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Stimuli-responsive polymers in ionic liquids

Takeshi Ueki

The solidification of ionic liquids (ILs) in combination with synthetic polymers has been closely investigated for membrane

applications, such as in plastic electronics for energy conversion/storage purposes, gas separations and actuators, owing to the

versatile structure designability and unique properties of ILs. The possible combinations of ILs with polymers are not simply

limited to the use of compatible components; stimuli-responsive synthetic polymers that undergo changes in solubility in

response to external stimuli in ILs are now being recognized as a novel platform for creating intelligent soft materials. As a

consequence of the nonvolatility and wide liquid temperature range of ILs, smart wet materials consisting of polymer–IL

combinations can be employed under an open atmosphere over prolonged time periods and can also permit wide operating

temperature and pressure conditions without solvent evaporation, a serious drawback of traditional smart wet (soft) materials.

This review focuses on the thermodynamic aspects of and recent developments in stimuli-responsive polymers in ILs as a new

class of intelligent soft materials.
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INTRODUCTION

Ionic liquids (ILs) are ambient-temperature molten salts possessing
unique properties, such as high ion conductivity, electrochemical
stability, nonvolatility, nonflammability and high solvation for specific
solutes.1,2 Since their recognition as both environmentally benign
‘green’ liquids and as a third solvent group—separate from water and
organic solvents—ILs have been widely applied as a high ion-
conductive medium for energy storage materials,3–5 as reaction or
extraction solvents for organic synthesis6–8 and for use under vacuum
conditions,9,10 where other common solvents cannot be used because
of evaporation concerns. In polymer science, ILs have received a great
deal of attention as solvents for polymerization;11,12 for the
solubilization of sparingly soluble polymers such as cellulose,13–15

silk16 and wool;17 as a dispersing medium for carbon nanotubes;18

and as a preservation medium for biopolymers, such as proteins19–21

and DNA.22,23 Furthermore, the combination of (quasi) solid-state
materials with ILs permits the fabrication of useful soft materials
because the ILs can be tailored to exhibit specific properties. The
scope and utility of composite ILs with synthetic polymers is ever-
expanding; novel classes of solid-state electrolytes,24–26 organic thin-
film transistors,27 gas separation membranes28 and catalytic
membranes29,30 are currently under extensive development. The
combination of ILs with light and inexpensive synthetic polymers is
considered one of the more effective methodologies for achieving
(quasi) solid materials from ILs.3,4,24,25,31 Extensive reviews addressing
the functionalization and compatibility of ILs with synthetic polymers
are now available.24,25,31,32 This article focuses especially on the recent
progress and perspectives in stimuli-responsive polymers in ILs.

Although numerous efforts have been devoted to realizing smart
soft materials by utilizing the phase changes of polymers (gels) in
either water or common organic solvents,33–38 studies of wet stimuli-
responsive materials containing ILs remain in a preliminary stage.
Because typical ILs are thermally stable and have extremely wide
liquid temperature ranges, smart soft materials composed of ILs can
be used under an open atmosphere over extended time periods
without concerns about solvent evaporation and are not limited by
operating temperatures or pressure conditions under which common
solvents might not be ensured fluidity. Moreover, from the perspective
of fundamental polymer science, it is important to understand how
polymers dissolve and change in solubility in response to external
stimuli in ILs, a medium consisting entirely of ions. Scheme 1
summarizes the structures and abbreviations of the polymers, cations
and anions discussed in this article.

THERMOSENSITIVE POLYMERS IN ILS

Phase behavior of polyacrylamides and polymethacrylates in ILs
In 2006, we reported for the first time that poly(N-isopropylacryla-
mide) (PNIPAAm) exhibits an upper critical solution temperature
(UCST)-type phase separation in a typical hydrophobic IL, 1-ethyl-3-
methylimidazolium bis(trifluoromethane sulfone)imide ([C2mim]
[NTf2]) (Figure 1a).39 PNIPAAm is presently the most famous and
widely studied thermosensitive polymer, as it shows a lower critical
solution temperature (LCST)-type phase separation in aqueous
solutions at approximately body temperature.33 Although the UCST
phase transition is not a rare phase behavior for nonaqueous polymer
solutions, as discussed below, it is interesting to note that PNIPAAm
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in an IL exhibits completely opposite phase transitions as those
observed in aqueous solutions.40

To determine the temperature dependence of the mutual solubility
of a polymer and a solvent, the Gibbs free energy of mixing (DGmix) is
considered that is expressed by the following relation:

DGmix¼DHmix �TDSmix ð1Þ

where DHmix and DSmix are the enthalpy and entropy of mixing,
respectively, and T is the absolute temperature. When the DGmix value

of the system is negative, the polymer and solvent spontaneously mix
together to produce a homogeneous transparent solution, whereas at
positive DGmix values, the polymer solution becomes turbid because
of the phase separation of the polymer and the solvent. According to
the traditional lattice model established by Flory and Huggins, DSmix

values are always estimated as positive. Therefore, the product of T
and DSmix should always be positive, and the absolute value of the
second term on the right-hand side of Equation (1) becomes larger
with increasing temperature, leading to a negative DGmix. This

Scheme 1 Chemical structures and abbreviations of the cations, anions and polymers discussed in this article.
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consideration supports the thermodynamic conditions in observa-
tions of UCST phase separations that are achieved by a DHmix that is
positive and moderately smaller than the product of T and DSmix. In
certain ILs, NIPAAm or related (meth)acrylamide derivatives that
display both hydrogen-bond-donating and accepting components are
found to show UCST behavior.24 These polymers exhibit inter/
intramolecular hydrogen bonding among the chains at lower
temperatures, satisfying the conditions of a positive DHmix that is
larger than TDSmix that results in phase separation at lower
temperatures. However, once the temperature increases, the absolute
value of the entropic term TDSmix overcomes that of DHmix, and the
solution becomes homogeneously mixed. Certain methacrylates
having longer alkyl chains, such as poly(octadecyl (meth)acrylates)
that are capable of aggregating via van der Waals interactions, are also
known to exhibit UCST phase transitions in certain ILs.24 The
polymer phase behavior in an IL is also strongly dependent on
the polymer structure as well as on the structure of the IL, especially
the anionic structure that governs its Lewis basicity. In the case of
low-molecular-weight substances, Heintz et al.,41–45 Domanska
et al.46,47 Brenecke et al.48,49 actively investigated the UCST phase
behaviors of alcohol IL solutions and concluded that hydrogen
bonding as well as van der Waals interactions between the polymer
and the IL play an important role in their mutual solubility.
In contrast, from a thermodynamic perspective of the LCST phase

transition, both DHmix and DSmix must be negative so that DGmix

satisfies the condition of transitioning from positive to negative with
increasing temperature. The suggestion of entropic contributions by
Flory and Huggins cannot completely describe the phase separations
occurring at higher temperatures; nevertheless, we sometimes observe
LCST-type phase transitions in real aqueous polymer solutions or
certain polymer blend systems that seems to be a rare occurrence
from a thermodynamic point of view. We have reported LCST phase
separations in a polymer IL solution; poly(benzyl methacrylate)
(PBnMA) exhibits LCST phase behavior in certain ILs,50–52 similar
to the phase behaviors of the widely studied aqueous PNIPAAm
solution (Figure 1b). We are interested in the factors governing the
mixing entropy of solutions for the PBnMA/[Cnmim][NTf2] system.
With regard to the LCST phase behavior of PNIPAAm aqueous
solutions, it is generally accepted that structure-forming solvation
events such as specific hydration around the hydrophobic isopropyl
side chain, that is, hydrophobic hydration, decrease the entropy of the
solution.33 In the case of a PBnMA/[Cnmim][NTf2] solution showing
LCST phase behavior, it is possible that PBnMA and/or ILs form

