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Block copolymer self-assembly in ionic liquids
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Ryota Tamate, and

Masayoshi Watanabe

lonic liquids (ILs), solely composed of cations and anions, are regarded as a novel class of promising
liquids, potentially applicable to energy devices, reaction media, separation materials, etc. ILs have also
attracted great attention as new media for molecular self-assembly, capable of producing novel soft
materials with unique features never observed for conventional soft materials containing organic and
aqueous solvents. In this review, we focus on recent developments in block copolymer (BCP) self-
assembly in ILs. Self-assembled structures formed by dilute and concentrated BCP solutions in ILs are
discussed in detail. lon gels formed by BCP self-assembly have received special interest because they
exhibit excellent physical properties of tunable viscoelasticity and solution processability without
impairing the intrinsic properties of ILs, such as nonvolatility, nonflammability, and high ionic
conductivity. Applications of ion gels based on BCP self-assembly for electric double layer capacitors,
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lithium-ion batteries, and electroactive soft actuators are also addressed.

1. Introduction

Block copolymers (BCPs), defined as polymers composed of
blocks of chemically distinct repeat units, are classified by the
number of monomer types and the sequences; for example, the
simplest sequence, obtained by two-step polymerization of A
and B monomers, is the AB-type diblock copolymer, whereas
two-step polymerization from a bifunctional initiator or three-
step polymerization gives ABA-type or BAB-type triblock
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(a) Representative illustrations of microphase-separated structures: spherical (S), cylindrical (C), gyroid (G), and lamellar (L) structures. Phase

diagrams for AB-type diblock copolymers obtained from (b) the self-consistent mean-field theory and (c) experiments with polyisoprene-b-polystyrene
(PI-b-PS) diblock copolymers. The morphologies depend on the volume fraction of the A monomer (fa) and N, where y is the Flory—Huggins interaction
parameter and N is the degree of polymerization. CPS and PL correspond to close-packed spheres and perforated layers, respectively. Reproduced with
permission from ref. 32. The Royal Society of Chemistry 2012.

copolymers. If they are amphiphilic, BCPs in melts sponta-
neously separate into two phases to minimize the Gibbs free
energy of mixing. This phenomenon is mainly explained by the
Flory-Huggins model, based on the interaction energies
between A and B monomers and the entropy of the
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arrangement of polymer chains:

AGmix = AI'Imix - TASmix
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where AGpnix, AHmix, and ASnix are the Gibbs free energy,
enthalpy, and entropy of mixing, respectively, T is the absolute
temperature, k is the Boltzmann constant, f, is the volume
fraction of the A monomer, N, and Ng are the polymerization
degrees of the A and B monomers, respectively, and y is the
enthalpic interaction parameter between the A and B mono-
mers (y parameter; higher y promotes phase separation).

In BCP systems, the covalent bonds between two blocks
prevent macroscopic phase separation, instead forcing BCPs to
form a variety of microphase-separated structures.>® Fig. 1a
shows the microphase-separated structures in AB-type diblock
copolymer melts. With increasing f,, the microphase-separated
structure undergoes morphological transitions from disordered
to spherical (S), cylindrical (C), gyroid (G), lamellar (L), and
their reverse structures. These morphologies were theoretically
predicted by Leibler” and by Bates, Fredrickson, Matsen, et al.>”
7 and experimentally confirmed by Bates and co-workers.>*?®
Fig. 1b shows a phase diagram for AB-type diblock copolymer
melts calculated from the self-consistent mean-field theory.’
The microphase-separated structures observed in this system
depend on f, and yN. At high yN, disordered, spherical (S),
cylindrical (C), and lamellar (L) structures were predicted,
whereas gyroid (G) structures, which are composed of bicontin-
uous A and B phases,® additionally appear at low xN. In both
cases, close-packed spheres (CPS) were predicted to be observed
in a narrow region. The formation of these structures was
confirmed by transmission electron microscopy (TEM) of poly-
isoprene-b-polystyrene (PI-b-PS) membranes with varying com-
positions at various temperatures (Fig. 1c).® The obtained phase
diagram is very similar to the theoretical one (Fig. 1b), with
some exceptions (i.e., the asymmetric shape of the diagram and
the metastable perforated layers (PL)'°), indicating that f, and
N are reasonable parameters for controlling microphase-
separated structures.

During the development of microstructural investigations of
BCPs, it is noteworthy that advances in the living polymeriza-
tion of BCPs enabled control of the degree of polymerization, N,
of the polymers with a narrow molecular weight distribution.
Furthermore, living radical polymerizations, including atom
transfer radical polymerization (ATRP) established by Sawa-
moto, Matyjaszewski, et al.''™'® and reversible addition—frag-
mentation chain transfer polymerization (RAFT) established by
Thang and co-workers,'”'® greatly contributed to the broad
range of options for monomers and sequences, such as ABA-
type and ABC-type triblock,'*2° grafted,*" star-shaped,*” and
hyperbranched copolymers.>® Generally, BCPs containing two
monomer components (ABA-type or BAB-type BCPs) show ana-
logous phase diagrams to those of AB-type diblock
copolymers.”***> However, the addition of a third component,
as typified by ABC-type BCPs, results in more sophisticated
microphase-separated structures, completely different from
those observed in the diblock system.>?®2® Similarly, the
addition of solvent to a BCP system results in complicated
morphological changes.”** In dilute BCP solutions, amphi-
philic BCPs self-assemble into micelles with a solvatophobic
core and a solvatophilic corona, analogous to surfactants.**

This journal is © the Owner Societies 2018
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Fig. 2 (a) Morphology diagram for poly(1,2-butadiene)-b-poly(ethylene oxide)
(PB-b-PEOQ) in water (polymer concentration: 1 wt’%) as a function of the degree
of polymerization of the PB block (Npg) and the weight fraction of the PEO block
(Wpeo). The morphologies (bilayer vesicles (B), cylindrical micelles (C), spherical
micelles (S), and three-dimensional networks (N)), identified by cryo-TEM, are
illustrated above the graph. Cy corresponds to a cylinder connected by Y-
junctions. The scale bars (in A—C) are 100 nm. Reproduced with permission from
ref. 35. American Association for the Advancement of Science 2003. (b)
Schematic models of the morphologies of BCPs in a block-selective solvent.
The dimensionless packing parameter, p, calculated from the curvature of the
molecules is a key factor for the formation of the microstructures. Reproduced
with permission from ref. 38. Wiley 2009.

