. Further development related to downscaling the size of the wing, 
as well as increasing the resonance frequency of the system is currently on 
going. For instance, a drastic increase of the resonance frequency to approx-
imately 1 khz was recently presented by Maziz et al.156

Space technology: As already mentioned, CP actuators are light materi-
als and generally exhibit large deformation under low voltage stimulation. 
These properties make them very attractive for space applications.169 how-
ever, the space environment is hostile for polymeric materials. high vacuum 

Figure 16.19    (A) An artificial wing made of Su8; (B) flapping Su8 wing movement 
at a resonant frequency of 16 hz, under an applied voltage of ±2 V 
and with a bending angle of 60°.
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479Ionic Electrochemical Actuators

conditions prohibit the presence of low molecular weight volatile compounds 
in the system. In addition, under space vacuum, ionic actuators may be less 
efficient due to the evaporation of the electrolyte. Vidal et al. have studied 
the behavior of all-polymer ionic conducting IPn actuators after aging under 
space-hazardous environmental factors in laboratory conditions.167,169 The 
IL EMITFSI was used as an electrolyte to avoid any evaporation under high 
vacuum. Actuators have been submitted to thermal cycling tests under vac-
uum and to ionizing gamma radiation. Despite a small decrease in perfor-
mance after ageing, the authors observed that conducting IPn actuators 
remain functional and largely maintain their actuation properties.

CPs have also been employed in iEAP actuators with various organic elec-
trolytes for a wider range of applications, including microfluidics, among 
others. Wu et al. employed the trilayer configuration to design a microfluidic 
pumping system.170 The configuration, called “The Tube-In-Tube Actuators 
node, (TITAn)”, uses the electromechanical actuation properties of PPy to 
induce fluid movement through an inner channel in a single unit (0.25 M of 
tetrabutylammonium hexafluorophosphate/propylene carbonate was used as 
the supporting electrolyte). Series connection of these PPy units and appro-
priate electrical connection/stimulation induces a novel peristaltic action 
that enables fluids to be pumped in a predetermined direction. Flow rates of 
up to 2.5 µl min−1 can be achieved against a back pressure of 50 mbar, which 
is sufficient to enable fluid movement in a glass capillary channel (diameter: 
266 µm, length: 12.8 cm). The use of ILs as electrolytes could be beneficially 
explored with the same approaches.

16.7   Conclusions and Challenges
In this chapter, advancements in creating iEAP actuators have been pre-
sented, with a particular focus on CP technology. During the last two decades, 
CP actuator technology has shown tremendous progress from concept to a 
plethora of devices in the field of iEAP. They can be fabricated using a vari-
ety of methods and technologies and integrated into functional devices. The 
CP actuator technology is both versatile and exciting, and it is an enabling 
technology for many applications including biomimetic robotics, optical 
displays, bioinspired systems, space technology, microfluidic systems, etc. 
This large number of possible applications can be attributed to the unique 
properties of CP actuators, such as compliance, lightness, silent operation, 
low driving voltage, biocompatibility, simple structure and ability to be 
miniaturized.

The use of ILs as a supporting electrolyte provides an interesting alternative 
electrolyte for iEAP actuators. The wide electrochemical potential window pro-
vides an added degree of stability, enabling thousands of cycles of actuation. It 
would be very interesting to consider the use of polymeric/polymerized ionic 
liquids or poly(ionic liquid)s (PILs) in iEAP actuators. PILs refer to a special 
type of polyelectrolytes that carry an IL species in each of the repeating units. 
The major advantages of using a PIL instead of an IL in iEAP actuators would 
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Chapter 16480

be an enhanced mechanical stability, improved processability, durability, and 
spatial controllability over the IL species. Therefore, the combination of the 
unique properties of ILs with the macromolecular architecture may be a novel 
way of creating new properties and functions in iEAP actuators.

Furthermore, a number of CP materials are also known to function as 
sensors for detecting motion170,171 or other ambient parameters.172 however, 
although there have been many advanced demonstrations, prototypes, and 
application proposals, to the best of our knowledge, commercial products 
have not been introduced to the market yet. Several challenges still lie ahead. 
For instance, although a comprehensive understanding of the electrochem-
ical nature of CP actuators has already been experimentally validated, it has 
not yet been successfully implemented for controlling these actuators.

The development of various system identification and validation tech-
niques for both linear and non-linear modelling must be considered to better 
understand the physical, chemical and mechanical mechanisms underlying 
the behaviour of the whole system.173,174 In the case of iEAP actuators, large 
time constants, unknown systems dynamics and positional drift are the main 
control challenges, but closed-loop175 and feedforward176 control strategies 
have been suggested. Closed-loop control usually requires laser displace-
ment or other sensors that are bulky and troublesome to implement.176,177 
Environment-dependent behaviour is challenging for feedforward con-
trollers.43 The design of self-sensing actuators is therefore one of the main 
current research axes.178,179 In this case, the implementation of closed-loop 
control algorithms for actuator control is linked to integrated sensors to get 
feedback on its state of deformation or stress. novel designs should there-
fore be developed to integrate both the actuating and sensing functions in 
the iEAP transducers to make them easy to implement in a system usable 
for practical applications.180 The possibility to tune the stiffness is also an 
important feature for artificial muscles, where a variable compliance of the 
device is required during real-time feedback-loop operation.

One of the weak points of iEAP actuators is the low forces they can gener-
ate. The challenge here lies in combining high forces while having large dis-
placements. Stacking of trilayer actuators driven by CPs in order to combine 
large force and reasonable deflection is an interesting strategy both at the 
macro- and at the micro-scale.181

The design of more complex 3D structures from 2D materials by folding 
could lead to more sophisticated multifunctional systems. Origami actuator 
design through topology optimization has been proposed by Fuchi et al.182 
The design complexity in terms of shape but also regarding the optimiza-
tion of function could be tuned by changing the number of fold lines. An 
origami-inspired approach was also used to design worm robots with folding 
induced by electrothermal actuation.183 It may be possible to design reconfig-
urable electronic flexible devices using iEAP actuators combined with other 
actuation schemes.184 Bio-inspired adaptive structures and materials are also 
interesting alternatives where iEAP could help foster improved performances 
for future applications.185
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17.1   Introduction
The burning of fossil fuels is the largest anthropogenic contributor to cli-
mate change due to the huge carbon dioxide (CO2) emissions involved.1–4 
Reduction of CO2 emissions from flue gas is imperative to mitigate environ-
mental impacts.1,4,5 There are different commercial technologies used to cap-
ture CO2 from stationary energy sources: post-combustion, pre-combustion 
and oxy-fuel.2,5–8

Separation and compression of CO2 can help global warming prevention 
but also provides CO2 for other processes such as carbon capture and utili-
zation (CCU) and enhanced oil recovery (EOR).2,3,9 On the other hand, CO2 is 
an abundant non-toxic resource that can be used in the food and chemical 
industries, such as in urea and fertilizer production, dry ice production or 
even in the supercritical state as a solvent.2

ChapTER 17
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The development of new and the improvement of existing materials for 
designing new solvents/sorbents for CO2 separation is an urgent priority 
and significant goal in this field. Room temperature ionic liquids (RTil) 
have been highlighted as the next generation of solvents for selective CO2 
separation.6,10–14 Several RTils present unique physicochemical proper-
ties, such as high thermal stability, negligible vapor pressure, non-flam-
mability, and a myriad of possible combinations of cations and anions 
resulting in compounds with different properties.8,10,12,14–16 high viscos-
ity and production costs are seen as drawbacks for RTils.10,11 poly(ionic 
liquid)s (pils) appear to be an alternative to RTils and promising mate-
rials for CO2 capture.15,17–21 polymerized ionic liquids or pils represent an 
emerging subclass of polyelectrolytes, where each repeating unit is ionic 
and connected through a polymeric backbone forming a macromolecu-
lar structure.19,20 pils combine the useful features of RTils with the good 
mechanical stability, processing and tunable macromolecular design of 
polymeric materials.14,20,22 pils present higher CO2 sorption capacities and 
sorption/desorption velocities than RTils.9,14,18,23,24 pils, materials with 
smart designs, can be used for CO2 separation from flue gas (CO2/n2) and 
natural gas purification (CO2/Ch4).14,17

The aim of this chapter is to present a concise overview of pils described in 
the literature. furthermore, their synthesis routes, as well as the influence of 
the pil backbone, anion type and modification on the CO2 sorption capacity,  
will be discussed.

17.2   Carbon Capture Technologies
The most discussed technological routes for CO2 capture from facilities using 
fossil fuels or biomass for power generation are post-combustion, pre-com-
bustion and oxy-combustion.2,5–8

post-combustion involves the removal of CO2 from flue gases produced 
after burning fossil fuels or biomass in the presence of air2,5,6,8,16 (figure 17.1).

The gaseous mixture, i.e. the products of combustion, is usually at atmo-
spheric pressure and high temperatures (320–400 K),2 and contains a low 
CO2 concentration (3–15% for coal facilities, 7–8% for gas facilities).2,7,8 
despite the unfavorable conditions of flue gases from post-combustion for 
CO2 capture, this process uses low cost technologies.2,5,6 processes based on 

Figure 17.1    principle of post-combustion CO2 capture.
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chemical absorption are the most suitable.7 aqueous solutions of alkanol-
amines such as monoethanolamine (MEa) are the benchmark solvents for 
CO2 removal in post-combustion.8,25–27 however, there are some drawbacks 
for the commercial use of these amine solutions, including formation of 
corrosive by-products, amine loss (requiring solvent replacement), the need 
for large volume absorbers and the energy penalty during the regeneration 
step.28,29 Other separation technologies can also be employed, such as mem-
brane separation, cryogenic separation and adsorption in solids.5,8

pre-combustion involves primarily the reaction of fuel with oxygen or 
steam to produce a gas mixture containing mainly CO and h2 (syngas)  
(figure 17.2),2,5,8 which reacts in a water-gas shift reactor producing more 
h2 and a stream with a high partial pressure and concentration of CO2 (15 
to 60% volume).8 CO2 and h2 are separated and h2 used as a fuel.5,6,8,16 The 
high pressure and concentration of CO2 related to post-combustion cap-
ture allows for cost reduction in the loading and compression steps.6 in 
addition, the use of more efficient separation technologies with a lower 
energy penalty required for the regeneration step (physical sorbents) is 
possible.5,6 The main disadvantage of this system is the high cost required 
for the generating facility.5,6

in oxy-combustion (figure 17.3), the oxygen is first separated from air in a 
separation unit.6,8 The fuel is burned with O2 and the resulting combustion 
gas is composed mainly of CO2 (>80% volume) and water.2,5,6,8,16 The great 
advantage of oxy-fuel is the high partial pressure of CO2 allowing easy sepa-
ration from the flue gas.2,8 The main drawback of this technology is related 
to the large amount of oxygen needed, increasing costs and requiring high 
energy consumption.2,5,6

Figure 17.2    principle of pre-combustion CO2 capture.
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17.3   Ionic Liquids (ILs)
ionic liquids (ils) composed of a combination of an organic cation and an 
inorganic or organic anion (figure 17.4) are usually liquid at room tempera-
ture having a melting point below 100 °C.6,13,14,22,30,31

ils exhibit useful properties, such as negligible vapor pressure, non-flam-
mability, high thermal stability, and tenability.6,10,13,30 ils can be divided into 
two broad categories: room-temperature ionic liquids (RTils), considered 
conventional ils, and task-specific ionic liquids (TSils), also called func-
tionalized ils. RTils show the typical behavior of a physical solvent, and 
gas solubility in RTils increases with gas pressure (for gas pressures up to 
10 bar).13,14 according to recent advances, certain ils are potential solvents 
for acidic gas capture, such as CO2.6,8,10,11,14 Most RTils are selective for CO2 
absorption in gas mixtures,13,32 yet the CO2 absorption capacity needs to be 
improved.13

RTils based on alkyl-imidazolium cations are the most investigated for 
use in gas absorption processes, especially for CO2.12,14,33–36 Several studies 
seeking to understand the high solubility of CO2 in alkyl-imidazolium-based 
ionic liquids are described elsewhere.14,34,35,37,38 The anion–CO2 interaction 
force is one of the most highlighted factors. however, to a lesser extent, 
changes in the imidazolium cation involving side chain alkyl groups may 
also influence the CO2 solubility.11,14,33,38 it was also described that fluorina-
tion of the anion and cation can contribute significantly to increasing CO2 
solubility in these compounds.11,34,38–40

RTils presents some drawbacks for implementation in CO2 capture pro-
cesses, including a relatively low CO2 sorption capacity, poor selectivity in 
relation to hydrocarbons (being a problem mainly in natural gas process-
ing), necessity of high circulation rates, and high viscosity. in addition, 
ils show little economical competitiveness, due to the high cost of their 
synthesis.10,11

Figure 17.3    principle of oxy-combustion CO2 capture.
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17.4   Poly(Ionic Liquid)s
Tang and co-workers24 first highlighted the increased CO2 sorption ability 
when turning ionic liquid monomers into their polymeric form as poly(ionic 
liquid)s (pils). for instance, ammonium-based pils absorb 6.0 to 7.6 times 
more CO2 relative to the corresponding RTil monomers. pils also present 
faster CO2 sorption/desorption capacity compared to RTils. furthermore, 
the sorption/desorption process is completely reversible indicating that 
pils are more suitable candidates for industrial CO2 capture relative to il 
monomers.