certain types of ordered structures in solution to decrease the mixing
entropy. Recently, Fujii and coworkers53 investigated the specific
solvation of [C2mim][NTf2] for the monomeric BnMA structure
using high-energy X-ray diffraction with the aid of a molecular-
dynamics simulation. They found that the [C2mim] cation is
distributed in an orderly manner above and below the benzyl group
within BnMA, whereas the [NTf2] anion is distributed around the
equatorial position of the benzyl group where no cation distribution
is found, indicating a weak interaction between [NTf2] and BnMA
(Figure 1c). ILs are also known to form liquid clathrate structures
through contact with aromatic compounds such as benzene, toluene
and xylene,54–57 driven primarily by cation–p interactions.58 It has
been revealed that the ordered structural formation of a microscopic
solvation structure of an imidazolium cation and aromatic side chain
in PBnMA/[C2mim][NTf2] solution decreases the mixing entropy to
produce LCST phase behavior, an effect similar to the formation of
hydrophobic hydration shells within a PNIPAAm aqueous solution.
We further evaluated the phase behavior of a crosslinked PBnMA
network swollen with ILs. The PBnMA ion gels in [C2mim][NTf2]
clearly exhibit low-temperature swollen and high-temperature
shrunken phases with a phase-transition temperature of B100 1C
(Figure 2); the phase transition is discontinuous and reversible with
increases and decreases in temperature, respectively.50 The phase-
transition behavior also exhibits a large hysteresis loop, implying the
occurrence of a first-order transition.59 Although there had been
many experimental examples in which PNIPAAm-based hydrogels
exhibited volume phase transitions in aqueous solution, this was the
first report on the volume phase transition of a neutral polymer
network in an IL that consists entirely of ions. Because ion gels consist
of thermally stable, nonvolatile and moisture-insensitive components,
their use could enable the development of environmentally stable
smart gel materials for a variety of purposes.

Control of LCST-type phase transition of polymethacrylates in ILs
To control the nature of smart soft materials via the phase behaviors
of the component polymers (gels) in ILs, controlling the phase-
transition temperature is of great importance. The phase behaviors of
polymers in ILs are reported to be controllable by modifying the
polymer chemical structures50,51,60,61 as well as the structures of the
ILs50,62 in a wide temperature range. Figure 3 and Table 1 summarize
previously reported temperatures for LCST phase transitions and the
chemical structures of the corresponding polymers and ILs. The
phase-transition temperature of a polymer in an IL is strongly

Figure 1 (a) Upper critical solution temperature (UCST)-type phase behavior of poly(N-isopropylacrylamide) (PNIPAAm; 1 wt%) and (b) lower critical

solution temperature (LCST)-type phase behavior of poly(benzyl methacrylate) (PBnMA; 3 wt%) [C2mim][NTf2] solutions, together with photographs

depicting the appearance of PBnMA solutions below and above the transition temperature. (c) Space-distribution functions for the center of mass of the

[C2mim] cation around monomeric BnMA. The clouds represent the iso-probability surfaces of a 1.8-fold larger probability density relative to the bulk.
Reproduced with permission from Ueki et al.39,50 and Matsugami et al.53 A full color version of this figure is available at the Polymer Journal online.
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dependent not only on the nature of the polymer itself but also on the
polymer molecular weight (distribution) and concentration. The data
presented in Figure 3 and Table 1 therefore provide information that
is strictly qualitative and is applicable only to a polymer of a certain
molecular weight (distribution) at the specified concentration. We can
identify tendencies in the phase-separation temperature changes of a

PBnMA homopolymer through systematically changing the chemical
structure of the ILs as follows: 1. The phase-transition temperature
increases with increasing alkyl chain length at the imidazolium ring 3-
position; 2. the phase-transition temperature does not change

Figure 2 Swelling curve of a poly(benzyl methacrylate) (PBnMA) ion gel

particle in [C2mim][NTf2] as a function of temperature. Photograph insets

(left to right) show the PBnMA ion gel below (swelling) and above

(shrinking) the phase-transition temperature, respectively. The swelling ratio

represents the normalized gel diameter at each temperature divided by
100 1C. The PBnMA ion gel was obtained by in situ suspension

polymerization using continuous and dispersion phases of water and water-

immiscible [C2mim][NTf2], respectively. The [C2mim][NTf2] phase contains

BnMA monomers (700 mM), ethylene glycol dimethacrylate (28 mM) as a

crosslinker and 2,2-diethoxyacetophenone (7 mM) as a photo initiator in the

feed. Reproduced with permission from Ueki et al.50 A full color version of

this figure is available at the Polymer Journal online.

Figure 3 Summary of lower critical solution temperature (LCST)-type phase-

separation temperatures for previously reported polymethacrylates in a series

of ionic liquids (ILs). The bar color indicates the phase-separation

temperature in each combination of polymer and IL, as follows: cobalt,

B50 1C; dark blue, B70 1C; light blue, B95 1C; light green, B120 1C; dark

green, B150 1C; yellow, B170 1C; orange, B200 and B250 1C.