Fig. 2a shows typical morphologies and the phase diagram
observed in the binary mixture of water and poly(1,2-

Phys. Chem. Chem. Phys, 2018, 00, 1-17 | 3

10

20

30

40

50



10

20

N}
93]

30

40

50

9
%3]

Perspective

butadiene)-b-poly(ethylene  oxide)  (PB-b-PEO)  diblock
copolymer.®> The BCP mainly forms spherical micelles (S),
cylindrical micelles (C), and bilayer vesicles (B), and the phases
containing two morphologies, which depend on the degree of
polymerization of the PB block (Npg) and the weight fraction of
the PEO block (wpgo). In such a mixture, the selectivity of the
solvent (i.e., the solubility of the A and B blocks in the solvent)
plays a key role, as does the volume fraction of the solvent.*®*”
In a selective solvent, the curvature of the interface between the
A and B blocks changes owing to selective swelling of the block
(Fig. 2b). The curvature of BCP can be evaluated using the
packing parameter, p = v/(ayl.), where v is the volume of the
solvatophobic chain, a, is the optimal area of the solvatophilic
chain, and /. is the length of the solvatophobic chain. Gener-
ally, BCPs form spherical micelles at p < 1/3, cylindrical
micelles at 1/3 < p < 1/2, and polymersomes (or bilayer
vesicles) at p > 1/2.>® From this viewpoint, it is reasonable
that a decrease in wpgo strongly affects the morphologies,
resulting in the transition from spherical micelles to vesicles
in Fig. 2a. Although these complexities of self-assembly
increase the difficulty of predicting the microstructures, they
also provide the opportunity to change the size and morphology
of the microstructure considerably by changing the volume
fraction of the blocks or solvent. In other words, the self-
assembled structures of BCPs can be controlled by tuning the
amount of a single component, providing a versatile method
for fabricating ordered microstructures.

2. lonic liquids as solvents for
polymers

The melting temperatures of salts strongly depend on the Lewis
acidity of the cations and the Lewis basicity of the anions

PCCP

(Fig. 3).>° The combination of anions and cations with weak
Lewis acidity and basicity forms salts with low melting tem-
peratures, ie., room-temperature ionic liquids (ILs). ILs,
composed entirely of ions, exhibit unique properties such as
thermal and electrochemical stability, negligible volatility, non-
flammability, and high ionic conductivity.***>

ILs are generally regarded as novel green solvents,*® applic-
able to the extraction, partition, and separation of various
target molecules, and as electrolytes for electrochemical
devices.***> The properties of ILs can be designed by the
combination of cations and anions, which enables tuning of
the properties, including hydrophilicity and hydrophobicity,
Lewis acidity and basicity, and hydrogen bonding ability. From
this viewpoint, ILs can often be used as solvents for
biopolymers*®~° and catalytic reactions.”® ILs also exhibit good
compatibility with various synthetic polymers, allowing the
preparation of functional soft materials.”>*® Stimuli-
responsive phase separation is one of the interesting properties
of mixtures of ILs and polymers.>* Poly(N-isopropylacrylamide)
(PNIPAm) is a well-known thermoresponsive polymer that
exhibits lower critical solution temperature (LCST)-type phase
separation in aqueous solutions at ambient temperature. At low
temperatures, PNIPAm is soluble in water and forms homo-
geneous solutions, whereas it is insoluble at high temperatures
and forms turbid solutions.”® In contrast, PNIPAm exhibits
upper critical solution temperature (UCST)-type phase separa-
tion in imidazolium-based ILs ([C,mim][NTf,]) at ambient
temperature (Fig. 4a).>® From the viewpoint of thermody-
namics, the mixing Gibbs energy, AGnix = AHmix — TASmix
changes from positive to negative with increasing temperature,
i.e., AHpix and AS,ix are positive to some extent. The positive
AH,ix can be ascribed to the incompatibility of PNIPAm with
ILs owing to strong hydrogen bonding between the amide
moiety of NIPAm segments at low temperatures, and the

CqHg
l CaHg

N HaC t_~CaHo
ch\N/®\N/c"HM @ it + - N
) Lo U

[Cmim]* [bpy]* [Ny114]*  [bompro]*
: " Lewis acidity e :
: B s |
1 N - 1
high (l) : - ! (vV)  low
: . (1 b (III)\ :
1 e -~ ]
: -7 Lewis basicity s
o - o o
= e i [ 11 = o
(¢]] Br | FgC/c\O_ Fso/g\o" F;,C/”\E/”\CF; BF4 PFe
o o
[tfa]” [Tfol™ [NTfo]”

Fig. 3 Salts composed of various combinations of cations and anions, arranged in order of Lewis acidity for cations and Lewis basicity for anions.
[C,mim]*: 1-alkyl-3-methylimidazolium; [bpyl™: N-butylpyridinium; [omprol*: N-butyl-N-methylpyrrolidinium; [N1114]": trimethylbutylammonium;
[tfal : trifluoroacetate; [TfO] : trifluoromethanesulfonate; [NTf,] : bis(trifluoromethanesulfonyllimide. Reproduced with permission from ref. 39. The