Several factors can affect the CO2 sorption capacity of pils, namely alkyl 
chain length, cation, anion, porosity, polymer backbone, cross-linking and 
molecular weight.15,17,22 pil syntheses are generally performed via the fol-
lowing routes: direct il monomer polymerization, condensation and poly-
mer modification.19,20,22,41 The definition of the synthesis method is directly 
linked to the target poly(ionic liquid). Each route can produce pils with 
different characteristics presenting advantages and limitations, directly 
affecting the resulting material properties. pils of different structure and 
backbone are produced. different architectures, such as linear, star-shaped 
or hyperbranched, can also be designed.20

17.4.1   Poly(Ionic Liquid) Syntheses

17.4.1.1  Via IL Monomer Radical Polymerization
The polymerizable unit in the cation is the dominant form.19,42 it is worth 
mentioning the myriad of possible combinations of cations and anions 
resulting in a platform of options to design cationic pils with desired prop-
erties. figure 17.5 presents the main cationic pils described in the literature.

These pils are mainly synthesized by direct radical polymerization of il 
monomers.15,19,20 This method presents great tolerance towards impurities 
and moisture19 favoring pil production in contrast with other techniques 
sensitive to those components. pils based on polymerizable monomers of 

Figure 17.4    Examples of cation and anion structures typically found in ionic 
liquids.
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Figure 17.5    Chemical structures of various cationic pils obtained by direct radical 
polymerization.
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acryloyl or styrene imidazolium with diverse functional substituents are 
the most described in the literature.17,20,42 Other cations based on tetraal-
kyl ammonium and phosphonium, and pyridinium have also been used to 
obtain pils.9,23,43,44

17.4.1.2  Via Condensation Polymerization and Polymer 
Modification

The use of condensation polymerization for pil synthesis has received lit-
tle attention when compared to radical polymerization. This polymerization 
process could enrich the pil classes producing new materials for CO2 sepa-
ration. pil syntheses are usually performed by condensation of the respec-
tive ionic monomers.41 Cationic pils can also be synthesized via polymer 
modification. polyethylene oxide is obtained by this route.45 The synthesis 
of poly[(1-butyl imidazolium-3) methyl ethylene oxide tetrafluoroborate] 
(p[BiEO][Bf4]) via the modification of polyethylene oxide was described by 
Tang et al.45 The formation of the poly(ethylene oxide) backbone was carried 
out from poly(epichlorohydrin) with the addition of aluminum isopropox-
ide, N-butylimidazole and sodium tetrafluoroborate (naBf4) (figure 17.6).

pils based on polybenzimidazoles (pBis) have been described in the  
literature.46,47 pBis were synthesized via a solution polycondensation method 
using polyphosphoric acid (ppa) as a solvent and condensation agent. Sys-
tematic variation of the pBi family based on a tetraamine (3,3-diaminoben-
zidine) and different carboxylic acids was described elsewhere.48 aiming to 
obtain pils based on a strong film-forming capacity, the group performed 
N-quaternarization with a methyl group, followed by iodine exchange with 
various promising anions (figure 17.7).46 figure 17.7 and 17.8 show the pBi-
based pils used for CO2 separation.47

preparation of functional imidazolium-based ils with symmetrical ester 
and hydroxyl groups was described elsewhere (figure 17.9). These mono-
mers were used to prepare pils by condensation polymerization using stan-
nous octoate as a catalyst with equal moles of il.49

an efficient method for transforming polyimides (pis), containing 
benzimidazole or quinuclidine in their structure, into pils has been 
reported elsewhere (figure 17.10).41 Benzimidazole and quinuclidine were 
incorporated into the polymer chain through their respective diamines 

Figure 17.6    Synthesis of p[BiEO][Bf4].
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(5(6)-amino-2-(4′-aminophenyl) benzimidazole (aBiZ) and 3,3-bis(4-amino-
phenyl) quinuclidine (aQ)). 4,4′-(hexafluoroisopropylidene) diphthalic anhy-
dride (hfda) was chosen as the pairing monomer for condensation. The 
polycondensation reaction was performed in m-cresol at 180 °C, resulting in 
pis with high molecular weight. pi with benzimidazole was initially deproton-
ated and N-alkylated with bromoethane, quaternized with iodoethane, and 
finally subjected to metathesis ion exchange reaction with liTfSi. pi bearing 
the quinuclidine fragment was exposed to quaternization with iodoethane 
and underwent metathesis ion exchange reaction with liTfSi.

Synthesis of versatile and inexpensive polyurethane-based pils designed 
for CO2 capture was described in the literature.21,50,51 Two different approaches 
were used for the synthesis of these materials (figure 17.11). The first 

Figure 17.7    Scheme of the synthesis steps of pBi-based pils.

Figure 17.8    Chemical structures of pils based on pBi.
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approach produces anionic pils with the introduction of imidazolium, phos-
phonium or ammonium as a cation.21,50 pils were obtained using dibutyl tin 
dilaurate (iV) (dBTdl) as a catalyst, hexamethylene diisocyanate (hdi) as 
the diisocyanate, dimethylol butanoic acid (dMBa) or dimethylol propanoic 
acid (dMpa) as the diol, and polytetramethylene glycol (MM = 2000 or 1000 
g mol−1) (pTMG) as the polyol. The ion exchange step was performed using 
the following ionic liquids: (butyl methyl imidazolium chloride) [bmim][Cl], 
(dimethylbutyl methyl imidazolium chloride) [dmbmim][Cl], tetrabutylam-
monium bromide (TBaB) or tetrabutylphosphonium bromide (TBpB) acting 
as cations for the anionic polyurethanes.21,50 The second approach produces 

Figure 17.9    Scheme of the synthesis steps of pils obtained from imidazolium- 
based ils with symmetrical ester and hydroxyl groups.

Figure 17.10    Scheme of the transformation of polyimides (pis) containing ben-
zimidazole or quinuclidine in their structure into pils.

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
04

89
View Online

http://dx.doi.org/10.1039/9781788010535-00489


Chapter 17498

cationic polyurethanes. for polycation synthesis, [dhim][Tf2n] (bis(trifluo-
romethylsulfonyl) imide-dihidroxiimidazol-1,3) was used as the diol.50 The 
use of anionic pU chains to produce pils represents an easy way to obtain 
different materials.

17.5   Performance of PILs Synthesized by Direct 
Radical Polymerization of IL Monomers in CO2 
Capture and Separation

Tang and co-workers18,23,24 described the use of imidazolium-based pils 
obtained via radical polymerization as CO2 sorbents. The synthesis and 
sorption evaluation of three pils were first reported:18 poly[1-(p-vinylben-
zyl)-3-butylimidazolium tetrafluoroborate] (pVBiT) (pil-3a), poly[1-(p-vi-
nylbenzyl)-3-butylimidazolium hexafluorophosphate] (pVBih) (pil-3d) 
and poly[2-(methacryloyloxy)ethyl-3-butylimidazolium tetrafluoroborate] 
(pBiMT) (pil-4a). The pil structures are shown in figure 17.1. The CO2 
sorption capacity of these materials was higher than that of the ionic liquid 
[bmim][Bf4]. in addition, these pils required only a few minutes (4 min for 

Figure 17.11    Scheme of typical syntheses to obtain pU-based pilS. pil-22, anionic 
pU; pil-23, cationic pU.
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pil-3a and pil-3d and 3 min for pil-4a) to reach 90% of their CO2 sorption 
capacity and about 30 minutes to reach equilibrium, whereas for [bmim]
[Bf4] more than 400 min was needed to reach its total sorption capacity.18 
The pVBiT (pil-3a) and pBiMT (pil-4a) pils were submitted to four sorp-
tion/desorption cycles and no variation in sorption capacity was observed. 
desorption was complete after 15 minutes under vacuum, suggesting that 
the process is completely reversible.18 CO2 sorption in the pils is very selec-
tive, since no mass gain was observed when pVBiT (pil-3a) was exposed to 
n2 or O2 under similar conditions.18 These results aroused huge interest in 
the scientific community and stimulated research on the use of pils for CO2 
capture.

Several studies have been conducted on the use of cationic pils synthesized 
via direct radical polymerization of monomers in CO2 capture.9,43,52–60 These 
pils offer an extremely versatile and adjustable platform for developing new 
sorbents for CO2 capture.14,17,20 pils exhibiting CO2 sorption performances 
higher than those of conventional ils have been described elsewhere.9,18,23,24 
Table 17.1 presents the CO2 sorption performance of several cationic pils 
synthesized via direct radical polymerization.

Experimental results regarding the CO2 sorption capacity of pils have 
highlighted that the effects of the anion and cation on CO2 sorption are dif-
ferent when compared to those of conventional RTils. in contrast to conven-
tional RTils, the cation plays a major role in CO2 sorption, whereas the anion 
plays a secondary role.23,43

The influence of the cation, anion and backbone structure of pils on their 
CO2 solubility, permeability, selectivity and thermal properties has been con-
tinuously evaluated.23,43,52,60

17.5.1   The Effect of the Cation, Anion and Backbone 
Structure on CO2 Sorption

To our knowledge, the literature describes only experimental data for CO2 
sorption and/or selectivity for cationic pils. factors such as the anion, cation 
and polymer backbone affect the CO2 sorption capacity of cationic pils. how-
ever, the cation type exerts a greater influence relative to the other factors.24

pils for CO2 capture and separation have been synthesized using mainly 
acryloyl22,24,43,45,57,61 and styrene9,23,43,54,57,60 as the main polymeric chain struc-
ture. however, other structures have also been explored such as vinyl,58,61–64 
diallyldimethylammonium44,52,61,65 and ethylene oxide45 (see figure 17.1).

The CO2 sorption capacity of cationic pils with different structures in their 
main chain (styrene (pil-3a) and acryloyl (pil-4a)) has been investigated.24 
pil-3a presented a sorption capacity about 20% (Table 17.1, entry 33, 2.27 
mol%) higher than that of pil-4a (Table 17.1, entry 57, 1.80 mol%). Similar 
behavior was observed for the alkylammonium cation styrene pil-1a (Table 
17.1, entry 1, 10.22 mol%) and the acryloyl-based pil pil-2 (Table 17.1, entry 
24, 7.99 mol%). Styrene-based pils provide greater CO2 sorption capacity  
than acryloyl-based pils, probably due to their more rigid structure43 
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Table 17.1    CO2 sorption performance of various cationic pils synthesized via direct radical polymerization.

pil Entry

Experimental 
conditions 
(bar–°C)

CO2 loading
n2 loading 
cm3(STp)/
cm3 atm

Ch4 loading 
cm3(STp)/
cm3 atm

permeability 
(Barrers)a

permselectivity 
(dimensionless)

Ref.mol% mg g−1
cm3(STp)/
cm3 atm CO2 n2 Ch4 CO2/Ch4 CO2/n2

pil-1a 1 0.79–22 10.22 – – nd – – – – – – 24
2 12.15–22 44.80 – – – – – – – – – 24
3 0.79–22 10.22 – – nd – – – – – – 23
4 1.01–22 – – 10.68 nd – – – – – – 43
5 1.00–25 – – 7.54 – – – – – – – 9
6 10.00–25 – – 31.77 – – – – – – – 9
7 1.00–50 – – 3.42 – – – – – – – 9
8 10.00–50 – – 20.09 – – – – – – – 9
9 1.00–75 – – 1.42 – – – – – – – 9
10 10.00–75 – – 11.61 – – – – – – – 9
11 1.01–35 – – 4.86 0.01 – – – – – – 52

pil-1b 12 0.79–22 4.85 – – nd – – – – – – 23
13 1.01–22 – – 5.90 nd – – – – – – 43

pil-1c 14 0.79–22 3.11 – – nd – – – – – – 23
pil-1d 15 0.79–22 10.66 – – nd – – – – – – 23