Table 1 Previously reported LCST-type phase separation

temperatures of polymers in ILs

Polymer Solvent MW/kDa PDI Conc./wt% Tc / oC Reference

PnBuMA [C4mim]PF6 13 1.28 2 136.5 65

PnBuMA [C4mim]PF6 48 1.38 2 108 65

PBnMA [C1mim][NTf2] 28 2.76 3 89 50

PBnMA [C2mim][NTf2] 28 2.76 3 105 50

PBnMA [C2amim][NTf2] 28 2.76 3 133 62

PBnMA [C3dmim][NTf2] 28 2.76 3 138 62

PBnMA [C4mim][NTf2] 28 2.76 3 161 50

PBnMA [Py14][NTf2] 28 2.76 3 180 62

PBnMA [C6mim][NTf2] 28 2.76 3 239 50

PBnMA [C6mim]PF6 28 2.76 3 155 62

PBnMA [C8mim]PF6 28 2.76 3 205 62

PBnMA-OCH3 [C2mim][NTf2] 73 2.28 3 54 60

PBnMA-OCH3 [C4mim][NTf2] 73 2.28 3 130 60

PBnMA-F [C2mim][NTf2] 74 1.94 3 87 60

PBnMA-F [C4mim][NTf2] 74 1.94 3 168 60

PPhEtMA [C2mim][NTf2] 76 1.91 3 42 60

PPhEtMA [C4mim][NTf2] 76 1.91 3 118 60

PPhEtMA [C6mim][NTf2] 76 1.91 3 218 60

PPhBuMA [C6mim][NTf2] 51 1.93 3 144 60

PPhBuMA [C8mim][NTf2] 51 1.93 3 242 60

PBnMA-CH3 [C8mim][NTf2] 75 1.74 3 162 60

P(St1.6-r-BnMA) [C2mim][NTf2] 19 2.34 3 101.4 50

P(St8.7-r-BnMA) [C2mim][NTf2] 13 1.88 3 69.9 50

P(MMA5.1-r-BnMA) [C2mim][NTf2] 21 2.22 3 122.3 50

P(MMA10.0-r-BnMA) [C2mim][NTf2] 21 2.15 3 135.2 50

P(trans-AzoMA1.9-r-BnMA) [C2mim][NTf2] 45 2.9 3 102.9 67

P(trans-AzoMA3.0-r-BnMA) [C2mim][NTf2] 44 2.8 3 103.1 67

P(trans-AzoMA4.1-r-BnMA) [C2mim][NTf2] 47 3.0 3 102.0 67

P(cis-AzoMA1.9-r-BnMA) [C2mim][NTf2] 45 2.9 3 91.1 67

P(cis-AzoMA3.0-r-BnMA) [C2mim][NTf2] 44 2.8 3 84.4 67

P(cis-AzoMA4.1-r-BnMA) [C2mim][NTf2] 47 3.0 3 80.3 67

P(VBK4-r-BnMA) [C2mim][NTf2] 9.9 1.41 3 86 61

P(VBK9-r-BnMA) [C2mim][NTf2] 6.7 1.39 3 68 61

PEG [C2mim]BF4 5 1.07 9 164 63

PEG [C2mim]BF4 20 1.14 2 163 63

PEG [C4mim]BF4 20 1.14 2 209 63

PPG [C4mim][NTf2] 3.9 1.15 10 48 72

PGME [C4mim]PF6 3 1.19 10 53.5 72

PEGE [C2mim][NTf2] 3.8 1.15 6 101.9 71

PEGE [C2mim][NTf2] 8.1 1.19 3 87.8 71

PEGE [C2mim][NTf2] 10 1.26 3 78.1 71

PEGE [C2mim][NTf2] 22 1.75 3 67.5 71

PEGE [C1mim][NTf2] 8.1 1.19 3 85.2 72

PEGE [C3mim][NTf2] 8.1 1.19 3 132.9 72

PEGE [C4mim][NTf2] 8.1 1.19 5 174.8 72

PEGE [C4dmim][NTf2] 8.1 1.19 3 31.0 72

PEGE [C5dmim][NTf2] 8.1 1.19 3 93.3 72

PEGE [C6dmim][NTf2] 8.1 1.19 5 155.0 72

PEEGE [C4mim]PF6 3.2 1.17 10 56 72

Abbreviations: Conc., concentration; IL, ionic liquids; LCST, lower critical solution temperature;
MW, molecular weight; PDI, polydispersity index.
Numbers indicated after the monomers for a series of random copolymers denote the
composition of the comonomer in mol%.
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substantially if methyl substitution is present at the 2-position of the
imidazolium ring, a position that is known to possess strong
hydrogen-bond-donating ability; 3. the phase-transition temperature
depends strongly not only on the cation structure but also on the
anion structure in ILs. From the conditions stated in 1 and 2, it can be
concluded that van der Waals interactions, rather than hydrogen
bonding between polymers and ILs, seem to play an important role in
determining the phase-transition temperature of methacrylate poly-
mers in ILs. Although the anion structure does not seem to induce
structure-ordering solvation to decrease the mixing entropy of the
solution, the fact that the anion structure affects the phase-transition
temperature implies that there are enthalpic contributions from anion
solvation to the polymers. It is also likely that the structure-forming
solvation of cations by the polymer can be altered by a change in the
anionic structure that results in a changing phase-separation tem-
perature. In terms of the continuous phase-transition temperature
manipulation of polymers in ILs, the LCST phase transitions in
PBnMA, PPhEtMA and PEG can be easily controlled using an IL
blend.60,63–65 Furthermore, the phase-transition temperature
significantly decreases following chemical modification around the
aromatic side chain, suggesting that the microscopic solvation of ILs
around the aromatic units plays an important role in polymer phase
behaviors in ILs. In particular, the LCST phase-transition temperature
of PPhEtMA is as much as 63 1C lower than that of PBnMA;60

however, the chemical structures of PPhEtMA and PBnMA differ by
only one methylene spacer inserted between the aromatic group and
the methacrylate main chain. These results also suggest that control
over the LCST phase-transition temperature is not achieved by
tailoring the electron density of the benzyl group through aromatic
substitution but rather through steric hindrance. The phase changes
of polymers in ILs are also controllable by the random
copolymerization of different monomers in a similar manner used
for traditional aqueous thermosensitive polymers;66 however, the
magnitude of the temperature change after the random
copolymerization of polymers in ILs is much larger than that for
thermosensitive random copolymers in aqueous solution. For
example, due to the hydrophilicity of N,N-dimethylacrylamide
(DMAAm), a random copolymer of NIPAAm and DMAAm
(P(DMAAm10-r-NIPAAm)) is known to show a 5 1C higher LCST
phase transition than the corresponding PNIPAAm homopolymer in
aqueous solution.66 Similarly, in a polymer [C2mim][NTf2] solution,
a random copolymer consisting of BnMA and methyl methacrylate

(MMA), which is a solvatophilic monomer toward [C2mim][NTf2]
(P(MMA10.0-r-BnMA)), shows a higher phase-transition temperature.
Compared with the P(DMAAm10.0-r-NIPAAm) system, the difference
in magnitude of the phase-separation temperature is as large as 30 1C
for P(MMA10-r-BnMA) in [C2mim][NTf2] solution.

50 Although the
exact reason for the large phase-transition temperature difference in
ILs in response to subtle chemical modification of the polymer is still
unclear, a partial rationalization from a thermodynamic point
of view has been proposed through a systematic comparison via
high-sensitive differential scanning calorimetry analyses of
thermosensitive polymers in both water and ILs.62 Inspired by the
unprecedented phenomenon whereby a tiny chemical modification
can induce large changes in the phase-transition temperature of a
polymer in an IL, optically triggered solubility changes of polymers in
ILs were also proposed. Certain azobenzene-containing random
copolymers of P(AzoMA-r-BnMA)67 and P(AzoMA-r-NIPAAm)68

in ILs have been reported to show a drastic change in LCST phase-
transition temperature depending on the azobenzene composition as
well as on the photochromic isomerization state of the chromophore
in the random copolymer. The optically driven solubility changes of
polymers in ILs can initiate photo-triggered volume phase transitions
in ion gels69 as well as the photo-induced self-assembly of block
copolymers,70 as briefly introduced in the section ‘Stimuli-responsive
self-assembly of block copolymers and gels in ILs’.

Phase behavior of polyethers in ILs
Not limited to methacrylate and acrylamide backbone polymers, we
have found that polyethers, such as poly(ethyl glycidyl ether) (PEGE),
also show LCST phase transitions in ILs.71,72 In the case of LCST
phase behaviors in polyether IL solutions, directional solvation based
on hydrogen bonding between the polyether and IL cations plays a
crucial role in decreasing the mixing entropy of the solutions. Seddon,
Rebelo and coworkers55 have noted directional solvation based on
hydrogen bonding as an important contribution to decreasing the
mixing entropy for a quasi-binary solution of chlorine containing an
organic solvent and imidazolium IL. We recently conducted a
systematic investigation of the effect of chemical structure on LCST
phase behaviors using five polyethers (PEG, PMGE, PEGE, PEEGE
and PPG) in 14 different ILs (Figure 4).72 For ILs containing the same
anions, the polyethers were soluble in imidazolium- or pyridinium-
based ILs and were insoluble in ammonium- or phosphonium-based
ILs. An increase in the alkyl chain length in the imidazolium cation

Figure 4 Solubility and lower critical solution temperature (LCST)-type phase-separation temperatures for 10 wt% poly(ethyl glycidyl ether) (PEGE) as a

function of the cation structures of ionic liquids (ILs) containing [NTf2] anions at temperatures ranging from room temperature to 200 1C. Reproduced with

permission from Kodama et al.72
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and an increase in the polarity of the polyethers resulted in a
higher LCST for phase separation, whereas, not surprisingly,
the substitution of hydrogen atoms on the imidazolium ring with
methyl groups resulted in a lower LCST for phase separation,
suggesting the importance of hydrogen bonding for the LCST phase
transition of polyethers in ILs. The hydrogen-bonding interactions
between the oxygen atoms in the polyethers and the aromatic
hydrogen atoms on the cations in the ILs can be qualitatively
explained by the ranking of the LCST phase-transition temperatures
of polyethers and ILs.