Royal Society of Chemistry 2010.
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positive AS;,ix can be ascribed to the increase in the degree of
freedom of arrangement caused by mixing the polymer and the
solvent.®® The UCST-type dissolution with an increase of tem-
perature is, thus, ascribed to an increase in the entropic term.
In contrast, poly(benzyl methacrylate) (PBnMA) and its deriva-
tives exhibit LCST-type phase separation in [C,mim][NTf,]
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Fig. 4 (a) Temperature dependence of the transmittance at 500 nm for 1
wt% poly(N-isopropylacrylamide) (PNIPAmM) in [Comim][NTf,]. The inset
shows the polymer concentration and degree of polymerization depen-
dencies of the UCST (diamonds, triangles, and squares correspond to 52.3,
38.9, and 15.4 kDa, respectively). Reproduced with permission from ref. 56.
The Chemical Society of Japan 2006. (b) Temperature dependence of the
transmittance at 500 nm for 3 wt% poly(benzyl methacrylate) (PBNnMA) in
[C,mim]INTf,]; yellow squares: [Cymim][NTf,]; red circles: [Comim][NTf,];
green inverted triangles: [C4mim][NTf,]; blue triangles: [Cemim]INTf,]. (c)
Equilibrium swelling ratio of a PBnMA gel particle as a function of
temperature. The swelling ratio was normalized by the diameter of the
gel at 100 °C. Reproduced with permission from ref. 57. American
Chemical Society 2007.
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(Fig. 4b).>”>® The LCST-type phase separation results from
negative AHp,ix and ASnix, indicating that strong interactions
between the polymer and the solvent result in both a large
stabilization of mixing energy and a loss of mixing entropy
owing to the restricted conformations. This phenomenon has
been investigated using X-ray scattering and molecular
dynamics (MD) simulations, which revealed that structure-
forming solvation between the aromatic ring of PBnMA and
the imidazolium cation ([C,mim]) leads to a negative entropic
mixing term, resulting in LCST-type phase separation.’®*° PEO
also exhibits LCST-type phase separation in [C,mim]BF,.°"
Moreover, we reported that the mixture of poly(ethyl glycidyl
ether) (PEGE) and [C,mim][NTf,] exhibits LCST-type phase
behavior, even though PEO is soluble in [C,mim][NTf,] over a
wide temperature range.®>®® In that study, we evaluated the
effect of IL structure on phase behavior and reported that the
presence of a methyl substituent at the C-2 position of the
imidazolium cation (i.e., 1-alkyl-2,3-dimethylimidazolium)
significantly decreases the LCST. That is, in polyether systems,
hydrogen bonding between the acidic C-2 proton within the
imidazolium cation ([C,mim]) and O atoms within the poly-
ether chains causes structure-forming solvation, resulting in
LCST behavior. These thermoresponsive changes in the solu-
bility can introduce other functionalities to soft materials. For
example, by chemically crosslinking PBnMA chains, gel parti-
cles can be prepared while maintaining the thermoresponsive
behavior of PBnMA in ILs (Fig. 4c). The gel particles exhibit a
volume phase transition, resulting in reversible changes in the
size and swelling ratio with changes in temperature. An
azobenzene-containing PBnMA polymer gel has also been
reported to show not only thermosensitive volume changes,
but also photoresponsive ones.®® These unique properties of
the solution, including the inherent solvent properties of ILs,
can widen the potential applications of soft materials compris-
ing BCPs and ILs. Therefore, in this review, we discuss the
characteristics of soft materials formed by the self-assembly of
BCPs in ILs and their applications.

3. Self-assembly of BCPs in ILs at low
polymer concentrations

3.1. Micellization of BCPs in ILs

As discussed in the introduction, BCPs in dilute solution form
micelles with various morphologies. Lodge and co-workers first
reported that PB-b-PEO shows micellization in a typical
imidazolium-based IL, [C,mim]PFs, at 1 wt% polymer
concentration.®® [C,mim]PFs acts as a good solvent for PEO
but a poor solvent for PB, resulting in the formation of micelles
with PB cores surrounded by PEO coronas. Fig. 5a-c show
microstructures of the micelles formed in ILs, as observed by
cryo-TEM. At high volume fractions of PEO blocks, fpgo > 0.45,
PB-b-PEO forms spherical micelles, with the size strongly
depending on the polymer chain length (Fig. 5a). On increasing
fero, other morphologies (cylindrical micelles and vesicles)
appear in the solution (Fig. 5b and c). This behavior is

Phys. Chem. Chem. Phys, 2018, 00, 1-17 | 5
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Fig. 5 Cryo-TEM images of 1 wt% poly(1,2-butadiene)-b-poly(ethylene oxide) (PB-b-PEO) in [C4mim]PF¢ (the PB micellar cores are visualized as a bright
color): (a) (panel A) PB-b-PEO: 9-20 kDa (fpeo = 0.64); (panel B) PB-b-PEO: 9-10 kDa (fpgo = 0.45). (b) PB-b-PEO: 9-7 kDa (fpeo = 0.38); (panel A)
coexistence of spherical and wormlike micelles; (panel B) coexistence of micelles and vesicles. (c) PB-b-PEO: 9-4 kDa (fpeo = 0.25); (panels A and B)
coexistence of wormlike micelles and vesicles. Reproduced with permission from ref. 65. American Chemical Society 2006. (d) Cryo-TEM images of 1
wt% polystyrene-b-poly(methyl methacrylate), SM(3-13) (PS: 3 kDa; PMMA: 13 kDa), in [C4mim]PFs. (e) Temperature dependence of squared electric field
correlation functions obtained by dynamic light scattering (DLS) of 1 wt% SM(3-13) solutions. The inset shows hydrodynamic radii (Ry,) versus temperature
for 1 wt% SM(3-13) and the PMMA homopolymer (100 kDa) in [C4mim]PFg. SM(3—-13)b was obtained 28 days after the measurement of SM(3-13)a using
the same solution. Reproduced with permission from ref. 66. Wiley 2007. (f) Photographs of the final products from RAFT dispersion polymerization of
styrene (St), n-butyl methacrylate (BMA), and 2-hydroxypropyl methacrylate (HPMA). (g) Distributions of Ry, obtained by DLS of the solutions. (h) TEM

images (scale bar: 100 nm, inset: 50 nm) of the solutions. Reproduced with permission from ref. 69. American Chemical Society 2015.

analogous to the BCP/water solution discussed in the introduc-
tion, implying that the basic principle governing the micro-
structure is universal, irrespective of solvent. PS-b-poly(methyl
methacrylate) (PS-b-PMMA) also forms micelles in [C,mim]PF,
with radii of several tens of nm (Fig. 5d).°® In that study, the
high glass transition temperature (T,) of the PS blocks and the
poor solvent nature of [C;mim]PFy for the PS blocks result in
frozen and nonergodic PS cores in the micelles. Path-
dependent morphology and size in the micelle formation in
ILs owing to the unique nonergodicity of BCP micelles is also
described.®”*® Fig. 5e shows squared electric field correlation
functions obtained by dynamic light scattering (DLS) at various
temperatures. The hydrodynamic radius (R},) linearly increases
with increasing temperature, analogous to the behavior of the
PMMA homopolymer, indicating swelling of the PMMA coro-
nas. Further, no size transition was observed in this tempera-
ture range (25-105 °C), which is below the T of the PS blocks.
That is, assembly/disassembly of the PS blocks was not induced
by the temperature sweep owing to the frozen PS core. After 28