16 1.01–22 – – 8.95 nd – – – – – – 43
17 1.01–25 – 770 – – – – – – – 70 56

pil-1e 18 0.79–22 2.85 – – nd – – – – – – 23
19 1.01–22 – – 2.59 nd – – – – – – 43

pil-1f 20 0.79–22 2.67 – – nd – – – – – – 23
pil-1g 21 1.01–35 – – 8.34 0.10 – – – – – – 52
pil-1h 22 1.01–35 – – 2.48 0.15 – – – – – – 52
pil-1i 23 1.01–25 – 10.36 – – – – – – – – 60
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pil-2 24 0.79–22 7.99 – – nd – – – – – – 24
25 0.79–22 7.99 – – nd – – – – – – 23
26 1.01–22 – – 8.13 nd – – – – – – 43
27 1.00–25 – – 7.01 – – – – – – – 9
28 10.00–25 – – 27.33 – – – – – – – 9
29 1.00–50 – – 3.50 – – – – – – – 9
30 10.00–50 – – 18.09 – – – – – – – 9
31 1.00–75 – – 1.68 – – – – – – – 9
32 10.00–75 – – 11.32 – – – – – – – 9

pil-3a 33 0.79–22 2.27 – – nd – – – – – – 24
34 0.79–22 2.22 3.05 – nd – – – – – – 18
35 0.79–22 2.27 – – nd – – – – – – 45

pil-3b 36 0.79–22 2.27 – – nd – – – – – – 24
37 0.79–22 2.23 – – nd – – – – – – 45
38 2.02–20 – – 4.40 nd 0.55 20.00 0.67 0.91 22 30 57
39a 10.0–20 – – – – – 27.69 – 0.96 29 – 54

pil-3c 40 0.79–22 3.05 – – nd – – – – – – 45
41 1.01–22 – – 3.99 nd – – – – – – 43

pil-3d 42 0.79–22 2.75 3.22 – nd – – – – – – 18
43 0.79–22 2.80 – – nd – – – – – – 45

pil-3e 44 0.79–22 1.55 – – nd – – – – – – 45
pil-3f 45 2.02–20 – – 3.90 0.10 0.57 32.00 1.40 2.30 17 28 57

46 10.0–20 – – – – – 28.6 – 1.69 17 – 54
pil-3g 47 2.02–20 – – 4.00 nd 0.21 9.20 0.29 0.24 39 32 57

48 10.0–20 – – – – – 7.38 – 0.18 43 – 54
pil-3h 49 2.02–22 – – – – – 16.0 0.39 0.48 33 41 58
pil-3i 50 2.02–22 – – – – – 22.0 0.50 0.74 29 44 58
pil-3j 51 2.02–22 – – – – – 4.10 0.11 0.11 37 37 58
pil-3k 52 2.02–22 – – – – – 8.20 0.21 0.28 30 40 58
pil-3l 53 3.04–20 – – – – – 10.40 0.33 0.35 30 31 55
pil-3n 54 3.04–20 – – – – – 13.60 0.39 0.55 25 35 55
pil-3o 55 3.04–20 – – – – – 7.94 0.24 0.32 25 33 55
pil-3p 56 3.04–20 – – – – – 6.65 0.19 0.25 27 34 55
pil-4a 57 0.79–22 1.80 – – nd – – – – – – 24

58 0.79–22 1.77 2.41 – nd – – – – – – 18
59 0.79–22 1.78 – – nd – – – – –– – 45

pil-4b 60 2.02–20 – – 3.60 nd 0.17 7.00 0.23 0.19 37 31 57
pil-4c 61 2.02–20 – – 4.50 nd 0.57 22.00 0.71 2.30 22 30 57
pil-5 62 1.01–22 – – 5.62 nd – – – – – – 43

(continued)
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pil-6 63 1.01–22 – – 4.77 nd – – – – – – 43
pil-7 64 1.01–25 – 14.04 – – – – – – – – 60
pil-8a 65 2.02–22 – – 3.30 – – 4.80 – – 40 29 63
pil-8b 66 2.02–22 – – 3.80 – – 69.0 – – 9.9 17 63
pil-8c 67 2.02–22 – – 3.20 – – 14.00 – – 32 32 63
pil-8d 68 2.02–22 – – 3.90 – – 26.00 – – 25 34 63
pil-8e 69 2.02–22 – – 3.90 – – 69.00 – – 14 11 63
pil-8f 70 2.02–22 – – 3.50 – – 130.0 – – 8.7 14 63
pil-8g 71 10.0–35 – – 0.48 – – 0.09 – – – – 64
pil-8h 72 10.0–35 – – 0.73 0.03 – 4.24 0.16 – – 26 64
pil-8i 73 10.0–35 – – 1.08 0.05 – 33.50 1.60 – – 21 64
pil-9a 74 4.04–22 – – 0.45 – – 0.13 nd nd n–d nd 53
pil-9b 75 2.02–22 – – 0.79 – – 5.30 0.22 0.26 20 24 53
pil-10a 76 2.02–20 – – 2.80 – – 4.40 0.20 0.16 27 22 59
pil-10b 77 2.02–20 – – 3.80 – – 4.00 0.14 0.12 32 28 59
pil-10c 78 2.02–20 – – 3.50 – – 3.80 0.16 0.13 28 23 59
pil-13a 79 1.00–21 – – 1.40 0.02 0.02 5.09 0.23 0.18 28 22 44

80 20.00–35 – – 15.10 1.14 – – – – – – 52
pil-13e 81 20.00–35 – – 78.72 0.70 – – – – – – 52
pil-13f 82 20.00–35 – – 12.62 2.26 – – – – – – 52
pil-13g 83 20.00–35 – – 5.01 3.64 – – – – – – 52
pil-13h 84 20.00–35 – – 19.45 7.66 – – – – – – 52
pil-13i 85 20.00–35 – – 5.02 0.66 – – – – – – 52
pil-13j 86 20.00–35 – – 21.12 1.22 – – – – – – 52
pil-13k 87 20.00–35 – – 27.48 0.66 – – – – – – 52
pil-13l 88 20.00–35 – – 8.42 1.74 – – – – – – 52
pil-13m 89 20.00–35 – – 17.01 1.26 – – – – – – 52
pil-13n 90 20.00–35 – – 2.45 1.06 – – – – – – 52

a permeability in Barrers (10−10 cm3(STp) cm/cm2 s cm hg).

Table 17.1  (continued)

pil Entry

Experimental 
conditions 
(bar–°C)

CO2 loading
n2 loading 
cm3(STp)/
cm3 atm

Ch4 loading 
cm3(STp)/
cm3 atm

permeability 
(Barrers)a

permselectivity 
(dimensionless)

Ref.mol% mg g−1
cm3(STp)/
cm3 atm CO2 n2 Ch4 CO2/Ch4 CO2/n2
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(Table 17.1, entries 4 and 26). Styrene and acryloyl monomers show no CO2 
absorption due to their crystalline structures.24

The cation plays a decisive role in CO2 solubility in cationic pils obtained 
via radical polymerization. The effect of cation type and changes involving 
the side chain alkyl groups of the cation in different backbone structures 
has been investigated.24,43,45 The CO2 sorption is higher in the tetraalkylam-
monium cation pil-1a (Table 17.1, entry 1, 10.22 mol%) when compared to 
the imidazolium cation pil-3a (Table 17.1, entry 33, 2.27 mol%).24 according 
to Tang and co-workers, this result is probably related to the high density 
of positive charge in the tetraalkylammonium cation resulting in a strong 
interaction with CO2. On the other hand, the positive imidazolium charge is 
delocalized.24

it has been described elsewhere43 that cross-linking in cationic pils 
reduces the CO2 sorption capacity. although cross-linking increases the 
microvoid volume due to the stiffness increase, it may hinder the pil/CO2 
interaction.43 The insertion of cross-links into the tetraalkylammonium cat-
ion styrene-based pil-1a structure, with Bf4 as the anion, resulted in a slight 
reduction in CO2 solubility.43

Yu et al.60 observed distinct behavior when they synthesized N,N-methy-
lenebisacrylamide-cross-linked poly(4-vinylbenzyltriethylammonium hexa-
fluorophosphate), (MBa-cross-linked-p[VBTEa][pf6]) (pil-7a) and compared 
the CO2 sorption results with those of p[VBTEa][pf6] (pil-1i). in this case, 
when cross-linking was inserted into the pil-1i structure, the CO2 sorption 
capacity was increased from 10.36 mg g−1 to 14.04 mg g−1. The cross-linking 
allowed an increase in the specific surface and pore formation.60 The reuse of 
pil-7a was evaluated in sorption/desorption cycles and the reduction in CO2 
sorption capacity was <1% after four cycles.60

in cationic pils, longer alkyl side chains in the cations hinder CO2 sorp-
tion due to steric effects, decreasing the sorption capacity.43,45 The substitu-
tion of butyl groups (pil-3a) for methyl groups (pil-3c) in the imidazolium 
cation resulted in an increase in CO2 sorption capacity of approximately 
34%. The values increased from 2.27 mol% (pil-3a) to 3.05 mol% (pil-3c)45 
(Table 17.1, entry 35 and 40). in pils containing ammonium cations, the CO2 
sorption capacity also decreases with the introduction of long side chains 
into the cation. Replacement of methyl (pil-1a) by ethyl (pil-1b) and butyl 
(pil-1c) reduced the CO2 solubility by nearly 53% and 70%, respectively23 
(see Table 17.1, entries 3, 12 and 14).

Experimental CO2 sorption data obtained for styrene-based pils with Bf4 
as the anion and different cations (ammonium (pil-1b), pyridinium (pil-5), 
phosphonium (pil-6) and imidazolium (pil-3c)) indicated that CO2 sorp-
tion capacity decreases in the following order: ammonium > pyridinium > 
phosphonium > imidazolium43 (see Table 17.1, entries 13, 62, 63 and 41). in 
addition, as observed in conventional ils, sorption capacity increases with 
increasing pressure.43

in general, CO2 permeability tends to increase with growing pressure 
and temperature. This behavior is due to the increase in diffusion at higher 

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
04

89
View Online

http://dx.doi.org/10.1039/9781788010535-00489


Chapter 17504

temperatures and pressures. On the other hand, selectivity decreases with 
growing temperature as well.54

The structure of the polymer backbone exerts a considerable effect on CO2 
permeability and selectivity. Styrene-based pils (pil-3g, Table 17.1, entry 47, 
9.2 pCO2)57 presented higher selectivity to CO2 when compared to acrylate- 
(pil-4b, Table 17.1, entry 60, 7.0 pCO2)57 and vinyl-based pils (pil-8a, Table 
17.1, entry 65, 4.8 pCO2).63 Styrene- and acrylate-based pils are more selec-
tive to CO2 relative to vinyl-based pils.57,63

Cationic pils demonstrate greater selectivity to CO2 when compared to 
RTils.56 The nature and length of the alkyl substituents of the cation may 
influence the selectivity and permeability of the pils.54,58,63 an increase in 
alkyl chain length or the introduction of polar substituents on the cation can 
improve the separation of CO2 from CO2/n2 and CO2/Ch4 gas streams.57,58,63 
The disiloxane substituent on the cation can promote increased permea-
bility.63 The presence of polar groups such as oligo(ethylene glycol) (pil-3h 
and pil-3i, Table 17.1, entries 49 and 50) as substituents on the imidazolium 
cation produces more permeable membranes than nitrile-terminated func-
tional groups (pil-3j and pil-3k, Table 17.1, entries 51 and 52) and alkyl sub-
stituents (pil-3g, pil-3b and pil-3f, Table 17.1, entries 47, 38 and 45).57,58 in 
addition, an increase of alkyl chain length between polar groups may also 
contribute to improved selectivity and permeability.58

introduction of cross-linked monomers into cationic pils shows no sig-
nificant selectivity influence, but it can provide a significant reduction in the 
permeability of these materials, making them poor candidates for high-per-
formance gas separation.59 The introduction of polar groups or an increase in 
the alkyl chain length between polar groups of the cation substituents seems 
to have little effect on the permeability in the presence of cross-linked struc-
tures. The pil with a hexyl group (pil-10a, Table 17.1, entry 76) was slightly 
more permeable than those with polar substituents (pil-10b and pil-10c, 
Table 17.1, entries 77 and 78).59 pils with branched (pil-3l and pil-3n, Table 
17.1, entries 53 and 54) or cyclic substituents (pil-3o and pil-3p, Table 17.1, 
entries 55 and 56)55 in the imidazolium cation exhibited selectivities for CO2/
n2 and CO2/Ch4 greater than those of pils with linear alkyl chain substitu-
ents (pil-3g, pil-3b and pil-3f, Table 17.1, entries 47, 38 and 45).57 Selec-
tivity improvements associated with branched and cyclic functionalities are 
due to smaller free fractional volumes (ffVs).55 although the nature of the 
anion exerts less influence on the use of pils as sorbents for CO2 capture, it 
is still a parameter that deserves attention and must be taken into consider-
ation. The use of various inorganic (Br, Bf4, pf6, Tf2n etc.) and organic (Sac, 
Bz, ac etc.) anions has been reported in the literature for obtaining cationic 
pils (figure 17.5). different from the trend observed in RTils, where studies 
indicate that the presence of fluorinated atoms in the anions increases the 
CO2 sorption capacity,35,37 surprisingly, for pils, fluorinated anions show no 
direct impact on CO2 sorption.23,43,45 This behavior was evidenced in sorption 
tests carried out on ammonium-based pils, synthesized with different fluo-
rinated inorganic anions (pf6 (pil-1d), Bf4 (pil-1a), and Tf2n (pil-1e)) and 
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the non-fluorinated organic anion Sac (pil-1f). The CO2 sorption capacity 
obtained for the pil containing the Tf2n anion (pil-1e, Table 17.1, entry 18, 
2.85 mol%) was much lower than that of the pils with pf6 (pil-1d, Table 
17.1, entry 15, 10.66 mol%), and Bf4 (pil-1a, Table 17.1, entry 3, 10.22 mol%) 
and similar to that achieved with the non-fluorinated anion Sac (pil-1f, Table 
17.1, entry 20, 2.67 mol%).23 Studies with imidazolium-based pils showed 
similar behavior, with a CO2 sorption capacity of 2.80 mol% for pil-3d (Table 
17.1, entry 43), 3.05 mol% for pil-3c (Table 17.1, entry 40), 2.23 mol% for 
pil-3b (Table 17.1, entry 37) and 1.55 mol% for pil-3e (Table 17.1, entry 44).45