FUNCTIONAL DESIGNS VIA STIMULI-RESPONSIVE POLYMERS

IN ILS

Stimuli-responsive self-assembly of block copolymers and gels in
ILs
New materials utilizing the phase behaviors of polymers in ILs are
now being designed on the basis of the unique properties of stimuli-
sensitive polymers (gels) combined with ILs. The volume phase
transition of a polymer gel can be applied to a variety of stimuli-
responsive smart materials, such as actuators, optical devices and
switching devices, all of which have been proposed for hydrogel
systems—because the phenomenon can be reversibly observed in an
open atmosphere without the occurrence of solvent evaporation, a
serious drawback of conventional smart gel materials.
The thermosensitivity of diblock copolymers in ILs64,65,73,74 and

thermoreversible ion gels75–78 based on their thermally induced
association/dissociation of multiblock copolymers in ILs have also
been investigated by several groups. With the main objective of
material process engineering, the solidification of ILs triggered by
thermal stimuli is promising. For the preparation of thermoreversible

ion gels, low-temperature-gel/high-temperature-sol systems have been
realized by utilizing the UCST behaviors of PNIPAAm75,76 or
P(tert)BuAAm77 as the thermosensitive blocks. We are interested in
the formation of thermoreversible ion gels utilizing the LCST-based
solubility changes of PBnMA79 or PPhEtMA80 that can impart low-
temperature-sol/high-temperature-gel phase behaviors. Although
numerous studies have been conducted on high-temperature-sol/
low-temperature-gel systems in ILs using either organic gelators81–83

or the crystallization of ethers84,85 or F-containing polymers30,86,87 in
the absence of block copolymer self-assembly, the construction of
high-temperature-gel systems remains challenging. In addition to
utilizing the thermosensitivity of block copolymers in ILs, optically
switchable ion gels, in which gel formation (or melting) is achieved
under UV-visible light illumination, have the potential to open many
opportunities for gel patterning in applications such as plastic
electronics. The random copolymer consisting of methacrylates with
an azobenzene side chain (AzoMA) and NIPAAm shows a distinct
solubility difference in [C4mim]PF6 depending on whether the
photochromic azobenzene moiety is in the trans (ground) or cis
(exited) state; the more polar cis form is generally more soluble.68 The
optically induced micellization/demicellization of an AB diblock
copolymer consisting of polyethylene glycol (PEG) and P(AzoMA-r-
NIPAAm) as the solvatophilic and thermal/photosensitive segments,
respectively, has been recently demonstrated (Figure 5).70 The study of
an ABA triblock copolymer containing P(AzoMA-r-NIPAAm)
end blocks is presently ongoing; this system is expected to induce
photo-triggered formation/breakage of physical crosslinking points in
the concentrated polymer IL solution, leading to a photo-reversible
ion gel. The novelty of such a photo-reversible gel is apparent
because it has not yet been described in a polymer IL solution

Figure 5 (a) Conceptual illustration of the micellization/demicellization of photo-responsive polymers and experimental results from the reversible photo-

induced micellization/demicellization of PEG-b-P(AzoMA2.0-r-NIPAAm) micelles at aggregation temperatures between the trans- and cis-polymer bistable

temperatures under ultraviolet (UV; open diamonds) or visible-light (closed diamonds) irradiation. (b) The normalized scattering intensity and (c) the

hydrodynamic radius as a function of temperature are shown. Reproduced with permission from Ueki et al.70
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nor in a traditional polymer solution using both aqueous and organic
solvents.

Thermosensitive colloid shuttle between water and IL interface
Thermosensitive so-called ‘round-trip’ colloids that partition between
water and hydrophobic (water-immiscible) ILs have recently shown
promise in the field of material science research directed at polymer–
IL composites. He and Lodge88 found for the first time that PB-b-
PEG block copolymer micelles reversibly shuttle between the water
and hydrophobic IL ([C2mim][NTf2]) interface in response to
temperature changes, irrespective of micellar morphology. They
revealed through successive nuclear magnetic resonance studies that
reversible micelle transfer between the water and IL phases is based on
the relative affinity changes of the corona PEG chains toward the
water and IL solvents.89,90 It is well known that PEG shows LCST
phase behavior in aqueous solutions at relatively high temperatures,
indicating that its solubility decreases with increasing temperature.
On the other hand, the temperature-dependent change in the
solubility of PEG toward [C2mim][NTf2] is not as significant. If the
micelle surrounded by a well-solvated PEG shell is in the water phase,
it can transfer across the interface between water and [C2mim][NTf2]
at a higher temperature because PEG is more thermodynamically
stable in the IL phase than in the upper water phase. Their findings
strongly imply that all colloidal particles decorated with a PEG shell
can exhibit ‘round-trip’ behaviors between water and IL phases
through changes in temperature. Based on their pioneering
findings, well-defined vesicles,91 silica particles,92 Pluronic micelles93

and 2-oxazoline-modified micelles94 have as been found to show
similar reversible transfer behaviors between water and hydrophobic
IL phases.
On the basis of this concept, we recently proposed a thermo-

reversible nanogel shuttle between water and a hydrophobic IL phase,
in which the nanogel consists of a crosslinked PNIPAAm core
surrounded by a PEG shell.95 By maintaining an ascending LCST-
type phase-transition of PNIPAAm in water, one can construct novel
nanogel systems that may potentially undergo unique load-transfer-
release processes by simple temperature adjustments (Figure 6).
Substrates in the water phase can be loaded into the nanogels at
the LCST-type phase-transition (shrinking) temperature of PNIPAAm
at lower temperatures, transported with the nanogels into the lower
IL phase with an increase in temperature, and subsequently released at
a higher (swelling) temperature as a result of the UCST nature of
PNIPAAm in the IL phase. The thermal sensitivities of nanogels in

both water and IL phases as well as their transfer behaviors were
confirmed to be reversible using the dynamic light scattering
technique. The realization of intelligent nanogel cargo as a micro
reactor95,96 consisting of two types of ‘green’ liquids (that is, water
and ILs) is a promising development in polymer/IL composite
research.

Surface modification of thermosensitive polymers in ILs
Interface modification with stimuli-responsive polymers in ILs is one
of the more novel approaches in polymer–IL composite materials
design. Guo, Jiang and coworkers97 demonstrated that a PBnMA-
modified nanoporous surface could act as a temperature-responsive
ion gate for organic charge carriers that can be potentially operated
over a wide temperature range. Such polymeric, brush-like surfaces
are expected for use as intelligent molecular nanoactuators that can
efficiently block ions in response to appropriate external stimuli,
exhibiting functionalities similar to biological ion channels. Ueno,
Watanabe and coworkers98 reported interesting rheological and
optical properties of thermosensitive polymers decorated with silica
nanoparticles in an IL solvent. They successfully synthesized PBnMA-
grafted silica nanoparticles via surface-initiated atom-transfer radical
polymerization. When using silica particles at concentrations above
14.2 wt%, the composites show a nonbrilliant, angle-independent
structural color caused by the scattering of coherent light from the
short-range ordered glassy colloidal array.37,99 Moreover, the
concentrated PBnMA-modified silica nanoparticle solutions display
interesting viscoelastic behavior in response to temperature. Both the
storage (G0) and loss (G00) moduli first decrease up to the LCST
phase-transition temperature (95 1C) and then increase at higher
temperatures after passing through the minimum. Such a V-shaped
rheological response can be interpreted in relation to the
thermosensitivity of the PBnMA-grafted nanoparticles. At lower
temperatures (below the LCST aggregation temperature of
immobilized PBnMA), a repulsive interaction is at work among the
PBnMA-grafted nanoparticles because of the effect of the excluded
volume of grafted polymers. Hard-sphere repulsive particles are
known to form colloidal glass at high particle concentrations,
whereby the particles are trapped within cages formed by their
nearest neighbors, showing solid-like properties. However, at higher
temperatures (above the LCST phase-transition temperature), the
collapse of the PBnMA-modified silica nanoparticles renders the steric
hindrance of PBnMA ineffective, thus leading to gel formation
because of the percolation of PBnMA-grafted nanoparticles into

Figure 6 A conceptual illustration of a thermally driven load-transfer-release nanogel shuttle. The nanogel exhibits low-temperature-swollen/high-

temperature-shrunken volume phase transitions in the upper aqueous phase and shows opposite phase behavior in the lower hydrophobic IL phase because

of the dual thermosensitivity of poly(N-isopropylacrylamide) (PNIPAAm) in both phases. A nanogel surrounded by poly(ethylene glycol) (PEG) shells can

transfer between the aqueous and ionic liquid (IL) phases. Reproduced with permission from Ueki et al.95
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particulate networks. As a result of these unique optical and
rheological properties as well as of the properties derived from
the IL itself, thermosensitive soft glassy colloidal arrays are of
significant interest as a new material for a wide range of
applications, such as in functional fluids, color displays and
electrochemical devices.