6 | Phys. Chem. Chem. Phys, 2018, 00, 1-17

days, almost the same core size was observed owing to the high
stability of the micelles and the solvent (IL). ILs can be used as
solvents for RAFT polymerization; thus, BCPs can be prepared
in ILs by in situ polymerization from a macroinitiator. Zhang
and Zhu polymerized styrene (St), n-butyl methacrylate (BMA),
and 2-hydroxypropyl methacrylate (HPMA) from a PEO macro-
initiator functionalized with a chain transfer agent (CTA) in
[Csmim]PFs to obtain PEO-b-PSt, PEO-b-PBMA, and PEO-b-
PHPMA suspensions in [C,mim]PF, (Fig. 5f).°® These BCPs
exhibited spontaneous microphase-separation to form vesicles.
The obtained vesicles were relatively monodisperse, as con-
firmed by DLS (Fig. 5¢) and TEM (Fig. 5h).

3.2. Stimuli-responsiveness of BCP micelles in ILs

The combination of BCP self-assembly and stimuli-responsive
polymers in ILs allows control over the morphologies of soft
materials using external stimuli. Ueki, Lodge, Watanabe, and
co-workers reported reversible assembly/disassembly of BCP
micelles in ILs controlled by thermal stimuli for various

This journal is © the Owner Societies 2018
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combinations of polymers and ILs.”””® Fig. 6a shows the
concept of doubly thermoresponsive self-assembly of BCPs in
ILs.” As mentioned in the previous section, PNIPAm and
PBnMA exhibit UCST-type and LCST-type phase separation,
respectively. If appropriate control of the UCST and LCST of
the polymers can be achieved, diblock copolymers comprising
PBnMA and PNIPAm blocks in ILs will undergo demicellization
induced by the disassembly of the PNIPAm block from the core
at an upper critical micelle temperature (UCMT), followed by
micellization induced by assembly of the PBnMA block in the
core upon heating through a lower critical micellization tem-
perature (LCMT). Fig. 6b shows the normalized intensity and Ry,
obtained by DLS measurements for PBnMA-b-P(NIPAm-r-AAm)
in [C,mim][NTf,] at various temperatures. With increasing
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Fig. 6 (a) Concept and photographs of the doubly thermoresponsive
self-assembly of a BCP, poly(benzyl methacrylate)-b-poly(N-
isopropylacrylamide-r-acrylamide) (PBNMA-b-P(NIPAM-r-AAm)) in
[Comim]INTf,]. The red and blue blocks correspond to UCST-type and
LCST-type thermoresponsive blocks, respectively. (b) Thermoresponsive
change in the normalized intensity and hydrodynamic radius, Ry, for 1 wt%
PBNMA-b-P(NIPAM-r-AAm) in [Comim][NTf,], obtained by DLS measure-
ments. Reproduced with permission from ref. 70. American Chemical
Society 2009. (c) Photographs and concept of a thermoreversible micelle
shuttle of PNIPAM-b-PEO between water (upper phase) and [C4smim]PFg
(lower phase). Reproduced with permission from ref. 74. American
Chemical Society 2008.
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temperature, a stepwise sudden decrease and increase in the
intensity and size occur, indicating that this BCP exhibits
doubly thermoresponsive micellization/demicellization. As the
thermoresponsive micellization/demicellization behavior is
based on a change in polymer solubility in the IL, this system
can be applied to extraction between two solvent phases.”*”®
Fig. 6¢ shows the concept for a PNIPAm-»-PEO micelle shuttle.
PNIPAm shows an LCST in water and a UCST in imidazolium-
based ILs, leading to the PNIPAm cores assembling in water
and disassembling in the IL with increasing temperature. In
contrast, the PEO corona block exhibits LCST-type phase
separation in water, providing the driving force for micelle
transfer from the aqueous to the IL phase according to the
change in micelle solubility with increasing temperature. As a
result, stepwise micellization in water, transfer of the micelles
from the aqueous to the IL phase, and demicellization in the IL
were observed. Ueki and co-workers converted the solubility
change of the polymer to shrinkage and swelling of a gel by
chemically crosslinking the PNIPAm cores of the PNIPAm-b-
PEO micelle, forming a nanogel.”® In this system, an increase in
temperature induced transfer of the nanogel from the aqueous
to the IL phase, and a thermoresponsive change in the radius of
the gel was simultaneously observed by DLS. As a micelle
shuttle application, Lodge and co-workers demonstrated the
transfer of a hydrophobic dye. PB-PEO vesicles containing a
hydrophobic dye can be reversibly transferred from the aqu-
eous to the IL phase by sweeping the temperature.”® These
unique behaviors of micelles containing thermoresponsive
polymers can contribute to the versatile extraction of target
molecules from water to ILs.

4. Self-assembly of BCPs in ILs at high
polymer concentrations

4.1. Ton gels based on BCP self-assembly

Solidification of ILs while maintaining their unique character-
istics, such as high ionic conductivity, is desirable for a variety
of device applications. We reported chemically crosslinked
polymer gels swollen with ILs (named as ion gels) for the first
time by in situ polymerization of vinyl monomers in ILs.”””®
Further, the self-assembly of BCPs has also been utilized to
fabricate physically crosslinked ion gels. In particular, ABA-type
triblock copolymers composed of an IL-phobic A endblock and
an IL-philic B midblock were intensively investigated as a
versatile route to fabricate ion gels.”” At a modest polymer
concentration, three-dimensional polymer networks can be
formed from micellar aggregates of IL-phobic A blocks as a
physical crosslinking point and solvated B blocks as a bridge of
micellar aggregates. The first report on ABA triblock-copolymer-
based ion gels was by Lodge et al., who selected PS as the A
block and PEO as the B block.*® The triblock copolymer PS-b-
PEO-b-PS (denoted as SOS) dissolved in [C,mim]PF exhibited a
frequency-independent storage modulus (G') at a polymer
concentration of 10 wt%, indicative of a gel state (Fig. 7a).
Importantly, the polymer network did not have a large influence
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ionic conductivity of SOS/[C4mim]PFg ion gels and neat [C4mim]PFg.
Reproduced with permission from ref. 80. American Chemical Society
2007.