in the same way that the anion can influence the CO2 solubility, it can also 
impact the permeability and selectivity.52,63 Comparison of the selectivity and 
permeability values obtained for pil-9a and pil-9b (Table 17.1, entries 74 
and 75) showed that the substitution of an inorganic anion with low molar 
mass (Br) with an anion of sulfonamide class (Tf2n) increased the CO2 per-
meability and selectivity.53 a number of diallyldimethylammonium-based 
cationic pils (pil-13) with different carboxylate (ac, Tfac, hfB, BZ), sulfon-
ate (MS, pTS, TfMS), sulfonamide (Tf2n), and inorganic (Cl, nO3, Bf4) anions 
were investigated regarding their CO2 sorption and selectivity capacity.52 
among all pils evaluated, the sample with the carboxylate anion ac (pil-13e) 
exhibited the highest CO2 solubility (Table 17.1, entry 81) and selectivity in 
relation to n2 (SCO2/Sn2 of 114.3).52

as observed in RTils, changes in the anion basicity of pils affect the CO2 
sorption and selectivity.52 The CO2 solubility for pils with carboxylate anions 
increased in the following order: [Tfac] < [hfB] < [Bz] < [ac] (Table 17.1, 
entries 82, 86, 87 and 81) according to the increase in basicity (pKa of the 
conjugate acid). This behavior is similar to that of RTils, where increasing 
basicity of the anion tends to increase the CO2 solubility.52

for pils containing sulfonated anions, the basicity of the anion cannot be 
considered the only factor responsible for the increased sorption and selec-
tivity of CO2. Other properties such as ffV and density can also have an influ-
ence. SCO2 showed the following variation: [TfMS] > [pTS] ≈ [MS]; and the 
basicity values (pKa of the conjugate acid) were: [TfMS] = −13, [pTS] = −2.8, 
[MS] = −2.0.52

in inorganic anions such as Cl, nO3 and Bf4 the increase in the anion 
molar mass improves the CO2 solubility (Table 17.1, entries 90, 88 and 89), 
SCO2 and SCO2/Sn2.52

17.6   Performance of PILs Synthesized by 
Condensation Polymerization and Polymer 
Modification in CO2 Capture and Separation

Studies reporting the use of pils synthesized via condensation polymeriza-
tion and polymer modification for CO2 capture and separation are still scarce 
relative to those synthesized by radical polymerization. however, these strat-
egies have proved to be a promising route to obtain cationic and anionic 
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pils. pils obtained by this route are mainly based on poly(ethylene oxide),45 
polyurethane21,50,51 polybenzimidazoles,46,47 polyimides41 and imidazolium 
containing ester and hydroxyl groups.49 Changes in the structure of cat-
ionic41,46,47,49,50 or anionic21,50,51 pils can impact heavily on the CO2 sorption 
capacity. The main results described in the literature will be discussed in this 
section and are presented in Table 17.2.

Tang et al.45 were among the first to design and synthesize cationic pils 
(pil-15) (figure 17.6) for CO2 capture. The pil was obtained from direct mod-
ification of the polymer (poly(epichlorohydrin)). The CO2 sorption capacity  
of pil-15 was compared to that of imidazolium-based pils synthesized by 
radical polymerization, containing the same anion (Bf4) but a different 
structure in the main chain (styrene (pil-3a) and acryloyl (pil-4a)). pil-15 
showed lower CO2 sorption capacity (Table 17.2, entry 1, 1.06 mol%) relative 
to pil-3a (2.27 mol%) and pil-4a (1.78 mol%) (Table 17.1, entries 35 and 59) 
presenting styrene and acryloyl groups, respectively, in their structures.

The effect of the anion on the ability to solubilize CO2 was investigated. 
Cationic pils based on imidazolium containing symmetrical ester and Oh 
groups synthesized with pf6 (pil-19b) and Bf4 (pil-19a) anions were eval-
uated.49 The pf6 anion resulted in a higher CO2 sorption capacity than Bf4 
(Table 17.2, entries 12 and 11). The higher sorption value was attributed to 
the uneven morphology of pil-19b, resulting in an improved superficial area 
and a higher CO2 sorption capacity.49

The CO2 sorption capacity of pil-19a/b was superior to that of a number 
of ils: 1-n-butyl-3-methylimidazolium hexafluorophosphate ([Bmim]pf6) (2.9 
mol%), 1,3-bis(2-methoxy-2-oxyl ethyl) imidazolium hexafluorophosphate 
([EEim]pf6) (2.1 mol%), 1,3-bis(2-methoxy-2-oxyl ethyl) imidazolium tetraflu-
oroborate ([EEim]Bf4) (1.0 mol%) and 1,3-bis(2-hydroxyl ethyl) imidazolium 
tetrafluoroborate ([hhim]Bf4) (1.6 mol%). The CO2 sorption capacity was infe-
rior only to that of 1,3-bis-(2-hydroxyl ethyl) imidazolium hexafluorophosphate 
([hhim]pf6) (10 mol%).49 The CO2 sorption kinetics of the pils (19a/b) were 
also evaluated and compared to those of RTils. The results indicated that the 
fundamental time to reach the sorption equilibrium was higher for pils than 
for most RTils, except for ([Bmim]pf6) and ([EEim]pf6).49

The variation of the anion affects the pil’s solubility, selectivity and per-
meability.47 Three different anions, Bf4 (pil-16a), Tf2n (pil-16b) and ac 
(pil-16c) (figure 17.7), were inserted into cationic polybenzimidazole-based 
pils.47 anion variation in these pils caused significant changes in the poly-
mer appearance and stability. Unlike the Bf4 (pil-16a) and Tf2n (pil-16b) 
pils, which formed amber and pale yellow resistant films, respectively, the 
ac anion (pil-16c) formed no resistant membrane. The pils (pil-16a–c) 
exhibited excellent CO2 separation performance (Table 17.2, entries 3, 4 and 
5). in addition, the CO2 sorption values of these membranes were about two 
to three times higher than the values obtained with conventional polysulfone 
(pSf) and polycarbonate (pC).47

CO2 solubility as well as permeability and selectivity data for cationic poly-
benzimidazole-based pils (pil-16a–c)47 demonstrated that the anion had a 
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Table 17.2    CO2 sorption performance of various pils synthesized via condensation polymerization and polymer modification.

pil Entry

Experimental 
condition 
(bar–°C)

CO2 loading
n2 loading 
cm3 (STp)/
cm3 atm

Ch4 loading 
cm3 (STp)/
cm3 atm

permeability 
(Barrers)a

permselectivity 
(dimensionless)

Ref.mol% mg g−1
cm3 (STp)/
cm3 atm CO2 n2 Ch4 CO2/Ch4 CO2/n2

pil-15 1 0.79–22 1.06 – – – – – – – – – 45
pil-16a 2 10.00–35 – – 38.20 – – – – – – – 46

3 20.00–35 – – 49.10 7.53 11.69 4.78 – – 15.9 7.9 47
pil-16b 4 20.00–35 – – 36.90 5.74 6.82 17.90 – – 14.4 7.6 47
pil-16c 5 20.00–35 – – 59.00 4.72 6.57 nd – – nd nd 47
pil-16d 6 10.00–35 – – 33.60 – – – – – – – 46
pil-17a 7 10.00–35 – – 14.50 – – – – – – – 46
pil-17b 8 10.00–35 – – 30.50 – – – – – – – 46
pil-18a 9 10.00–35 – – 25.90 – – – – – – – 46
pil-18b 10 10.00–35 – – 34.50 – – – – – – – 46
pil-19a 11 0.86–25 4.50 – – – – – – – – – 49
pil-19b 12 0.86–25 4.20 – – – – – – – – – 49
pil-20 13 1.00–20 – – – – – 28.75 7.23 7.25 3.9 4.0 41
pil-21 14 1.00–20 – – – – – – – – – – 41
pil-22a 15 0.82–30 – 9.40 – – – – – – – – 21
pil-22b 16 10.00–25 66.10 – – – – – – – – – 50
pil-22c 17 0.82–30 – 15.70 – – – – – – – – 21
pil-22d 18 0.82–30 – 16.10 – – – – – – – – 21
pil-23 19 5.00–25 56.30 – – – – – – – – – 50

a permeability in Barrers (10−10 cm3(STp) cm/cm2 s cm hg).
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strong effect on the CO2 sorption capacity. pil-16b presented a greater CO2 
permeability than pil-16a (Table 17.2, entries 4 and 3). This result is prob-
ably due to greater gas diffusion resulting from the elevated chain mobility 
provided by the Tf2n anion.47 The S(CO2)/S(n2) and S(CO2)/S(Ch4) selectivity, 
as well as S(CO2), increased with the anions in the following order: Tf2n < Bf4 
< ac. The CO2 sorption capacity of these pils followed the increasing basicity 
order of the anions (pKa value of their conjugate acids [Tf2n] −4 < [Bf4] −0.44 
< [ac] 4.75).47 at high pressure levels, pil-16a and pil-16c presented a higher 
S(CO2) than other pils described elsewhere, such as p[VBTMa][Bf4].52 Such 
behavior demonstrated the advantage of the use of aromatic structures for 
cationic pil synthesis.47

Bhavsar et al.46 also studied the influence of the anion on the CO2 sorption 
capacity of cationic polybenzimidazole-based pils. pils (pil-16a, pil-16d, 
pil-17a/b and pil-18a/b) (figure 17.7 and 17.8) were obtained using two dif-
ferent anions (i and Bf4) and three distinct cations. Their sorption capacities 
were evaluated. The experimental data revealed an increase in S(CO2) and 
CO2 sorption capacity when the i anion was replaced with Bf4 for all tested 
cations (Table 17.2, entries 2, 6, 7, 8, 9 and 10).