CONCLUDING REMARKS

This article focused on the thermodynamic aspects of and recent
developments in research directed at stimuli-responsive polymers in
ILs. The most noteworthy properties of the IL itself are its thermal
stability and wide liquid temperature range. By employing an IL as a
solvent for smart soft materials, unprecedented applications can be
afforded under a wide range of operating conditions, including
wide temperature ranges or long-term operations under an open
atmosphere, without concerns of solvent evaporation. Composite
materials combining thermosensitive polymers with ILs show parti-
cular promise; however, there remains some ambiguity regarding
precisely how such polymers behave in an IL solvent. For example,
there is still no theoretical or experimental interpretation of the effect
of osmotic pressure on volume phase transitions in ion gels; the
osmotic pressure between the interior and exterior of the polymer
network is believed to play a crucial role at the volume phase
transition of well-established aqueous hydrogel systems consisting of a
charged polymer network in a neutral solvent (water).100–102

However, further investigation as well as basic interpretations
of the mechanism of osmotic pressure in a neutral polymer
(PBnMA) network in a charged solvent (IL) is still required to
clarify its role in the volume phase transition of the PBnMA ion gel.
On the other hand, from a material science point of view, polymers in
ILs generally have a longer relaxation time and require prolonged
periods to reach thermodynamic equilibrium as a result of the high
viscosity of ILs. From the viewpoint of thermodynamic behavior in
ILs, the polymer or its self-assembled structure is sometimes forced
into not only the thermodynamic equilibrium phase but also its
metastable state.69,103–105 When designing stimuli-responsive
polymers in ILs, it is necessary to suppress the viscosity of
polymer–IL composites to achieve quick response times for the
resulting soft materials. Although an increasing number of studies
concern polymers and ILs, the research area of stimuli-responsive
polymers in ILs remains in its infancy and has many years of progress,
challenges and opportunities ahead from a fundamental as well as a
material science point of view.

ACKNOWLEDGEMENTS
I greatly acknowledge Professor Masayoshi Watanabe (Yokohama National

University) for his supervision throughout the work directed at stimuli-

responsive polymers in ILs. I also thank all my colleagues and supervisors, in

particular, Professor Timothy P Lodge (University of Minnesota), Professor

Shin-ichiro Imabayashi (Shibaura Institute of Technology), Dr Koichi Kodama

(Saitama University), Dr Kazuhide Ueno (Yokohama National University),

Professor Mitsuhiro Shibayama (University of Tokyo, ISSP), Professor Kenta

Fujii, (Yamaguchi University), Dr Takeshi Karino (University of Tokyo, ISSP),

Professor Keiko Nishikawa (Chiba University), Dr Takeshi Morita (Chiba

University), Dr Asako Ayusawa-Arai (Chiba University), Professor Osamu

Yamamuro (University of Tokyo, ISSP), Dr Maiko Kofu (University of

Tokyo, ISSP), Professor Yasuhiro Umebayashi (Niigata University), Professor

Ung-il Chung (University of Tokyo), Dr Takamasa Sakai (University of Tokyo)

and Professor Ryo Yoshida (University of Tokyo) for their great contributions

to this work. This work was supported in part by a Research Fellowship

from the Japan Society for the Promotion of Science for Young Scientists

(no. 11J07791).

1 Rogers, R. D. & Seddon, K. R. Ionic liquids IIIA: Fundamentals, Progress, Challenges,

and Opportunities Properties and Structure (American Chemical Society, Washington

DC, 2005).
2 Plechkova, N. V. & Seddon, K. R. Applications of ionic liquids in the chemical

industry. Chem. Soc. Rev. 37, 123–150 (2008).
3 Watanabe, M., Yamada, S.-i., Sanui, K. & Ogata, N. High ionic conductivity of new

polymer electrolytes consisting of polypyridinium, pyridinium and aluminium chlor-

ide. J. Chem. Soc. Chem. Commun. 929–931 (1993).
4 Susan, M. A., Kaneko, T., Noda, A. & Watanabe, M. Ion gels prepared by in situ

radical polymerization of vinyl monomers in an ionic liquid and their characterization

as polymer electrolytes. J. Am. Chem. Soc. 127, 4976–4983 (2005).
5 Bonhote, P., Dias, A. P., Papageorgiou, N., Kalyanasundaram, K. & Grätzel, M.

Hydrophobic, highly conductive ambient-temperature molten salts. Inorg. Chem. 35,

1168–1178 (1996).
6 Welton, T. Room-temperature ionic liquids. Solvents for synthesis and catalyst. Chem.

Rev. 99, 2071–2083 (1999).
7 Wasserscheid, P. & Keim, W. Ionic liquids -New ‘solution’ for transition metal

catalysis. Angew. Chem. Int. Ed. 39, 3772–3789 (2000).
8 Poole, C. F. & Poole, S. K. Extraction of organic compounds with room temperature

ionic liquids. J. Chromatogr. A 1217, 2268–2286 (2010).
9 Kuwabata, S., Kongkanand, A., Oyamatsu, D. & Torimoto, T. Observation of ionic

liquid by scanning electron microscope. Chem. Lett. 35, 600–601 (2006).
10 Torimoto, T., Tsuda, T., Okazaki, K. & Kuwabata, S. New frontiers in materials science

opened by ionic liquids. Adv. Mater. 22, 1196–1221 (2010).
11 Kubisa, P. Application of ionic liquids as solvents for polymerization processes. Prog.

Polym. Sci. 29, 3–12 (2004).
12 Kubisa, P. Ionic liquids as solvents for polymerization processes—progress and

challenges. Prog. Polym. Sci. 34, 1333–1347 (2009).
13 Swatloski, R. P., Spear, S. K., Holbrey, J. D. & Rogers, R. D. Dissolution of cellulose

with ionic liquids. J. Am. Chem. Soc. 124, 4974–4975 (2002).
14 Zhu, S., Wu, Y., Chen, Q., Yu, Z., Wang, C., Jin, S., Ding, Y. & Wu, G. Dissolution

of cellulose with ionic liquids and its application: a mini-review. Green Chem. 8,

325–327 (2006).
15 Ohno, H. & Fukaya, Y. Task specific ionic liquids for cellulose technology. Chem. Lett.

38, 2–7 (2009).
16 Phillips, D. M., Drummy, L. F., Conrady, D. G., Fox, D. M., Naik, R. R., Stone, M. O.,

Trulove, P. C., Hugh, C. & Mantz, R. A. Dissolution and regeneration of

Bombyx mori silk fibroin using ionic liquids. J. Am. Chem. Soc. 126,

14350–14351 (2004).
17 Xie, H., Li, S. & Zhang, S. Ionic liquids as novel solvents for the dissolution and

blending of wool keratin fibers. Green Chem. 7, 606 (2005).
18 Fukushima, T., Kosaka, A., Ishimura, Y., Yamamoto, T., Takigawa, T., Ishii, N. & Aida, T.