on the ionic conductivity (Fig. 7b). The ion gel retained a high
ionic conductivity of greater than 1 mS em ™', making the ABA
triblock-copolymer-based ion gel a promising alternative candi-
date to conventional polymer electrolytes. PMMA can also be
utilized as an IL-philic B block, and the physical properties of the
PS-h-PMMA-b-PS (denoted as SMS) based ion gel were compared
with those of the SOS-based ion gel.** Although the hydrophobic
nature of PMMA is more favorable for electrochemical devices
than the hygroscopic nature of PEO, the SMS ion gel had a lower
ionic conductivity than the SOS ion gel owing to the high glass
transition temperature (Ty) of PMMA (~100 °C), which may
somewhat interfere with ionic motions. More recently, hydro-
phobic poly(ethyl acrylate) with a low T, (approximately —24 °C)
was chosen as a B midblock, resulting in much better balance
between elasticity and ionic conductivity than when PMMA was
used as the midblock.®

4.2. Thermally reversible ion gels

When thermoresponsive polymers in ILs are used as the A
blocks of ABA triblock copolymers, temperature-induced sol-

8 | Phys. Chem. Chem. Phys, 2018, 00, 1-17
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gel transitions can be realized. Lodge et al. reported UCST-type
sol-gel transitions of PNIPAm-b-PEO-h-PNIPAm (NON) triblock
copolymers in [C,mim][NTf,].®* At low temperatures, as PNI-
PAm endblocks are incompatible with the IL, they aggregate to
form micellar cores. As a result, at concentrations higher than
the polymer overlapping concentration, the IL-philic PEO mid-
block bridges the aggregated PNIPAm micelle core, leading to a
physically crosslinked ion gel. By increasing the temperature
above the UCST-type phase transition temperature of the A
block, the A block becomes compatible with the IL, resulting in
a gel-to-sol transition upon heating (Fig. 8a). In contrast, by
utilizing PBnMA, which undergoes an LCST-type phase transi-
tion in ILs, as the A block, PBnMA-b-PMMA-b-PBnMA (BMB)
triblock copolymers in [C,mim][NTf,] show temperature-
responsive sol-gel transitions with low-temperature sol and
high-temperature gel states (Fig. 8b).** Owing to the excellent
reversibility of the sol-gel transition, temperature-responsive
ion gels are promising candidates for thermally processable
polymer gel electrolytes. Noro et al. reported a different class of
thermoreversible ion gels based on ABA triblock copolymers by
utilizing supramolecular interactions such as hydrogen
bonding®*® and metal-ligand interactions.?” From a practical
viewpoint, control of the sol-gel transition temperature (Tg) is
of great importance. Tuning of Ty was achieved by introdu-
cing IL-phobic PS blocks into the NON triblock copolymer,
producing the PNIPAm-b-PS-b-PEO-b-PS-b-PNIPAm (NSOSN)
pentablock copolymer.®® By changing the molecular weight of
the PS block, Ty can be modulated over a wide temperature
range (Fig. 8c). In addition to the polymer architecture, the IL
structure itself also significantly influences both the LCST and
UCST phase transition temperatures.® The Ty of poly(2-
phenylethyl methacrylate)-b-PMMA-b-poly(2-phenylethyl
methacrylate) (PPhEtMA-b-PMMA-b-PPhEtMA, denoted as
PMP) in the IL mixture of [C,mim][NTf,] and [C;mim][NTf,]
was easily tuned only by changing the mixing ratio of ILs.*
Despite these advantages, as ABA triblock-copolymer-based gels
inevitably contain loop chains that do not contribute to the
network elasticity, the polymer concentration necessary for
gelation is higher than that required for an ideal polymer
network structure. To achieve more efficient micellar network
formation, the ABC architecture containing a solvatophobic C
block was found to form hydrogels and ion gels at much lower
polymer concentrations than the ABA architecture because of
the inhibition of loops back to the same micelle core.”®*
Furthermore, by utilizing two thermoresponsive polymers,
PBnMA and PPhEtMA, with different LCSTs as A and C blocks,
the ABC triblock copolymer underwent a hierarchical sol-gel
transition via stepwise self-assembly of the A and C blocks
(Fig. 8d).”

4.3. Photocontrol of the sol-gel transition of BCP-based ion
gels

Photoresponsiveness can be imparted by incorporating photo-
chromic groups into thermoresponsive polymers. Random
copolymers of 4-phenylazophenyl methacrylate (AzoMA) with
BnMA (P(AzoMA--BnMA))** and NIPAm (P(AzOMA-r-NIPAm)),*?

This journal is © the Owner Societies 2018
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which show photoinduced phase transitions in ILs, were
synthesized by our group. As cis-azobenzene has a higher dipole
moment than trans-azobenzene, the interaction strength
between the polymers and the ILs differs depending on the
isomerization state of the azobenzene moieties. Consequently,
the phase-separation temperatures of P(AzoMA--BnMA) and
P(AzoMA-r-NIPAm) in ILs were modulated via light irradiation
conditions. To achieve photocontrol of the sol-gel transition, a
photo-/thermoresponsive triblock copolymer, P(AzoMA-r-
NIPAm)-b-PEO-b-P(AzOMA-7-NIPAm), was prepared (Fig. 9a).”*
Temperature sweep measurements of the triblock copolymer in
an IL demonstrated that the T, under UV light (cis-Tye) is
lower than that under visible light (trans-Tg). Therefore, at
intermediate temperatures between cis-Tye and trans-Tge, rever-
sible photoinduced sol-gel transitions can be realized by
switching light sources (Fig. 9b). Furthermore, photohealing
of the ion gel was realized by locally irradiating the damaged
area with UV and visible light in a sequential manner.’® Stress-
strain tests for the pristine and healed ion gels revealed that the
efficiency of photohealing was as high as 80% (Fig. 9c). How-
ever, as the present system required a long time to complete the
photohealing process (~64 h), ascribed to the insignificant
difference in the relaxation times of the cis-ion gel and trans-ion
gel, widening this difference is of great importance to facilitate
a rapid photohealing process.’® Recently, the photodimeriza-
tion reaction of coumarin moieties was also exploited to
fabricate a photocurable ion gel that can be converted from a
thermoresponsive, physically crosslinked ion gel to a thermo-