The effect of structural variation of the cationic chain of polyimide-based 
pils on CO2 separation has been studied.41 polyimides (pis) usually present 
high thermal stability and chemical resistance. Cationic pi-based pils with 
two different groups in their structure, benzimidazole (pil-20) and quinucli-
dine (pil-21) (figure 17.10) both with the Tf2n cation, were developed. n2, Ch4 
and CO2 permeability at 20 °C and 35 °C were also evaluated.41 Membranes of 
these materials were prepared. pil-21 produced a brittle membrane that broke 
during the gas permeation experiments. pil-20 showed the following permea-
bility tendency: pCO2 ≫ pCh4 > pn2 at both temperatures (Table 17.2, entry 13). 
The CO2 permeability values were 2× higher than those of Ch4 and n2.41

CO2 sorption capacity evaluation in polyurethane-based pils, both cat-
ionic50 and anionic,21,50,51 has been described. anionic pils presented higher 
CO2 sorption capacity than cationic pils.50 pil-22a (figure 17.11) containing 
imidazolium as the counter-cation presented a higher CO2 sorption capac-
ity than the polycation pil-23 (figure 17.11) containing imidazolium in the 
backbone and [Tf2n] as the counter-anion.50 polyanion pil-22a had a higher 
CO2 sorption capacity compared to pil [VBTMa][Bf4] (pil-1a),24 MdEa 50 
wt% and [bmim][Tf2n]. at 20 bar and 25 °C, the CO2 sorption capacities for 
[bmim][Tf2n] and MdEa were 56% and 51%, respectively, when compared to 
that of pil-22a.50 pil-22a (69.0 mol% of CO2, at 10 bar and 25 °C) also pos-
sessed a higher CO2 sorption capacity than [VBTMa][Bf4] (pil-1a) (approx-
imately 39 mol% at 10.13 bar and 22 °C).50 Changes in the main chain of 
anionic polyurethane-based pils were investigated.50 The increment of 
polyether groups attained by increasing the molecular weight of polytet-
ramethylene glycol (pTMG) from 1000 to 2000 (pil-22a) resulted in a 71% 
improvement in the CO2 sorption capacity at 20 bar. The ether group can 
strengthen the physical forces between the pil and CO2. distance increase 
between the ionic sites can improve the pil–CO2 interaction increasing the 
CO2 sorption capacity.50
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The effect of the counter-cation on the CO2 sorption capacity of anionic 
polyurethane-based pils was evaluated.21,50 it is well known that the intro-
duction of branching in the alkyl side chain of RTils improves the CO2 sol-
ubility.66 anionic polyurethane-based pils did not show a similar trend. 
pil-22a (Table 17.2, entry 15) with the counter-cation [bmim]+(linear) 
showed a slightly higher sorption capacity than pil-22b (Table 17.2, entry 
16) containing [dmbmim]+(branched). This behavior can be associated with 
the steric hindrance caused by the branched chain.50

Three counter-cations were evaluated in the CO2 sorption capacity of 
anionic polyurethane-based pils,21 imidazolium (pil-22a, Table 17.2, entry 
15), phosphonium (pil-22c, Table 17.2, entry 17) and ammonium (pil-22d, 
Table 17.2, entry 18). The highest values of CO2 sorption were achieved with 
pils containing tetrabutylammonium and tetrabutylphosphonium as count-
er-cations. Simulation studies revealed that the interaction of deprotonated 
carboxylic groups (COO−) with CO2 is very important. Tetrabutylammonium 
and tetrabutylphosphonium cations exhibit weaker coordination with car-
boxylic groups (COO−) than imidazolium, promoting electrostatic binding of 
the CO2 molecule and the carboxyl group.21

17.7   Composites (PIL–ILs)
The formation of composites using different poly(ionic liquid)s and ionic liq-
uids (pil–ils) has also been reported in the literature.44,53,61,63–65,67 The results 
(presented in Table 17.3) demonstrated that pil–il composites are promis-
ing materials for CO2 separation from gas streams, since their properties can 
be improved with the incorporation of a non-polymerizable il (“free” ionic 
liquid).44,61,63,65,67

RTils containing the anion bis(trifluoromethylsulfonyl)imide (Tf2n) have 
been combined with pils in order to obtain pil–il composites.44,53,58,63 The 
incorporation of 20 wt% of 1-butyl-1-methylpyrrolidiniumbis(tri-fluorometh-
ylsulfonyl)imide ([pyr14][nf2T]) into pil-13a increased the CO2 permeability 
by up to 391% and the CO2/n2 selectivity by up to 44%44 (Table 17.3, entry 16).

Vinyl-based pils, mainly functionalized with n-hexyl (pil-8b) and disilox-
ane (pil-8f), are good candidates to contribute to the CO2 permeability and 
selectivity when combined with free RTils.63 Significant improvements in 
permeability and selectivity were observed when 20 mol% of the 1-ethyl-3-me-
thylimidazolium-bis-(trifluoromethylsulfonyl) imide ([emim][Tf2n]) ionic liq-
uid was added to pil-8b and pil-8f (Table 17.3, entries 1 and 2). for example, 
the CO2 permeability of pil-8b increased from 69 to 105 Barrers with the addi-
tion of free RTil, whereas the pCO2/pn2 selectivity increased from 17 to 21. 
Similarly, it was found that the permeability of pil-8f increased from 130 to 
190 Barrers and the pCO2/pn2 selectivity increased from 14 to 19.63 The incor-
poration of free RTils could increase the selectivity relative to neat pils.63

incorporation of 20 mol% of [emim][Tf2n] into a styrene-based pil (pil-3g) 
resulted in a hybrid stable composite.58 The permeability of several gases 
(CO2, n2 and Ch4) increased up to 300–600% when free RTil was incorporated 
into the pil matrix. however, it should be highlighted that the permeability 
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510Table 17.3    CO2 sorption performance of pil–il composites.

Composite (pil + il) Entry

Experimental 
Condition 
[bar–°C]

loading [cm3 (STp)/
cm3 atm]

permeability 
[Barrers]a

permselectivity 
[dimensionless]

Ref.CO2 n2 Ch4 CO2 n2 Ch4 CO2/Ch4 CO2/n2

pil-8b + 20 mol% [emim][Tf2n] 1 2.02–22 – – – 105.0 – – 12.0 21.0 63
pil-8f + 20 mol% [emim][Tf2n] 2 2.02–22 – – – 190.0 – – 11.0 19.0 63
pil-8g − [emim][dca] (1 : 1) 3 10.00–35 1.04 0.021 – 62.1 1.03 – – 60.3 64
pil-8g − [emim][Bf4] (1 : 1) 4 10.00–35 1.05 0.026 – 36.0 0.79 – – 45.6 64
pil-8g − [emim][B(Cn)4] (1 : 1) 5 10.00–35 1.66 0.046 – 99.8 2.23 – – 44.8 64
pil-8h − [emim][dca] (1 : 1) 6 10.00–35 1.16 0.026 – 118.8 2.40 – – 49.5 64
pil-8h − [emim][Bf4] (1 : 1) 7 10.00–35 1.21 0.032 – 74.8 1.79 – – 41.8 64
pil-8h − [emim][B(Cn)4] (1 : 1) 8 10.00–35 1.79 0.05 – 184.7 4.67 – – 40.0 64
pil-8i − [emim][dca] (1 : 1) 9 10.00–35 1.35 0.03 – 138.0 3.28 – – 42.0 64
pil-8i − [emim][Bf4] (1 : 1) 10 10.00–35 1.32 0.03 – 89.7 2.35 – – 38.2 64
pil-8i − [emim][B(Cn)4] (1 : 1) 11 10.00–35 1.99 0.05 – 230.0 6.42 – – 35.8 64
pil-8j + 10 wt% [C2mim][Tf2n] 12 1.00–20 1.29 0.04 0.09 14.9 0.63 0.59 25.1 23.7 65
pil-8j + 20 wt% [C2mim][Tf2n] 13 2.02–22 1.20 – – 19.0 0.83 1.10 17.0 23.0 53
pil-11a + 10 wt% [C2py][Tf2n] 14 1.00–20 1.10 0.03 0.06 20.4 1.01 0.81 25.1 20.1 65
pil-12a + 10 wt% [n1122Oh] 15 1.00–20 1.81 0.03 0.06 3.6 0.11 0.08 43.0 34.7 65
pil-13a + 20 wt% pyr14[Tf2n] 16 1.00–21 1.75 0.04 0.10 25.0 0.78 0.98 25.5 32.0 44
pil-13a + 40 wt% pyr14[Tf2n] 17 1.00–21 2.07 0.05 0.15 105.5 3.49 5.65 18.7 30.3 44
pil-13a + 10 wt% [pyrr14][Tf2n] 18 1.00–20 1.38 0.02 0.03 11.5 0.39 0.40 28.3 28.9 65
pil-13b + 20 wt% [C2mim][n(Cn)2] 19 1.00–20 1.02 0.01 – 3.7 0.08 – – – 61
pil-13c + 20 wt% [C2mim][C(Cn)3] 20 1.00–20 1.02 0.01 – 7.9 0.17 – – – 61
pil-13c + 40 wt% [C2mim][C(Cn)3] 21 1.00–20 1.25 0.01 – 142.3 56.4 – – – 61
pil-14a + 10 wt% [n4111][Tf2n] 22 1.00–20 1.94 0.03 0.02 9.4 0.36 0.08 31.5 25.8 65
pil-20a + 50 wt% [1-Me-3-Et im][TfSi] 23 1.00–20 – – – 69.8 2.81 2.86 24.5 34.0 41
pil-20a + 50 wt% [1-Me-3-Et im][TfSi] 24 1.00–35 – – – 102.6 5.64 5.66 18.2 27.5 41
pil-21a + 50 wt% [1-Me-3-Et im][TfSi] 25 1.00–35 – – – 84.4 4.03 4.07 20.7 26.0 41

a permeability in Barrers (10−10 cm3(STp) cm/cm2 s cm hg).
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511Capturing CO2 with Poly(Ionic Liquid)s

values presented for n2 and Ch4 are extremely low relative to that of CO2.58 
The CO2/n2 selectivity increased with the incorporation of 20 mol% [emim]
[Tf2n] into pil-3g. The selectivity could result from the increase of CO2 diffu-
sion. Surprisingly, the CO2/Ch4 selectivity decreased with il incorporation.58

incorporation of 20 wt% of [C6mim][Tf2n] into a pil-9b matrix increased 
the CO2, Ch4 and n2 permeability up to 360%, 430% and 380%, respectively, 
with little or no decrease in the CO2/Ch4 selectivity relative to neat pil-9b.53

pil–il composites produced by the combination of poly(ionic liquid)s 
pil-8j, pil-11, pil-12, pil-13a, and pil-14 with ionic liquids of similar struc-
ture were investigated concerning permeability and selectivity. The properties 
listed in Table 17.3 evidenced that the polycation structure plays an import-
ant role in the permeation properties and in the performance improvement 
of pil–il membranes in CO2 separation.65

in pil–il composites, the pil counter-anion also plays an important role 
in CO2 permeability and selectivity.61 Studies carried out with some cationic 
diallyldimethylammonium-based pils and different nitrile-functionalized 
anions (pil-13b–d) (Table 17.3, entries 19–21) indicated that the number of 
nitrile groups present in the anion effects the permeability and selectivity.61

Three free ils (1-ethyl-3-methylimidazolium dicyanamide ([emim][dca]), 
1-ethyl-3-methylimidazolium tetracyanoborate ([emim][B(Cn)4]) and 1-eth-
yl-3-methylimidazolium tetrafluoroborate ([emim][Bf4])) were incorporated 
into three vinyl-based pils containing dicyanamide as the anion and imidaz-
olium as the cation (pil-8g–i). The results revealed that the incorporation of 
a RTil into the pil matrix increased the CO2 permeability and CO2/n2 selec-
tivity64 (Table 17.3, entries 3–11).

Membranes of pil-20 and pil-21 with incorporation of 50% 1-ethyl-3-me-
thylimidazolium bis-(trifluoromethylsulfonyl)imide [1-Me-3-Etim] TfSi il 
were obtained. The permeability results for the neat pils and composites 
reveal the same tendency (pCO2 ≫ pCh4 > pn2). The permeability values of 
CO2 were 1× to 2× higher than those of Ch4 and n2 41 for neat pils. The incor-
poration of 50 wt% of il into the pil-20 matrix increased the CO2 perme-
ability up to 164% at 30 °C.41 The presence of a quinuclidine group in the 
pil-21–50% il matrix composite increased the CO2, Ch4 and n2 permeability 
by 21, 42 and 57%, respectively, relative to the composite obtained with pil-
20 as the matrix (with a benzimidazole group in the polymeric chain). The 
presence of the quinuclidine group, which is more voluminous than benzim-
idazole, contributes to the development of a less packed membrane with less 
resistance to gas diffusion and consequently greater gas permeability.41
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18.1   Introduction to Solar Energy & Dye-sensitized 
Solar Cells

For a long time, the utilization of non-renewable energy resources from 
fossil fuels has resulted in the pollution of the Earth, such as air pollution, 
carbon dioxide emission and greenhouse effects, which has significantly 
affected our health and the environment.1 Therefore, researchers around 
the world have dedicated tremendous effort to exploring alternative energy 
sources (i.e., sunlight, wind, hydro, rain, waves and geothermal heat etc.) that 
are sustainable, safe and environmentally friendly.2 Among the alternative 
energy sources, solar energy is the most promising because of its abundance, 
cleanliness, safety and higher economic value. It is remarkable that a mere 
10 min of solar irradiation onto the Earth’s surface is equal to the total yearly 
human energy consumption.3 Moreover, the direct conversion of solar light 
into electrical energy by photovoltaic cells is of particular interest due to it 
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being very effective among all the available renewable energy resources. Cur-
rently, the most commonly used photovoltaic cells are made of silicon (Si), 
cadmium telluride (CdTe), copper indium selenide/sulphide (CIS), or multi-
junction-based materials, etc.4 however, expensive and complex fabrication 
processes are needed for the above-mentioned solar cells, and therefore their 
usage and applications are limited. As a result, the dominance of these kinds 
of inorganic solid-state junction devices in the solar cell market is now being 
challenged by the emergence of third generation solar cells based on inter-
penetrating network structures, such as dye-sensitized solar cells (dSSCs);5 
these third generation solar cells are designed to cost less and are based on 
cheap, simple, and easy fabrication processes.