Molecular ordering of organic molten salts triggered by single-walled carbon

nanotubes. Science 300, 2072 (2003).
19 Weingartner, H., Cabrele, C. & Herrmann, C. How ionic liquids can help to stabilize

native proteins. Phys. Chem. Chem. Phys. 14, 415–426 (2012).
20 Tamura, K., Nakamura, N. & Ohno, H. Cytochrome c dissolved in 1-allyl-3-

methylimidazolium chloride type ionic liquid undergoes a quasi-reversible redox

reaction up to 140 degrees C. Biotechnol. Bioeng. 109, 729–735 (2012).
21 Byrne, N. & Angell, C. A. Formation and dissolution of hen egg white lysozyme

amyloid fibrils in protic ionic liquids. Chem. Commun. 9, 1046–1048 (2009).
22 Vijayaraghavan, R., Izgorodin, A., Ganesh, V., Surianarayanan, M. & MacFarlane, D. R.

Long-term structural and chemical stability of DNA in hydrated ionic liquids.

Angew. Chem. Int. Ed. 49, 1631–1633 (2010).
23 Mondal, D., Sharma, M., Mukesh, C., Gupta, V. & Prasad, K. Improved solubility of

DNA in recyclable and reusable bio-based deep eutectic solvents with long-term

structural and chemical stability. Chem. Commun. 49, 9606–9608 (2013).
24 Ueki, T. & Watanabe, M. Polymers in ionic liquids: dawn of neoteric solvents and

innovative materials. Bull. Chem. Soc. Jap. 85, 33–50 (2012).
25 Ueki, T. & Watanabe, M. Macromolecules in ionic liquids: progress, challenges, and

opportunities. Macromolecules 41, 3739–3749 (2008).
26 Galinski, M., Lewandowski, A. & Stepniak, I. Ionic liquids as electrolytes. Electro-

chim. Acta 51, 5567–5580 (2006).
27 Kim, S. H., Hong, K., Xie, W., Lee, K. H., Zhang, S., Lodge, T. P. & Frisbie, C. D.

Electrolyte-gated transistors for organic and printed electronics. Adv. Mater. 25,

1822–1846 (2013).
28 Scovazzo, P., Kieft, J., Finan, D., Koval, C., Dubois, D. & Noble, R. Gas separations

using non-hexafluorophosphate [PF6]� anion supported ionic liquid membranes.

J. Memb. Sci 238, 57–63 (2004).
29 Snedden, P., Cooper, A. I., Scott, K. & Winterton, N. Cross-linked polymer-ionic liquid

composite materials. Macromolecules 36, 4549–4556 (2003).
30 Carlin, R. T. & Fuller, J. Ionic liquid-polymer gel catalytic membrane. Chem.

Commun. 15, 1345–1346 (1997).
31 Winterton, N. Solubilization of polymers by ionic liquids. J. Mater. Chem. 16, 4281

(2006).
32 Lu, J., Yan, F. & Texter, J. Advanced applications of ionic liquids in polymer science.

Prog. Polym. Sci. 34, 431–448 (2009).
33 Schild, H. Poly (N-isopropylacrylamide): experiment, theory and application. Prog.

Polym. Sci. 17, 163–249 (1992).
34 Gong, J. P., Kagata, G. & Osada, Y. Intelligent gel -surface properties and functions of

gels-. Macromol. Symp. 159, 215–220 (2000).

Stimuli-responsive polymers in ILs
T Ueki

653

Polymer Journal



35 Akashi, R., Tsutsui, H. & Komura, A. Polymer gel light modulation materials imitating
pigment cells. Adv. Mater. 14, 1808–1811 (2002).

36 Yoshida, R., Takahashi, T., Yamaguchi, T. & Ichijo, H. Self-oscillating gel. J. Am.
Chem. Soc. 118, 5134–5135 (1996).

37 Takeoka, Y. Stimuli-responsive opals: colloidal crystals and colloidal amorphous

arrays for use in functional structurally colored materials. J. Mater. Chem. C 1, 6059
(2013).

38 Roy, D., Cambre, J. N. & Sumerlin, B. S. Future perspectives and recent advances in
stimuli-responsive materials. Prog. Polym. Sci. 35, 278–301 (2010).

39 Ueki, T. & Watanabe, M. Upper critical solution temperature behavior of poly(N-

isopropylacrylamide) in an ionic liquid and preparation of thermo-sensitive nonvolatile
gels. Chem. Lett. 35, 964–965 (2006).

40 Asai, H., Fujii, K., Ueki, T., Sawamura, S., Nakamura, Y., Kitazawa, Y., Watanabe, M.,
Han, Y.-S., Kim, T.-H. & Shibayama, M. Structural study on the UCST-type
phase separation of poly(N-isopropylacrylamide) in ionic liquid. Macromolecules

46, 1101–1106 (2013).
41 Heintz, A., Lehmann, J. K. & Wertz, C. Thermodynamic properties of mixtures

containing ionic liquids. 3. Liquid-liquid equilibria of binary mixtures of 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide with propan-1-ol, butan-1-ol,
and pentan-1-ol. J. Chem. Eng. Data 48, 472–474 (2003).

42 Heintz, A., Lehmann, J. K., Wertz, C. & Jacquemin, J. Thermodynamic properties of
mixtures containing ionic liquids. 4. LLE of binary mixtures of [C2 MIM][NTf2] with
propan-1-ol, butan-1-ol, and pentan-1-ol and [C4 MIM][NTf2] with cyclohexanol and
1,2-hexanediol including studies of the influence of small amounts of water. J. Chem.

Eng. Data 50, 956–960 (2005).
43 Heintz, A., Casas, L. M., Nesterov, I. A., Emel’yanenko, V. N. & Verevkin, S. P.

Thermodynamic properties of mixtures containing ionic liquids. 5. Activity coeffi-
cients at infinite dilution of hydrocarbons, alcohols, esters, and aldehydes in
1-methyl-3-butyl-imidazolium bis(trifluoromethyl-sulfonyl)imide using gas-liquid
chromatography. J. Chem. Eng. Data 50, 1510–1514 (2005).

44 Heintz, A., Vasiltsova, T. V., Safarov, J., Bich, E. & Verevkin, S. P. Thermodynamic
properties of mixtures containing ionic liquids. 9. Activity coefficients at infinite

dilution of hydrocarbons, alcohols, esters, and aldehydes in trimethyl-butylammo-
nium bis(trifluoromethylsulfonyl)imide using gas-liquid chromatography and static
method. J. Chem. Eng. Data 51, 648–655 (2006).

45 Geppert-Rybczyńska, M., Knorr, A., Lehmann, J. K. & Heintz, A. Liquid phase
behavior of 1-Butyl-1-methylpyrrolidinium Bis(trifluoromethylsulfonyl)imide with
1-Butanol or Hexan-1-ol: measurements of coexistence curves, density, and inter-

facial tension. J. Chem. Eng. Data 57, 1923–1927 (2012).
46 Domanska, U. & Marciniak, A. Solubility of ionic liquid [emim][PF6] in alcohols.

J. Phys. Chem. B 108, 2376–2382 (2004).
47 Domanska, U. & Casás, L. M. Solubility of phosphonium ionic liquid in alcohols,

benzene, and alkylbenzenes. J. Phys. Chem. B 111, 4109–4115 (2007).
48 Crosthwaite, J. M., Aki, S. N. V. K., Maginn, E. J. & Brennecke, J. F. Liquid phase

behavior of imidazolium-based ionic liquids with alcohols. J. Phys. Chem. B 108,

5113–5119 (2004).
49 Crosthwaite, J. M., Muldoon, M. J., Aki, S. N. V. K., Maginn, E. J. & Brennecke, J. F.