This journal is © the Owner Societies 2018

irresponsive, chemically crosslinked ion gel via UV light
irradiation.®”

As a different approach to realize photocontrolled phase
transitions for thermoresponsive polymers in ILs, we recently
introduced an azobenzene moiety into an IL structure (Azo-
IL).”® Remarkably, despite the polymer structures not contain-
ing photochromic units, the phase transition temperatures of
PBnMA and PPhEtMA in ILs containing a small amount of Azo-
IL changed with light irradiation, indicating that Azo-IL acted
as a photoswitch to modulate the interaction strength between
the polymers and the ILs. By combining Azo-IL and thermo-
responsive PMP triblock copolymers, photoinduced unimer-
micelle® and sol-gel'® transitions were demonstrated
(Fig. 9d). Cyclic switching of UV and visible light sources
enabled reversible sol-gel transitions triggered by photoisome-
rization of Azo-IL (Fig. 9e). The strategy of using a photore-
sponsive IL as a molecular switch enables the application a
wide choice of thermoresponsive polymers, paving the way
toward a new class of photoresponsive ion gels.

4.4. Microphase-separated structures observed in
concentrated BCP solutions in ILs

In high-concentration BCP solutions, long-range-ordered
microstructures can be observed, similar to those found in BCP
melts.*” The seminal work by Lodge et al. investigated Iyotropic
mesophases of polybutadiene-b-PEO diblock copolymers in ILs
using small angle X-ray scattering (SAXS) measurements."*"
Depending on the block ratios and polymer concentrations,

Phys. Chem. Chem. Phys., 2018, 00, 1-17 | 9

10

20

[\
92}

30

40

50

[%]]
(9]



10

20

[\
(92}

30

40

50

9
%3]

Perspective

a
CHs GH. CHs CH CHy CHy
NC- c—[¢cu cn,;—ﬂ-c cu,++c -0~ CHa-CHO }5 ¢+ c{(cu, C)—r—fCH; crn—kc cN
CH, NH 0,,0\0 CHiO 0 CH, o”c‘o o NH s
cH o
He cH, N=N Nen TG CH
Low Temp. Intermediate Temp. High Temp.
Thermo-induced Heatmg Heating 1’1
transition —
under Vis (trans) Coolmg Caolmg
Vis Ilghl UV light
:rmd:amm irradiation
Thermo-induced Heating Heatmg
transition — ’V\/\,
under UV (cis) Cooling Coolmg
Photo-induced transition
uv Q_N\\"‘Q\ e
+ -
4 .Q
- ~ b J\/\J\ 7
/| \ N \/LZ/, e ® @
+ L
Vis Sol
\ﬁ\gvo’a G CaHe
o
WNg O ‘@"a
FiC™35 g7 CFs
FiC” oo cF,
PMP [C,mim][NTf,]  [Azo][NTf,]

Fig. 9

PCCP

Cc
100
A : original
B : damaged A
80| c:stored in the dark at
the same conditions as D
E : photo-irradiated
X 60
~
@
‘g 40
n
20
0 1 L L
0 100 200 300 400 500
Strain / %
e 900
G' G"
UV —— —o—
800 | Vis —=— —o—
Vis UV Vis UV Vis UV Vis UV Vis UV VIS
= —_—
£ 700 -
o
J 600 -

500 rG' d !

400 1 1 1 1 1 1 1 1 1 | I
<100 0 100 200 300 400 500 600 700 800 900 1000

Time (min)

(a) Chemical structure of the P(AzoMA-r-NIPAm)-b-PEO-b-P(AzoMA-r-NIPAm) triblock copolymer. (b) Conceptual illustration of the photo-

induced sol-gel transition. Reproduced with permission from ref. 94. Wiley 2015. (c) Tensile stress—strain curves for (A) original, (B) damaged, (C) stored
without photohealing, and (D) photohealed ion gels (20 wt%). Reproduced with permission from ref. 95. American Chemical Society 2015. (d) Schematic
illustration and chemical structures of polymers and ILs for the photoinduced sol—gel transition triggered by isomerization of Azo-IL as a molecular
switch. (e) Reversible sol-gel transition of the PMP triblock copolymer (30 wt%) in the IL mixture of [C;mim]INTf,] and [Azo][NTf,] induced by cyclic
irradiation of UV and visible light. Reproduced with permission from ref. 100. Wiley 2018.

several microstructures, including lamellae, hexagonally
packed cylinders, and body-centered cubic lattices,
observed (Fig. 10a). Up to now, lyotropic phase behavior in
ILs has been investigated for PS-b-PEO,'*> PS-b-poly(2-
vinylpyridine),'®*™° and PS-b-PMMA'% diblock copolymers.
More recently, Blakey et al. closely investigated the lyotropic
phase behavior of the PS-b-PMMA diblock copolymer in
[Comim][NT£,]."*” The effective Flory-Huggins parameter (¥
can be calculated from the order-disorder transition of low-
molecular-weight PS-b-PMMA samples induced by the addition
of an IL, allowing construction of an experimental phase
diagram of the effective volume fraction of PS (fps') against
ZeteN (Where N is the effective degree of polymerization) for PS-
b-PMMA in [C,mim][NTf,] (Fig. 10b).