In 1991, o’regan and Grätzel made a breakthrough of ∼7% cell efficiency 
in a dSSC, thus stimulating the intensive investigation of these types of solar 
cells, which are considered to be one of the most promising renewable power 
sources since they do not rely on expensive or energy-intensive processing 
methods and can be printed onto flexible substrates using roll-to-roll methods.5  
In addition, as compared to conventional Si solar cells, the performance of 
dSSCs is less affected by the light intensity and less sensitive to the angle of 
incidence (AoI) of solar light,6 which makes dSSCs the most efficient pho-
to-to-electron conversion devices under indoor and low-level outdoor light-
ing applications,6 such as in smart homes and intelligent buildings, with an 
average power consumption in the range of microwatts, including sensors, 
chargers, and standby power. Figure 18.1a shows a statistical graph of the 
number of publications related to dSSCs from 1991 to 2016. obviously, the 
statistical data show that the number of reports on dSSCs surged drastically 
up to 2014, since dSSCs drew much attention after a cell efficiency of dSSCs 
higher than 10% was reported in 2000.7 In 2015, a dSSC with the co-sensi-
tization of two organic dyes and with a Co(ii/iii) tris(phenanthroline)-based 
liquid electrolyte showed an excellent cell performance of 14.30%, which is 
the highest efficiency recorded to date.8

Figure 18.1b shows the typical structure of a traditional dSSC device, 
which is composed of a working electrode with a dye-sensitized mesoporous 
titanium dioxide (Tio2) nanocrystalline film for the absorption of solar 
light, a counter electrode with a platinum (pt) layer for the collection of 
electrons and a redox electrolyte, sandwiched between the two electrodes. 
The usual choice for dye sensitizers are the ruthenium bipyridyl derivatives 
(i.e., n719 and n3 etc., see Figure 18.1c). The electrolyte mostly contains the 
iodide/triiodide (I−/I3

−) redox couple, which is obtained by mixing iodine 
(I2) and inorganic or organic iodides in suitable non-aqueous solvents. The 
solar-to-electricity conversion mechanism of the dSSCs is shown in Figure 
18.1d. upon absorption of light, an electron is injected from the metal-to- 
ligand charge transfer excited state of the dye into the conduction band of the 
Tio2. The rate of this electron injection reaction is ultrafast, typically occur-
ring on the order of hundreds of femtoseconds to tens of picoseconds.9 The 
injected electron percolates through the Tio2 film, and is thought to move by 
a “hopping” mechanism driven by a chemical diffusion gradient (rather than 
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an electric field), before being collected at a transparent conductive substrate 
of fluorine-doped tin oxide glass (Sno2:F), on which the Tio2 film is formed. 
After passing through an external circuit, the electron is reintroduced into 
the solar cell at the pt counter electrode, where triiodide ions are reduced to 
iodide ions. Immediately, the iodide ions then regenerate the oxidized dye, 
thereby completing the circuit with no net chemical change.

18.2   Toward All/Quasi-solid-state Dye-sensitized 
Solar Cells via Ionic Liquid Electrolytes

Although the dSSCs have reached an attractive efficiency record of 14.30%,8 
they still use a highly volatile organic solvent for preparing the electrolytes. 
unfortunately, dSSCs using organic solvent-based liquid electrolytes face 
challenges in the integration of large area modules, cell sealing, evaporation 
of organic solvent, and precipitation of salts at low temperature; thus, long-
term stability becomes the major problem for this type of cell. Accordingly, 
organic hole-conducting materials,10 p-type inorganic semiconductors,11,12 
ionic gel electrolytes with a polymer13,14 or a gelator,15 and room tempera-
ture ionic liquid (IL)-based electrolytes16–21 were recently investigated as  

Figure 18.1    (a) A statistical graph of the number of publications related to dSSCs 
from 1991 to 2016. data were obtained from Scopus (using title, abstract 
and keyword searches for all types of literature: dye solar cell). (b) Sche-
matic sketch of a dSSC. (c) The structures of ruthenium bipyridyl deriv-
atives n3 and n719. (d) The basic sequence of events in a dSSC.
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all/quasi-solid-state electrolytes for dSSCs. In these cases, imperfect filling of 
the dye–sensitized mesoporous Tio2 nanocrystalline film by the p-type inor-
ganic semiconductors or polymers has resulted in low efficiency for the cells. 
Moreover, the carrier diffusion length was limited in the case of conducting 
polymers due to their low conductivity. Therefore, solvent-free room-tem-
perature ILs were considered to be the most attractive electrolyte materials 
for replacing the organic solvent-based liquid electrolytes because of their 
negligible vapor pressure, high thermal stability, wide electrochemical win-
dow, and high ionic conductivity.16–21

Traditional ILs are basically composed of organic ions that may undergo 
almost unlimited structural variations because of the easy preparation of a 
large variety of their components; thus, various kinds of salts can be added 
to formulate an ionic liquid that has the desired properties for a given appli-
cation. In general, room-temperature ILs are low-temperature molten salts 
with melting points lower than ambient temperature, that is, liquids com-
posed of ions only. The molten salts are characterized by weak interactions, 
owing to the combination of a large cation and a charge-delocalized anion, 
which results in a low tendency to crystallize due to flexibility (anion) and 
dissymmetry (cation). For the application of room-temperature ILs as sol-
vent-free electrolytes in efficient dSSCs, Wang et al. first prepared a binary-IL 
electrolyte that consisted of 1-methyl-3-propyl imidazolium iodide (pMII), 
1-methyl-3-ethylimidazolium dicyanamide (EMIdCn), and lithium iodide 
(LiI) for a dSSC to obtain a cell efficiency of 6.6% at full solar irradiation.16 
Soon after, they developed a new binary-IL electrolyte composed of pMII and 
1-ethyl-3-methylimidazolium thiocyanate (EMInCS), and a cell efficiency 
of 7.00% was obtained.17 In addition, they also synthesized an iodine-free 
SeCn−/(SeCn)3

−-based IL electrolyte by incorporation of a new room-tem-
perature IL, 1-ethyl-3-methylimidazolium selenocyanate (EMISeCn), and 
a high efficiency of 7.5% was achieved.18 In the same group, Kuang et al. 
further reported on a new record of 7.6% cell efficiency under full sunlight 
irradiation using a 1-ethyl-3-methyl-imidazolium tetracyanoborate (EMIB-
(Cn)4)-based binary-IL electrolyte.22 however, room-temperature ILs are still 
liquid-state under ambient conditions; thus, the fluidity and potential leak-
age of room-temperature IL-based electrolytes during long-term operation 
or under high temperature conditions is still unavoidable.4 To overcome this 
problem, solid-state ILs have been intensively investigated as all/quasi-sol-
id-state electrolytes for dSSCs recently. This chapter reviews some of the key 
research on the topic of solid-state ILs using polymeric ILs or IL crystals for 
dSSCs, and some of the relevant literature has also been briefly introduced.

18.2.1   Polymeric Ionic Liquids for Solid-state Dye-sensitized 
Solar Cells

To further enhance the long-term stability of dSSCs with IL-based electro-
lytes, a new class of ILs was designed to prevent the leakage and volatilization 
of the electrolyte. recently, polymeric ILs were designed by incorporating 
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a polymer chain into the IL moieties as a gelator for the solidification 
of IL-based electrolytes.23,24 These electrolytes possess high mechanical 
strength, and even show good ionic conductivity without liquid components 
due to their specific functions, such as transport of target ions, and specific 
polar environment.25 For the application of polymeric ILs in dSSCs, Wang et 
al. synthesized a group of solid-state IL polymers, poly(1-alkyl-3-(acryloyloxy)
hexylimidazolium iodide) (pAAII), with four different alkyl side chains (i.e., 
methyl, ethyl, propyl, and butyl).26–28 Among all the pAAII polymeric ILs, the 
one with an ethyl side chain, namely poly(1-ethyl-3-(acryloyloxy)hexylimid-
azolium iodide) (pEAII; Figure 18.2), shows the highest ionic conductivity  
(3.63 × 10−4 S cm−1). due to the conjugation effect of the imidazolium ring and 
the steric hindrance of the polymer backbone, the attraction between the 
cation and the iodide anion was weak, resulting in easy diffusion of iodide 
anions in the pEAII electrolyte; thus, the electrons can be quickly transported 
from the counter electrode to the oxidized dyes by diffusion of I− ions. using 
pEAII as the electrolyte, the corresponding dSSC exhibits a cell efficiency of 
5.29% under AM 1.5G illumination of 100 mW cm−2, and maintains about 
85% of its initial efficiency after a long-term stability test for 1000 h without 
sealing. Fang et al. synthesized an acidic IL polymer, p[((3-(4-vinylpyridine) 
propanesulfonic acid) iodide)-co-(acrylonitrile)] (p–hI; Figure 18.2), for use 
as an electrolyte in dSSCs.29

The polymer p–hI contains sulfonic acid groups that exhibit electro-
static forces with ILs to form a homogeneous and continuous framework, 
which enhances transportation of redox couples in the electrolyte. A dSSC 
with a novel IL electrolyte containing p–hI, N-methylbenzimidazole (nMB), 
guanidinium thiocyanate (GunCS), 1-hexyl-3-methylimidazolium iodide 
(hMII) and 1-allyl-3-methylimidazoliumiodide (AMII) achieved an excellent 
cell efficiency of 6.95% under AM 1.5G illumination of 100 mW cm−2. Chi 
et al. synthesized a polymeric IL, namely poly((1-(4-ethenylphenyl)methyl)- 
3-butyl-imidazolium iodide) (pEBII; Figure 18.2), as the electrolyte of 
dSSCs.30 here, the (4-ethenylphenyl)methyl functional group was anchored 
onto 1-butylimidazolium iodide and served as the self-polymerization site 
in pEBII. due to the strong π–π stacking interaction between the benzene 
groups, pEBII exhibits a high conductivity of 2.0 × 10−4 S cm−1 at 25 °C. For 
application in dSSCs, the pEBII electrolyte was able to deeply penetrate 
into the mesoporous Tio2 film; thereby, the charge transfer at the photo-
anode/electrolyte interface would be significantly improved. A dSSC using 
pEBII electrolyte shows a good cell efficiency of 5.93%, measured under AM 
1.5G illumination of 100 mW cm−2. With the incorporation of their newly 
designed photoanode containing double-layer mesoporous Tio2 beads, 
the corresponding dSSCs with pEBII electrolyte achieved a higher cell effi-
ciency of up to 6.70%.31 Chen et al. designed a novel bis-imidazolium-based 
polymeric IL, namely poly(1-butyl-3-(1-vinylimidazolium-3-hexyl)-imidaz-
olium bis(trifluoromethanesulfonyl)imide) (poly[BVIm][hIm][TFSI]; Figure 
18.2),32 which was synthesized and utilized to solidify an IL-based electro-
lyte composed of 1-ethyl-3-methylimidazolium (EMII), pMII, EMInCS, I2, 
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guanidinium thiocyanate (GuSCn) and N-butylbenzimidazole (nBB) for 
dSSCs. They found that the as-prepared electrolyte possesses good conduc-
tivity due to the charge transport networks formed in the electrolyte via the 
π–π stacked imidazolium rings. The dSSC using this poly[BVIm][hIm][TFSI]-
based electrolyte yielded a cell efficiency of 5.92% under AM 1.5G illumina-
tion of 100 mW cm−2, and it retained about 96% of the initial efficiency after 
1200 h of continuous light-soaking testing at 60 °C. Chang et al. synthesized 
a novel polymeric IL, poly(1-(2-acryloyloxy-ethyl)-3-methyl-imidazol-1-ium 
iodide) (poly(AMImI); Figure 18.2), by using an atom transfer radical polym-
erization method.33 The monomeric AMImI possesses a 2-acryloyloxy-ethyl 
functional group anchored onto the 1-methylimidazolium iodide IL, and the 
2-acryloyloxy-ethyl functional groups served as the self-polymerization site. 
A dSSC with a poly(AMImI)-based electrolyte containing N-methylbenzimid-
azole (nMB), GuSCn, and I2 reached an efficiency of 1.16%. After introducing 
multi-walled carbon nanotubes (MWCnTs) into the poly(AMImI)-based elec-
trolyte, the corresponding dSSC achieved a 3.55% cell efficiency.