Liquid phase behavior of ionic liquids with alcohols: experimental studies and

modeling. J. Phys. Chem. B 110, 9354–9361 (2006).
50 Ueki, T. & Watanabe, M. Lower critical solution temperature behavior of linear

polymers in ionic liquids and the corresponding volume phase transition of polymer

gels. Langmuir 23, 988–990 (2007).
51 Ueki, T., Karino, T., Kobayashi, Y., Shibayama, M. & Watanabe, M. Difference in lower

critical solution temperature behavior between random copolymers and a homo-
polymer having solvatophilic and solvatophobic structures in an ionic liquid. J. Phys.
Chem. B 111, 4750–4754 (2007).

52 Fujii, K., Ueki, T., Niitsuma, K., Matsunaga, T., Watanabe, M. & Shibayama, M.
Structural aspects of the LCST phase behavior of poly(benzyl methacrylate) in room-
temperature ionic liquid. Polymer. (Guildf). 52, 1589–1595 (2011).

53 Matsugami, M., Fujii, K., Ueki, T., Kitazawa, Y., Umebayashi, Y., Watanabe, M. &
Shibayama, M. Specific solvation of benzyl methacrylate in 1-ethyl-3-methylimida-

zolium bis(trifluoromethane sulfonyl)amide ionic liquid. Anal. Sci. 29, 311–314
(2013).

54 Holbrey, J. D., Reichert, W. M., Nieuwenhuyzen, M., Sheppard, O., Hardacre, C. &

Rogers, R. D. Liquid clathrate formation in ionic liquid–aromatic mixtures. Chem.
Commun. 476–477 (2003).

55 Lachwa, J., Szydlowski, J., Najdanovic-Visak, V., Rebelo, L. P. N., Seddon, K. R., da
Ponte, M. N., Esperança, J. M. S. S. & Guedes, H. J. R. Evidence for lower critical
solution behavior in ionic liquid solutions. J. Am. Chem. Soc. 127, 6542–6543
(2005).

56 Łachwa, J., Szyd"owski, J., Makowska, A., Seddon, K. R., Esperança, J. M. S. S.,
Guedes, H. J. R. & Rebelo, L. P. N. Changing from an unusual high-temperature

demixing to a UCST-type in mixtures of 1-alkyl-3-methylimidazolium bis{(trifluor-
omethyl)sulfonyl}amide and arenes. Green Chem. 8, 262 (2006).

57 Arce, A., Earle, M. J., Rodrı́guez, H. & Seddon, K. R. Separation of benzene and

hexane by solvent extraction with 1-alkyl-3-methylimidazolium bis {(trifluoromethyl)
sulfonyl} amide ionic liquids: effect of the alkyl-substituent length. J. Phys. Chem. B
111, 4732–4736 (2007).

58 Ma, J. C. & Dougherty, D. A. The cation-p interaction. Chem. Rev. 97, 1303–1324
(1997).

59 Tanaka, T. Collapse of gels and the critical endpoint. Phys. Rev. Lett. 40, 820–823
(1978).

60 Kodama, K., Nanashima, H., Ueki, T., Kokubo, H. & Watanabe, M. Lower critical
solution temperature phase behavior of linear polymers in imidazolium-based ionic
liquids: effects of structural modifications. Langmuir 25, 3820–3824 (2009).

61 Zhang, C. & Maric, M. Fluorescent, thermoresponsive copolymers via nitroxide-
mediated polymerization: synthesis and effect of fluorescent groups on phase
transitions in an ionic liquid. J. Polym. Sci. A Polym. Chem. 51, 4702–4715 (2013).

62 Ueki, T., Arai, A. A., Kodama, K., Kaino, S., Takada, N., Morita, T., Nishikawa, K. &
Watanabe, M. Thermodynamic study on phase transitions of poly(benzyl methacry-
late) in ionic liquid solvents. Pure Appl. Chem. 81, 1829–1841 (2009).

63 Lee, H. N. & Lodge, T. P. Lower critical solution temperature (LCST) phase behavior of
poly (ethylene oxide) in ionic liquids. J. Phys. Chem. Lett. 1, 1962–1966 (2010).

64 Lee, H.-N., Bai, Z., Newell, N. & Lodge, T. P. Micelle/inverse Micelle self-assembly of
a PEO�PNIPAm block copolymer in ionic liquids with double thermoresponsivity.
Macromolecules 43, 9522–9528 (2010).

65 Lee, H. N. & Lodge, T. P. Poly(n-butyl methacrylate) in ionic liquids with tunable
lower critical solution temperatures (LCST). J. Phys. Chem. B 115, 1971–1977
(2011).

66 Takei, Y. G., Aoki, T., Sanui, K., Ogata, N., Okano, T. & Sakurai, Y. Temperature-
responsive bioconjugates. 2. Molecular design for temperature-modulated biosepara-
tions. Bioconjugate Chem. 4, 341–346 (1993).

67 Ueki, T., Yamaguchi, A., Ito, N., Kodama, K., Sakamoto, J., Ueno, K., Kokubo, H. &
Watanabe, M. Photoisomerization-induced tunable LCST phase separation of azo-
benzene-containing polymers in an ionic liquid. Langmuir 25, 8845–8848 (2009).

68 Ueki, T., Nakamura, Y., Yamaguchi, A., Niitsuma, K., Lodge, T. P. & Watanabe, M.
UCST phase transition of azobenzene-containing random copolymer in an ionic
liquid. Macromolecules 44, 6908–6914 (2011).

69 Ueki, T., Yamaguchi, A. & Watanabe, M. Unlocking of interlocked heteropolymer gel
by light: photoinduced volume phase transition in an ionic liquid from a metastable
state to an equilibrium phase. Chem. Commun. 48, 5133–5135 (2012).

70 Ueki, T., Nakamura, Y., Lodge, T. P. & Watanabe, M. Light-controlled reversible
micellization of a diblock copolymer in an ionic liquid. Macromolecules 45,

7566–7573 (2012).
71 Tsuda, R., Kodama, K., Ueki, T., Kokubo, H., Imabayashi, S. & Watanabe, M. LCST-

type liquid-liquid phase separation behaviour of poly(ethylene oxide) derivatives in an
ionic liquid. Chem. Commun. 4939–4941 (2008).

72 Kodama, K., Tsuda, R., Niitsuma, K., Tamura, T., Ueki, T., Kokubo, H. & Watanabe,
M. Structural effects of polyethers and ionic liquids in their binary mixtures on lower
critical solution temperature liquid-liquid phase separation. Polym. J. 43, 242–248
(2011).

73 Tamura, S., Ueki, T., Ueno, K., Kodama, K. & Watanabe, M. Thermosensitive self-
assembly of diblock copolymers with lower critical micellization temperatures in an
ionic liquid. Macromolecules 42, 6239–6244 (2009).

74 Ueki, T., Watanabe, M. & Lodge, T. P. Doubly thermosensitive self-assembly of diblock
copolymers in ionic liquids. Macromolecules 42, 1315–1320 (2009).

75 He, Y. & Lodge, T. P. A thermoreversible ion gel by triblock copolymer self-assembly in
an ionic liquid. Chem. Commun. 2732–2734 (2007).

76 He, Y. & Lodge, T. P. Thermoreversible ion gels with tunable melting temperatures
from triblock and pentablock copolymers. Macromolecules 41, 167–174 (2008).

77 Sharma, N., Lakhman, R. K., Zhou, Y. & Kasi, R. M. Physical gels of [BMIM][BF4]
by N-tert-butylacrylamide/ethylene oxide based triblock copolymer self-assembly:
synthesis, thermomechanical, and conducting properties. J. Appl. Polym. Sci. 128,
3982–3992 (2013).

78 Lodge, T. P. A unique platform for materials design. Science 321, 50 (2008).
79 Kitazawa, Y., Ueki, T., Niitsuma, K., Imaizumi, S., Lodge, T. P. & Watanabe, M.