The effect of the microstructures of the BCP/IL composites
on the ion transport properties is of great interest. Park et al
investigated the relationship between the microphase-
separated structures of acid-bearing BCP/IL composites and
ionic conductivity.'*# " The microstructures of
poly(styrenephosphonate)-b-polymethylbutylene  (PSP-b-PMB)
diblock copolymers upon addition of ILs were investigated
using SAXS measurements, which revealed self-assembly of
the diblock copolymers into hexagonally packed cylinders
(HEX), body-centered cubic lattices (BCC), and A15 lattices with
Pm3n symmetry phases.'" Two samples with the same diblock

were

10 | Phys. Chem. Chem. Phys, 2018, 00, 1-17

copolymer/IL composition but different thermal histories
exhibited different morphologies of A15 and HEX phases.
Despite the samples having the same BCP/IL composition,
the sample with the A15 phase exhibited much higher ionic
conductivity than that with the HEX phase (Fig. 11a). This
result suggests that the A15 phase with 3D symmetry provides a
more efficient ion-conducting pathway than the HEX phase
with 2D symmetry (Fig. 11b).

5. Applications of BCP self-assembly in
ILs

5.1. Electric double layer transistors

High ionic conductivity and electrochemical stability make ILs
promising candidates as gate dielectric materials for electric
double layer transistors (EDLTs).'*>'"* With high-density car-
rier accumulation at the IL/semiconductor interface, IL-gated
EDLTs can achieve fast switching with relatively low voltage
operation (<1 V). For practical application as devices, however,
a solid form is more favorable for gate dielectric materials. In
this context, ion gels based on BCP self-assembly in ILs have
attracted considerable attention. The first example of an ion-
gel-gated EDLT was demonstrated by Frisbie et al., who used an
ion gel based on self-assembly of the SOS triblock copolymer in
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[C,mim]PF, as the gate dielectric material."'* The gate capaci-
tance of the ion gel reached 41 uF cm 2 at 10 Hz and 2.4 pF
cm™? at 1 kHz, which were much higher than those of conven-
tional dielectric materials such as SiO,. In addition, the

Perspective

polarization response time of the ion-gel-gated EDLT is about
1 ms, much faster than those of conventional solid polymer
electrolytes (Fig. 12a). Further improvements in gate capaci-
tance at high frequencies and fast polarization response times
can be achieved by using [C,mim][NTf,]-based ion gels
(Fig. 12b). This improve behavior is attributed to the SOS/
[C,mim][NTf,] ion gel having higher ionic conductivity than
the SOS/[Csmim]PF, ion gel.'”® Importantly, because of the
physically crosslinked nature, BCP-based ion gels are solution
processable, enabling the cost-effective fabrication of thin-film
transistors through aerosol jet printing,''® spin coating,"” and
transfer printing.''® Nevertheless, it is still challenging to
fabricate flat, thin ion gel films. Therefore, ion gels should be
directly fabricated on the semiconductor, restricting the use of
semiconductor materials to those that are resistant to the
organic solvents used as cosolvents for ion gel printing. To
overcome this problem, Iwasa, Takenobu et al. first reported
organic single-crystal EDLTs using very flat ion gel films."*® By
optimizing the molecular weight of the SMS triblock copoly-
mer, the selection of organic solvent, and the spin-coating
conditions, molecularly flat ion gel films were obtained
(Fig. 12¢), on which single crystals of pentacene, rubrene, and
o,m-bis(biphenyl-4-yl)terthiophene (BP3T) were laminated.
When ion gel films are combined with flexible semiconducting
films, flexible thin film transistors can be realized.'*°
Chemical-vapor-deposition-grown = molybdenum  disulfide
(MosS,) thin films were transferred onto a flexible polyimide
substrate, and subsequently, SMS/[C,mim][NTf,] ion gels dis-
solved in ethyl propionate were cast onto the substrate. The
fabricated EDLT showed high flexibility and no electrochemical
degradation was observed under bending conditions (Fig. 12d).

5.2. Lithium-ion batteries

The typical liquid electrolytes used in lithium-ion batteries
(LIBs) consist of polar organic solvents with dissolved lithium
salts. Although liquid electrolytes exhibit high ionic conductiv-
ity and low interfacial resistance, the flammability of organic
solvents causes LIBs to have serious safety concerns. In this
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(a) Transient response of the SOS/[C4mim]PF¢ ion-gel-gated EDLT. The gate voltage was pulsed at 100 Hz. Reproduced with permission from

ref. 114. American Chemical Society 2007. (b) Frequency dependence of the capacitance for SOS ion gels with different ILs. Reproduced with permission
from ref. 115. Wiley 2008. (c) (left) Chemical structures of the SMS triblock copolymer and ILs. (right) Atomic force microscopic image of the flat, thin SMS/
[Comim][NTf,] ion gel film. Reproduced with permission from ref. 119. Wiley 2012. (d) (left) Schematic illustration of the ion-gel-gated flexible MoS, EDLT.
(right) Transfer characteristics before bending (black), under bending (red), and after bending (blue). Reproduced with permission from ref. 120. American

Chemical Society 2012.

regard, ILs are very attractive as alternatives to organic solvents
owing to their nonflammability. However, dissolving lithium salts
in ILs induces a significant decrease in ionic conductivity owing to
high viscosity."*! In addition, the lithium transference number (t)
of the electrolytes is very low,'*>*** which would cause severe
concentration gradients in the electrolytes during cell operation. To
address these issues, we found that an equimolar mixture of glymes
(oligoethers) and lithium salts formed room-temperature liquid
complexes, classified as a solvate ionic liquid (SIL).*"*>'*® Remark-
ably, [Li(glyme),[NTf,] showed high ionic conductivity (~1 mS
em ™), high #; (~0.6), and excellent oxidative stability. Leakage of
electrolytes is another critical problem in liquid-electrolyte-based
LIBs; thus, polymers such as poly(vinylidene fluoride-co-
hexafluoropropylene) (PVAF-HFP) are used for gelation of Li-
containing organic solvents in some commercially available LIBs.
We found that, similar to typical ILs, the SMS triblock copolymer
can also be utilized to gelate [Li(G4)][NTf,] (G4: tetraglyme)."”
Above a polymer concentration of 6 wt%, SMS formed transparent
gels in [Li(G4)][NTY,] (Fig. 13a). At a polymer concentration of 30
wt%, SAXS measurements indicated that SMS self-assembled into
the BCC phase in [Li(G4)|[NTf,]. Using thermogravimetric analysis,
Raman spectroscopy, and pulsed-field gradient spin-echo NMR
spectroscopy, stable complex formation of [Li(G4)]", even in the
polymer matrix, was confirmed. The application of
[Li(glyme), ][NTf,]-based ion gels for LIBs was also investigated with
three different triblock copolymers: SMS, SOS, and PS-b-poly(n-
butyl acrylate)-b-PS (PS-b-PBA-b-PS, denoted as SBS)."*® Attributed to
ligand exchange of Li cations among G4 and PEO chains, the SOS/
[Li(G4)]INTf,] ion gel generated free glymes that did not coordinate
Li cations. As a result, the SOS/[Li(G4)][NTf,] ion gel showed worse