In our group, Chang et al. synthesized a novel polymeric IL, poly(oxyethyl-
ene)-imide imidazolium iodide (poEI–II; Figure 18.3), for application 
as a quasi-solid-state electrolyte in dSSCs.34 As shown in Figure 18.3; two 
1-butylimidazolium iodide ILs are anchored at both ends of a poly(oxyeth-
ylene)-segmented oligo(imide) (poEI) monomer to construct the poEI–II IL.  
The poEI functional groups possess aromatic imides and hydrophilic 
poE segments with multiple dipole–dipole interaction sites, which endow  

Figure 18.2    The molecular structures of polymeric ILs used as electrolytes in 
dSSCs.
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poEI–II with high solubility in aqueous solutions as well as in organic sol-
vents. The poE segment in the poEI–II could chelate lithium cations (Li+) 
within the electrolyte to improve the open-circuit-voltage (VoC) value of a dSSC 
and enable the strong inner π–π and long-pair–π electron interactions to 
enhance the ionic conductivity and the diffusivity of poEI–II. Consequently, 
a dSSC with the quasi-solid-state poEI–II gel electrolyte reached a high cell 
efficiency of 7.19%. Furthermore, MWCnTs were incorporated into the quasi- 
solid-state poEI–II gel electrolyte as an extended electron transfer material 
(EETM) to facilitate charge transfer from the counter electrode to the redox 
mediator, which benefited the dye regeneration more efficiently. Meanwhile, 
the poE segments on poEI–II could prevent the MWCnTs from aggregat-
ing, which made the well-dispersed MWCnTs largely exposed to I−/I3

− redox 
mediators and thereby gave more charge transfer active sites. The highest 
cell efficiency of 7.65% was achieved by using the MWCnTs/poEI–II gel elec-
trolyte, and the corresponding dSSC showed an unfailing performance after 
the at-rest long-term stability test for 1000 h at 50 °C. Soon after, based on a 
similar design concept, our group (Lin et al.) further reported an iodide-free 
polymeric IL, namely poly(oxyethylene)-imide–imidazolium selenocyanate 
(poEI–IS; see Figure 18.4), for use as an electrolyte in dSSCs.35 poEI–IS pos-
sesses several functions: (a) it acts as a gelling agent for the electrolyte of the 
dSSC, (b) it possesses a redox mediator of SeCn−, which is aimed at forming 
a SeCn−/(SeCn)3

− redox couple with a more positive redox potential than that 
of traditional I−/I3

−, (c) it chelates the potassium cations through the lone pair 
electrons of the oxygen atoms of its poly(oxyethylene)-imide–imidazolium 
(poEI–I) segments, and (d) it obstructs the recombination of photoinjected 
electrons with (SeCn)3

− ions in the electrolyte through its poEI–I segments. 
Thus, poEI–IS prolongs the stability of the corresponding dSSC and endows 
the cell with a high VoC. A dSSC with a poEI–IS gel electrolyte exhibits a high 
VoC of 825 mV and a high power conversion efficiency of 8.18%, and it also 

Figure 18.3    The structure of poly(oxyethylene)-imide imidazolium iodide (poEI–II).

Figure 18.4    The structure of poly(oxyethylene)-imide–imidazolium selenocyanate 
(poEI–IS).
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retained up to 95% of its initial efficiency after an at-rest long-term stability 
test for 1000 h.

Table 18.1 is a partial list of the performance of dSSCs using the above 
polymeric ILs in the all/quasi-solid-state electrolytes.

18.2.2   Ionic Liquid Crystals for Solid-state Dye-sensitized 
Solar Cells

Via chemical structure design, some ILs could exhibit melting points higher 
than room temperature; thereby, they are solid crystals under ambient con-
ditions, which could significantly eliminate the problems of the fluidity and 
potential leakage of room-temperature ILs in a dSSC device during long-
term operation. Yamanaka et al. reported a new concept for enhancing the 
conductivity of IL-based electrolytes by employing an IL crystal as a constit-
uent of an electrolyte36, which forms a self-assembled structure to promote 
the charge exchange reaction due to the locally increased concentrations of I2 
and I3

−37,38. They utilized 1-dodecyl-3-methylimidazolium iodide (C12MImI; 
Figure 18.5) as the IL crystal, which provides a self-assembled structure of the 
imidazolium cations like a solid, while maintaining the molecular dynam-
ics like a liquid36. The IL crystal, C12MImI, with the smectic A phase has a 
bilayer structure of interdigitated alkyl chains of the imidazolium cations, 
and I2 and I3

− would be localized between the smectic A layers, whereas the 
locally high concentrations of I2 and I3

− would promote the charge exchange 
reaction. A few examples of IL crystals with the smectic A phase, such as imid-
azolium-based ILs consisting of cations with alkyl chains of C12–C18 and 
anions of hexafluorophosphate or bromide, have been reported.39,40 Their 
study shows for the first time that imidazolium-based ILs with an iodide 

Table 18.1    partial literature results reported for dSSCs using all/quasi-solid-state 
electrolytes with polymeric ILs.

polymeric ILs Electrolyte composition
Efficiency 
(η)

durability (% to 
the initial η) ref.

pEAII pEAII 5.29% 85%; after  
1000 h

26–28

p–hI p–hI; hMII; AMII; nMB; 
GuSCn

6.95% n.A. 29

pEBII pEBII 6.70% n.A. 30 and 31
poly[BVIm]

[hIm][TFSI]
poly[BVIm][hIm][TFSI]; 

EMII; pMII; EMISCn; I2; 
GuSCn; nBB

5.92% 96%; after 1200 h 32

poly(AMImI) poly(AMImI); AMBImI- 
modified MWCnTs; I2; 
nMBI; GuSCn; ACn

3.55% n.A. 33

poEI–II poEI–II; MWCnTs; LiI; I2; 
tBp; ACn/Mpn

7.65% 100%; after  
1000 h

34

poEI–IS poEI–IS; KSeCn; (SeCn)2; 
ACn

8.18% 95%; after  
1000 h

35
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counter-anion and with alkyl chains longer than C12 also exhibit a smectic A 
phase and that the liquid crystalline nature is preferable in terms of the hole 
transport layer in dSSCs. The dSSC with C12MImI/I2 electrolyte exhibited a 
cell efficiency of 2.30% under AM 1.5G illumination of 100 mW cm−2. Zhao 
et al. reported a solid-state dSSC utilizing an imidazolium-based IL crystal, 
1-methyl-3-hydroxyethyl-imidazolium iodide (Mh–II; Figure 18.5), as the 
charge transfer layer, 1-methyl-3-propylimidazolium tetra-fluoroborate (Mp–
BF4) as a crystal growth inhibitor, lithium bis-trifluoro-methanesulfonylimide  
(Li[(CF3So2)2n]) as a charge transport enhancer, and 4-tert-butylpyridine 
(tBp) as a carrier recombination inhibitor; the corresponding cell showed a 
cell efficiency of 3.10% under AM 1.5G illumination of 100 mW cm−2,41 and 
the cell efficiency remained at 60% of the initial value after 30 days at room 
temperature without any sealing and protection from ambient conditions. 
Midya et al. have designed and synthesized a new class of solid-state carba-
zole-imidazolium-based ILs as electrolytes for dSSCs;42 carbazole was used as 
the hole conductor because polyvinyl carbazole had already been employed 
successfully in a solid-state dSSC as a hole conductor.43 In their study, the 
carbazole-imidazolium-based ILs with SCn− anions (Sd1) or I− anions (Sd2) 

Figure 18.5    The molecular structures of IL crystals used for the electrolytes of 
dSSCs.
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were synthesized and applied in an all-solid-state dSSC.42 They found that 
the electrolyte containing Sd2 and I2 can provide dual channels for hole/triio-
dide transportation. Thus, the dSSC with the electrolyte containing Sd2 (Fig-
ure 18.5), I2, Li[(CF3So2)2n], tBp and EMIB(Cn)4 shows a higher cell efficiency 
(2.85%) than the cell with the electrolyte containing Sd1 (1.43%).43 Armel et 
al. have developed an organic ionic plastic crystal, N,N-dimethylpyrrolidin-
ium dicyanamide (C1mpyrn(Cn)2; Figure 18.5), as a new class of solid-state 
electrolyte for dSSCs.44 The dSSCs with solid-state electrolytes containing 
C1mpyrn(Cn)2, EMII, lithium iodide (LiI), I2 and nMB achieved a good cell 
efficiency of 5.10% under AM 1.5G illumination of 100 mW cm−2. Chen et 
al. have developed a solid-state IL, 1,2-dimethyl-3-propylimidazolium iodide 
(dMpII; Figure 18.5), as a charge transfer intermediate (CTI) for use as an 
electrolyte in dSSCs.45 Meanwhile, potassium iodide (KI) and polyethylene 
oxide (pEo, MW = 100 000) were incorporated into the dMpII-based CTI as 
the charge transfer auxiliary agent and the crystal growth inhibitor, respec-
tively. An optimal cell efficiency of 5.87% was obtained for the dSSC fabri-
cated with the solid-state electrolyte of dMpII/KI/pEo.

recently, Li et al. also utilized an organic ionic plastic crystal, 1-ethyl-1-methyl-
pyrrolidinium bis(tri-fluoromethane sulfonyl)imide (p12TFSI; Figure 18.5), as 
the electrolyte for solid-state dSSCs.46 p12TFSI is a well-known organic ionic 
plastic crystal, which exhibits a broad solid–solid transformation at 14 °C and 
a melting point at 86 °C.47–50 The dSSC with an electrolyte containing p12TFSI 
and pMII yielded a cell efficiency of 3.92% under AM 1.5G illumination of 100 
mW cm−2. Further addition of LiI and nBB to the p12TFSI/pMII electrolyte 
enhanced the cell efficiency up to 4.78%. The dSSC using p12TFSI/pMII/LiI/nBB 
electrolyte retained 90% of the initial value after 50 days under ambient con-
ditions without further sealing. Cao-Cen et al. have synthesized the N-4-(4-cya-
nobiphenyl-40-oxy)-butyl-3-butylimidazolium bromide (C4BImBr; Figure 18.5) 
IL crystal and applied it as the electrolyte for dSSCs.51 It has been reported 
that biphenyl and 4-cyanobiphenyl are important core units for mesogenic 
molecules.52–55 Cyanobiphenyl-functionalized compounds can act as a kind of 
low light-transmitting and high light-scattering material and obtained a high 
light-harvesting efficiency when they were employed as an electrolyte placed at 
the back of the working electrode of a dSSC. The dSSC with the all-solid-state 
C4BImBr/EMII/I2 electrolyte achieved a good cell efficiency of 4.45% under AM 
1.5G illumination of 100 mW cm−2 because of the enhanced light-harvesting 
capability of the electrolyte containing C4BImBr. To further improve the cell 
efficiency, pMII was added into the C4BImBr/EMII/I2 electrolyte as a crystal 
growth inhibitor. The thus fabricated dSSC with C4BImBr/EMII/I2/pMII elec-
trolyte exhibited an enhanced cell efficiency of 5.07%, and possessed a good 
long-term stability (i.e., 5% decay) during an accelerated aging test (i.e., one 
sun light soaking) for 1000 h at 25 °C.

In our group, Lee et al. have fabricated all-solid-state dSSCs with a hybrid 
SWCnT–binary charge transfer intermediate (CTI) consisting of single-walled 
carbon nanotubes (SWCnTs), EMII and pMII.56 here, the EMII IL crystal 
(Figure 18.5) was employed as the CTI to fabricate all-solid-state dSSCs; the 
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SWCnTs were incorporated into the CTI as extended electron transfer mate-
rials (EETMs; Figure 18.6), which can reduce the charge diffusion length and 
serve simultaneously as a catalyst for the electrochemical reduction of I3

−. 
An all-solid-state dSSC with this hybrid SWCnTs/EMII electrolyte showed a 
higher cell efficiency (1.88%) than that containing bare EMII alone (0.41%). 
To further improve the cell efficiency, the pMII IL was used as a co-charge 
transfer intermediate and crystal growth inhibitor (Figure 18.7), simultane-
ously. An improved cell efficiency of 3.49% was thus obtained by using the 
hybrid SWCnTs/EMII/pMII electrolyte; the durability of the corresponding 
solid-state dSSCs was studied at room temperature and was found to be far 
superior to that of a cell with an organic solvent electrolyte. on the other 
hand, based on a similar concept, Lee et al. also developed a composite elec-
trolyte comprising two ILs and a carbon material to fabricate a solid-state 
dSSC;57 the ILs were EMII and 1-ethyl-3-methylimidazolium tetrafluorob-
orate (EMIBF4), and the carbon materials were carbon black (CB), multi-
walled carbon nanotubes (MWCnTs), and single-walled carbon nanotubes 
(SWCnTs). A cell efficiency of 0.41% was achieved by using the bare EMII 
as the CTI; an efficiency of 2.52% was achieved for a solid-state dSSC with 
the incorporation of carbon black (CB) in the EMII. To further improve the 
cell efficiency, they utilized EMIBF4, a crystal growth inhibitor, as an additive 
to the CB/EMII electrolyte. A cell efficiency of 3.09% was obtained using an 
electrolyte containing the CB and the binary CTI (i.e., EMII/EMIBF4). When 
the CB was replaced with MWCnTs or SWCnTs, the cell efficiency could be 
further improved to 3.53% and 4.01%, respectively. The long-term durability 
of the dSSC with SWCnTs/EMII/EMIBF4 was found to be far superior to that 
of the cell with an organic solvent electrolyte, and in fact the durability was 
uninterrupted for at least 1000 h.