Thermoreversible high-temperature gelation of an ionic liquid with poly(benzyl
methacrylate-b-methyl methacrylate-b-benzyl methacrylate) triblock copolymer. Soft
Matter 8, 8067 (2012).

80 Kitazawa, Y., Ueki, T., Imaizumi, S., Lodge, T. P. & Watanabe, M. Tuning of sol-gel
transition temperatures for thermoreversible ion gels. Chem. Lett. 43, 204–206
(2014).

81 Hanabusa, K., Fukui, H., Suzuki, M. & Shirai, H. Specialist gelator for ionic liquids.
Langmuir 21, 10383–10390 (2005).

82 Nagasawa, J. i., Matsumoto, H. & Yoshida, M. Highly efficient and specific gelation of
ionic liquids by polymeric electrolytes to form ionogels with substantially high gel–sol
transition temperatures and rheological properties like self-standing ability and rapid
recovery. ACS Macro Lett. 1, 1108–1112 (2012).

83 Kawauchi, T., Kumaki, J., Okoshi, K. & Yashima, E. Stereocomplex formation of
isotactic and syndiotactic poly(methyl methacrylate)s in ionic liquids leading to
thermoreversible ion gels. Macromolecules 38, 9155–9160 (2005).

84 Kimizuka, N. & Nakashima, T. Spontaneous self-assembly of glycolipid bilayer
membranes in sugar-philic ionic liquids and formation of ionogels. Langmuir 17,

6759–6761 (2001).
85 Harner, J. M. & Hoagland, D. A. Thermoreversible gelation of an ionic liquid by

crystallization of a dissolved polymer. J. Phys. Chem. B 114, 3411–3418 (2010).
86 Singh, B. & Sekhon, S. Polymer electrolytes based on room temperature ionic liquid:

2, 3-dimethyl-1-octylimidazolium triflate. J. Phys. Chem. B 109, 16539–16543
(2005).

87 Yeon, S. H., Kim, K. S., Choi, S., Cha, J. H. & Lee, H. Characterization of PVdF (HFP)
gel electrolytes based on 1-(2-hydroxyethyl)-3-methyl imidazolium ionic liquids.
J. Phys. Chem. B 109, 17928–17935 (2005).

88 He, Y. & Lodge, T. P. The micellar shuttle: thermoreversible, intact transfer of block
copolymer micelles between an ionic liquid and water. J. Am. Chem. Soc. 128,

12666–12667 (2006).

Stimuli-responsive polymers in ILs
T Ueki

654

Polymer Journal



89 Bai, Z., He, Y. & Lodge, T. P. Block copolymer micelle shuttles with tunable
transfer temperatures between ionic liquids and aqueous solutions. Langmuir 24,

5284–5290 (2008).
90 Bai, Z. & Lodge, T. P. Thermodynamics and mechanism of the block copolymer

micelle shuttle between water and an ionic liquid. J. Phys. Chem. B 113,

14151–14157 (2009).
91 Bai, Z. & Lodge, T. P. Polymersomes with ionic liquid interiors dispersed in water.

J. Am. Chem. Soc. 132, 16265 (2010).
92 Horton, J. M., Bai, Z., Jiang, X., Li, D., Lodge, T. P. & Zhao, B. Spontaneous phase

transfer of thermosensitive hairy particles between water and an ionic liquid.
Langmuir 27, 2019–2027 (2011).

93 Bai, Z. & Lodge, T. P. Pluronic micelle shuttle between water and an ionic liquid.
Langmuir 26, 8887–8892 (2010).

94 Guerrero-Sanchez, C., Gohy, J. F., D’Haese, C., Thijs, H., Hoogenboom, R. &
Schubert, U. S. Controlled thermoreversible transfer of poly(oxazoline) micelles
between an ionic liquid and water. Chem. Commun. 2753–2755 (2008).

95 Ueki, T., Sawamura, S., Nakamura, Y., Kitazawa, Y., Kokubo, H. & Watanabe, M.
Thermoreversible nanogel shuttle between ionic liquid and aqueous phases. Langmuir
29, 13661–13665 (2013).

96 Bai, Z., He, Y., Young, N. P. & Lodge, T. P. A thermoreversible micellization�
transfer� demicellization shuttle between water and an ionic liquid. Macromolecules
41, 6615–6617 (2008).

97 Zhou, Y., Guo, W., Cheng, J., Liu, Y., Li, J. & Jiang, L. High-temperature gating of
solid-state nanopores with thermo-responsive macromolecular nanoactuators in ionic
liquids. Adv. Mater. 24, 962–967 (2012).

98 Ueno, K., Inaba, A., Ueki, T., Kondoh, M. & Watanabe, M. Thermosensitive, soft
glassy and structural colored colloidal array in ionic liquid: colloidal glass to gel
transition. Langmuir 26, 18031–18038 (2010).

99 Takeoka, Y. Angle-independent structural coloured amorphous arrays. J. Mater. Chem.
22, 23299 (2012).

100 Katayama, S., Hirokawa, Y. & Tanaka, T. Reentrant phase transition in acrylamide-
derivative copolymer gels. Macromolecules 17, 2641–2643 (1984).

101 Hirotsu, S., Hirokawa, Y. & Tanaka, T. Volume-phase transitions of ionized N-iso-
propylacrylamide gels. J. Chem. Phys. 87, 1392–1395 (1987).

102 Ilmain, F., Tanaka, T. & Kokufuta, E. Volume transition in a gel driven by hydrogen
bonding. Nature 349, 400–401 (1991).

103 He, Y., Li, Z., Simone, P. & Lodge, T. P. Self-assembly of block copolymer micelles in
an ionic liquid. J. Am. Chem. Soc. 128, 2745–2750 (2006).

104 Meli, L. & Lodge, T. P. Equilibrium vs metastability: high-temperature annealing of
spherical block copolymer micelles in an ionic liquid. Macromolecules 42, 580–583
(2009).

105 Meli, L., Santiago, J. M. & Lodge, T. P. Path-dependent morphology and relaxation
kinetics of highly amphiphilic diblock copolymer micelles in ionic liquids. Macro-
molecules 43, 2018–2027 (2010).

Takeshi Ueki was born in 1977 in Kanagawa, Japan. He received his BS (2000) and MS (2002) degrees from Yokohama National

University. After working in Fuji Film (2002–2003), he received PhD degree from Yokohama National University (2007) under the

supervision of Professor Masayoshi Watanabe. He received the Research Fellowship for Young Scientists from the Japan Society for the

Promotion of Science (JSPS) (2006–2008). After getting the Ph D degree, he worked as postdoctoral associate at University of

Minnesota with Professor Timothy P Lodge (2007–2008), and at Yokohama National University (2008–2011). He is currently working

with Professor Ryo Yoshida in the University of Tokyo as JSPS research fellow SPD (since 2011). He received the award for

encouragement of research in polymer science; The Society of Polymer Science, Japan (2011). His research interest includes polymers in

ionic liquids, spatiotemporal structure of block copolymer and chemical oscillation reaction in protic ionic liquids.

Stimuli-responsive polymers in ILs
T Ueki

655

Polymer Journal


	Stimuli-responsive polymers in ionic liquids
	Introduction
	Thermosensitive polymers in ILs
	Phase behavior of polyacrylamides and polymethacrylates in ILs
	Control of LCST-type phase transition of polymethacrylates in ILs
	Phase behavior of polyethers in ILs

	Functional designs via stimuli-responsive polymers in ILs
	Stimuli-responsive self-assembly of block copolymers and gels in ILs
	Thermosensitive colloid shuttle between water and IL interface
	Surface modification of thermosensitive polymers in ILs

	Concluding remarks
	Acknowledgements
	References