Table 18.2 is a partial list of the performance of dSSCs using the above-men-
tioned IL crystals in the all/quasi-solid-state electrolytes.

Figure 18.6    A schematic illustration of the charge transport processes in the dSSC 
with a hybrid SWCnTs/EMII electrolyte.
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Figure 18.7    (a) pictures of the EMII CTI with the addition of different weight per-
cents of pMII. SEM images of (b) bare EMII and (c) EMII/pMII (w/w = 
40/60).
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18.3   Summary
In this chapter, we mainly review some of the key research on the topic of 
polymeric ILs or IL crystals for use as all/quasi-solid-state electrolytes in 
dSSCs, and some of the relevant literature is also selected for comparison. 
In the topic of polymeric ILs, our group designed and synthesized a novel 
polymeric IL, poEII, for preparing a quasi-solid-state electrolyte for dSSCs. 
The poEII acted simultaneously as a redox mediator and a gelator; its poE 
segment could chelate Li+ ions within the electrolyte to improve the cell 
voltage and enable strong inner π–π and long-pair–π electron interactions 
to enhance the ionic conductivity and the diffusivity of the redox couple. 
Meanwhile, the poE segments could prevent the MWCnTs from aggregat-
ing, which meant that the well-dispersed MWCnTs were largely exposed to 
the I−/I3

− redox mediators. MWCnTs were incorporated into the poEII-based 
electrolyte as extended electron transfer materials to facilitate charge trans-
fer from the counter electrode to the redox mediator. The highest cell effi-
ciency of 7.65% was achieved by using the MWCnTs/poEII-based electrolyte 
and showed an unfailing durability for greater than 1000 h under 50 °C. on 
the basis of a similar design concept, our group further designed an iodide/
iodine ion-free polymeric IL, poEI–IS, containing the redox mediator SeCn−, 
which is aimed at forming a SeCn−/(SeCn)3

− redox couple with a more pos-
itive redox potential than that of traditional I−/I3

−. Thus, the poEI–IS-based 
electrolyte endows the corresponding dSSC with a high VoC (825 mV). The 
dSSC with the poEI–IS-based electrolyte exhibits a high excellent cell effi-
ciency of 8.18%, and it also retained up to 95% of its initial efficiency after an 
at-rest long-term stability test for 1000 h. on the topic of IL crystals, our group 
developed an efficient all-solid-state dSSC using a hybrid SWCnTs//EMII/
pMII electrolyte without the addition of iodine and tBp, and achieved a high 
efficiency of 3.49%; moreover, the cell also showed an excellent durability at 
room temperature for 1000 h. here, SWCnTs and the EMII IL crystal were 

Table 18.2    partial literature results reported for dSSCs using all/quasi-solid-state 
electrolytes with IL crystals.

IL crystals Electrolyte composition
Cell 
efficiency (η)

durability (% to the 
initial η) ref.

C12MImI C12MImI; I2 2.30% n.A. 36
Mh–II Mh-II; Mp-BF4; 

Li[(CF3So2)2n]; tBp
3.10% 60%; after 30 days 41

Sd2 Sd2; I2; Li[(CF3So2)2n]; 
tBp; EMIB(Cn)4

2.85% n.A. 42

C1mpyrn(Cn)2 C1mpyrn(Cn)2; EMII; LiI; 
I2; nMB

5.10% n.A. 44

dMpII dMpII; KI; pEo 5.87% n.A. 45
p12TFSI p12TFSI; pMII; LiI; nBB 4.78% 90%; after 50 days 46
C4BImBr EMII; I2; C4BImBr; pMII 5.07% 95%; after 1000 h 51
EMII EMII; pMII; SWCnTs 3.49% 100%; after 1000 h 56

EMII; EMIBF4; SWCnTs 4.01% 100%; after 1000 h 57

. 
Pu

bl
is

he
d 

on
 1

8 
Se

pt
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

05
35

-0
05

15
View Online

http://dx.doi.org/10.1039/9781788010535-00515


Chapter 18528

employed as the EETM and solid-state CTI, respectively; the pMII IL acts as a 
co-CTI and crystal growth inhibitor, simultaneously. By using a similar elec-
trolyte composite, our dSSCs with all-solid-state electrolytes containing the 
binary CTI of EMII/EMIBF4 and different carbon materials of CB, MWCnTs 
or SWCnTs exhibited cell efficiencies of 3.09%, 3.53% and 4.01%, respec-
tively. The long-term durability of the dSSC with SWCnTs/EMII/EMIBF4 was 
found to be uninterrupted for at least 1000 h.

To date, most dSSCs with all/quasi-solid-state IL-based electrolytes still 
show relatively low efficiency as compared to those with traditional liquid 
electrolytes. Although the all/quasi-solid-state IL-based electrolytes endow 
the dSSCs with superior long-term stability, the cell efficiency indeed needs 
to be further improved because both stability and cell conversion efficiency 
are the two essential criteria for a good dSSC. From our perspective, we 
believe that in the future, iodide/iodine-free polymeric IL electrolytes will 
be the most promising electrolytes in quasi-solid-state dSSCs due to the 
absence of iodide/iodine components in the dSSC, which will enhance the 
cell durability, photocurrent and electron life-time, and retard the photocor-
rosion effects of iodine radicals on the electrodes and sealing materials.
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description, 348–356
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factors affecting, 365–368
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properties, 346–348
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364–365
in wearable chemical sensors

benefits of, 418–419
description, 417–418
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430–438
environmental detection 

of vapours, 446
optical systems, 428–430
overview, 416–417
paper-based sensors, 

443–445
research on, 446–448
selective sampling, 

420–422
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temperature (LCST)

Li-ion batteries, and redox-active 
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metal catalysts, SPILs on, 55–56
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hybrid porous IL materials, 

64–70
supported porous ionic liquids 

(SPILs) on, 57–59
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frameworks (MOFs)
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MWCNTs. see multiwalled carbon 

nanotubes (MWCNTs)

nanofibrous films, 284–286
nanostructuration, and redox-active 
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electro-responsive  
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335–338
film preparation, 334–335
overview, 332–334

porous
hard templating, 32–33

soft templating, 33–35
and redox-active immobilized 

ionic liquids
actuators, 251–252
energy applications, 

247–252
fuel cells, 250–251
Li-ion batteries, 248–250
nanostructuration, 

243–245
physicochemical  

properties, 241–243
sensors, 252–255
solid state dye-sensitized 

solar cells (SS-DSSCs), 
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supercapacitors, 247–248
switchable devices, 

245–247
synthetic route and  

structure, 238–241
for solid-state dye-sensitized 

solar cells, 518–522
thermoresponsive, 125–134

applications of, 134–139
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solubility, 365–372
description, 348–356
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on Tm depression
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dissolution of cellulose 
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polymeric supports, 55
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group transfer, 9–10
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polymer supported ionic liquids 
(PSILs), 55
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dielectric composites
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296–299
film formation, 288–290
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overview, 280–281
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porous liquids, 61–63
porous PILs

hard templating, 32–33
soft templating, 33–35

PSILs. see polymer supported ionic 
liquids (PSILs)

PVDF. see poly(vinylidene fluoride) 
(PVDF)

redox-active immobilized ionic 
liquids

description, 228–230
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electrodeposition, 
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electropolymerization, 
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actuators, 251–252
energy applications, 

247–252
fuel cells, 250–251
Li-ion batteries, 248–250
nanostructuration, 

243–245
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properties, 241–243
sensors, 252–255
solid state dye-sensitized 

solar cells (SS-DSSCs), 
251

supercapacitors,  
247–248

switchable devices, 
245–247

synthetic route and  
structure, 238–241

self-assembled monolayers 
(SAMs), 231–237

ring opening polymerization, 10–11

safety, and device assembly,  
407–408

SAMs. see self-assembled  
monolayers (SAMs)

scaffolds
chemically cross-linked  

polymer, 392–393
colloidal, 387–388
inorganic colloidal, 393
molecular, 388
physically cross-linked  

polymer, 390–392
SCILL. SEE solid catalyst with an 

ionic liquid layer (SCILL)
self-assembled monolayers (SAMs), 

231–237
self-condensation, 74–77
sensors

cationic and anionic PILs, 
103–105

and redox-active ILs, 252–255
SF. see silk fibroin (SF)
“Ship-In-Bottle” (SIB) approach, 59
SIB. see “Ship-In-Bottle” (SIB) 

approach
SILCs. see supported ionic liquid 

catalysts (SILCs)
silica-ILs, 70–77

from co-condensation, 72–74
overview, 70–72
from self-condensation, 74–77

silk fibroin (SF), 310–311
SILMs. see supported ionic liquid 

membranes (SILMs)
SILs. see supported ionic liquids 

(SILs)
single-walled carbon nanotubes 

(SWCNTs), 57
skin-worn chemical sensors, 438–443
smart chemical sensors. see  

wearable chemical sensors, ILs in
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smart polymeric hydrogels, and ILs
agarose, 306–307
cellulose, 307–308
chitin and chitosan, 308–310
description, 311–314
overview, 304–306
silk fibroin (SF), 310–311
xanthan gum, 311

soft templating, 33–35
solid catalyst with an ionic liquid 

layer (SCILL), 55
solid-phase microextraction  

(SPME), 104
solid-state dye-sensitized solar cells

ionic liquid crystals for, 
522–527

overview, 517–518
polymeric ionic liquids for, 

518–522
solid state dye-sensitized solar cells 

(SS-DSSCs), 251
Sonogashira coupling, 41
space technology, and ionic  

electrochemical actuators, 
478–479

specific surface area (SSA), 26
SPME. see solid-phase  

microextraction (SPME)
SPSs. see switchable polarity  

solvents (SPSs)
SRPs. see stimuli-responsive  

polymers (SRPs)
SSA. see specific surface area (SSA)
SS-DSSCs. see solid state dye- 

sensitized solar cells (SS-DSSCs)
step-growth polymerization, 12
stimuli-responsive polymers (SRPs), 

204
supercapacitors

and ionic liquid gels, 394–395
and redox-active ILs, 247–248

supported ionic liquid catalysts 
(SILCs), 51

supported ionic liquid membranes 
(SILMs), 55

supported ionic liquids (SILs), 51

supported porous ionic liquids 
(SPILs)

on carbon-based supports, 
56–57

on inorganic oxide supports, 
59–60

on metal catalysts, 55–56
overview, 51–55
on polymeric supports, 55
porous liquids, 61–63
on porous metal–organic 

frameworks (MOFs), 57–59
supramolecular ILs, 77
SWCNTs. see single-walled carbon 

nanotubes (SWCNTs)
switchable devices, and redox-active 

ILs, 245–247
switchable hydrophobicity/
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118–125
overview, 117–118
thermoresponsive PILs, 

125–134
applications of, 134–139

switchable polarity solvents (SPSs)
CO2 release, 149–150
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switchable polarity solvents (SPSs) 
(continued)
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overview, 143–145
as reaction and separation 
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recyclability of SPSs, 150
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recyclability of, 161–162
regeneration of, 161
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-free methodologies
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free radical  
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textile energy storage, 402–404
fiber and yarn production, 

402–403
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textile printing, 403–404

textile printing, 403–404
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estimation of, 266
Gordon–Taylor equation, 

265–266
thermoresponsive materials, 

105–108
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and copolymerization, 206–221
description, 204–206
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Tm depression, and polymer doping
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transition metal-catalyzed  
polymerizations, 11

transport properties, for ILs and 
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and CO2 separation/solubility
factors affecting, 365–368
selective solution, 

364–365
supported ILs, 368–372

description, 348–356
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overview, 342–346
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properties
density, 347–348
overview, 346–347

trilayer bending actuators, 468–473

UCST. see upper critical solution 
temperature (UCST)
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volume change, in CPs, 461–462

wearable chemical sensors, ILs in
benefits of, 418–419
description, 417–418
overview, 416–417
progression of

electrochemical sensors, 
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paper-based sensors, 
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sensors, 438–443

research on, 446–448
selective solvation of

overview, 419–420
selective sampling, 

420–422
selectivity and specificity 

of, 423–427
wearable energy storage, and ILs

description, 382–383
device assembly techniques

colloidal ionic liquid 
gels, 400–402

durability and comfort, 
405–407

polymer-supported, 
395–400

and safety, 407–408
device selection based on  

electrical properties, 405
ionic liquid gels

for battery applications, 
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polymer scaffolds, 
392–393

colloidal scaffolds, 
387–388

considerations for, 
404–408

deposition methods,  
388
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window, 389
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scaffolds, 393

ionic conductivity, 
388–389

linear/chemically  
cross-linked polymers, 
385–386

lithium ion-containing 
electrolytes, 386–387

mechanical properties/
gel rheology, 389

molecular scaffolds, 388
overview, 384–385
physically cross-linked 
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390–392
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394–395

in textile energy storage, 
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triblock copolymers, 386
overview, 381–382
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