12 | Phys. Chem. Chem. Phys, 2018, 00, 1-17

thermal stability, poorer oxidation stability, and a lower #; than the
SMS/[Li(G4)][NTf,] ion gel, resulting in poor charge-discharge
cycling stability. This result implies that the absence of free glymes
in the electrolyte was crucial for efficient battery performance.
Furthermore, the SBS/[Li(G3)][NTt,] ion gel electrolyte, containing
a PBA middle block with a lower T, and lower affinity for Li cations
than PMMA, showed higher ionic conductivity than the SMS/
[Li(G4)|[NTf,] ion gel (Fig. 13b). Consequently, the rate performance
of the SBS/Li(G3)][NTf,] ion gel surpassed that of the SMS/
[Li(G4)|[NTf,] ion gel (Fig. 13c). These results indicate that the
selection of the B middle block has a significant effect on battery
performance. In addition, replacement of the nonionic PS endblock
with a poly(lithium acrylate-r-acrylic acid) ionomer block improved
the mechanical strength of the ion gel electrolyte while maintaining
the electrochemical properties owing to the formation of strong
physical crosslinks."*

5.3. Soft actuators

Electroactive polymer (EAP) actuators are electroresponsive
materials that exhibit size or shape changes under voltage
application. Typically, EAP actuators can be classified into
two categories: electronic EAPs and ionic EAPs.'*®*! Electronic
EAP actuators are driven by coulombic attraction between the
electrodes, causing a compressive force (Maxwell force) on the
insulating elastomers. Electronic EAP actuators show rapid
responses, relatively large actuation forces, and can be operated
for a long time under ambient conditions. However, a high
voltage (>1 kV) is required for the actuation of electronic EAP
actuators. In contrast, ionic EAP actuators, driven by ion
migration and diffusion, can be operated at very low voltage

This journal is © the Owner Societies 2018

10

20

[\
92}

30

40

50

[%]]
[9)]



10

20

30

40

50

w1
%3]

PCCP

Perspective

a 10* 5 s o z
Solvate lonic Liquid ABA-triblock Ccpolymer
10°F 0, ﬂ/— CH,~ C—|—rCH =
wl e et ~CF, cho o @7
& e[a[=(=(elel=
g 10'E fainleiey =
.t b 6 smsswtw
O 10 F G" SMS 8 wt%
= G’ SMS 6 wt% ..-"
J[ |2 6" sms6wt%
107F |m G sMs4wt%
O G" SMS 4 wt%
10-2 L ; L
10° 10°
Frequency /rad s™ condugtive ion gel
Temperature / °C
b 45120100 80 60 40 20 0 20 c
2.0 4.2 4.2
25F
4.0 4.0
__30f > >
g 35 o 38 o 38
» > =
50 £ 36 £ 36
] 34 = 34
T ot g : g :
s : ggg:ﬂf:;’:fﬁssm ion gel 3.2 3.2
60| ® [Li(G3))[TFSA]
H SBS/[LI(GI)ITFSA] ion gel 3.0 . L L . . 3.0 L L . L L A L
65 : . "0 20 40 60 80 100 120 140 "0 20 40 60 80 100 120 140
26 28 30 32 34 36 38 4.0
1000/T/ K" Capacity/mAh g™ Capacity/mAh g

Fig. 13 (a) (left) Frequency dependence of the storage (G

') and loss (G”) moduli for different concentrations of SMS in [Li(G4)IINTf,]. (right) Chemical

structures and appearance of the SMS/[Li(G4)][NTf,] ion gel. Reproduced with permission from ref. 127. American Chemical Society 2014. (b)
Temperature dependence of the ionic conductivity for [Li(G4)]INTf,], 30 wt% SMS/[LI(G4)IINTf,], [Li(G3)I[NTf,], and 30 wt% SBS/[Li(G3)]INTf,] electrolytes.
(c) Discharge curves for [Li metal anodelion gel|LiCoO, composite cathode] cells measured at 60 °C with different C rates. (left) 30 wt% SMS/
[Li(GA)]INTF,]. (right) 30 wt% SBS/[LI(G3)IINTf,]. Reproduced with permission from ref. 128. American Chemical Society 2018.

(1-2 V). Nevertheless, as conventional ionic EAPs include
volatile solvents as the media for ion movement, solvent
evaporation prevents long-term operation under an open atmo-
sphere. At this point, the use of nonvolatile ILs can solve this
problem, and ionic EAP actuators containing ILs could be
operated not only under ambient conditions but also under
harsher conditions, such as cosmic space. BCP-based ion gels
are promising materials for ionic EAP actuators owing to their
solution processability, high ionic conductivity, and mechan-
ical integrity. An ionic EAP actuator was fabricated using the
SMS/[C,mim][NTf,] ion gel as an electrolyte sandwiched by
composite carbon electrodes.”* Under a low voltage of 2 V,
bending motions of the rectangular-shaped actuator were rea-
lized (Fig. 14a). The mechanism of the bending motion can be
explained by volume change of the electrodes owing to the
formation of electric double layers under an electric field,
which is caused by the differences in transference numbers
and ionic volumes between the cations and the anions of ILs."**
Anionic'** and zwitterionic*®> ABA triblock copolymers swollen
with ILs were also applied as ionic EAP actuators by Long et al.
A new class of ionic EAP actuators that exhibit large bending
motions and fast responses of tens of milliseconds was
reported by Park et al.'*® The actuators contained single-ion
conducting diblock copolymers and zwitterionic molecules
(Fig. 14b). The diblock copolymer was composed of a sulfo-
nated polystyrene, having imidazolium counter cation, (PSS)
block and a nonionic polymethylbutylene (PMB) block that
formed microphase-separated structures. As only cations can

This journal is © the Owner Societies 2018

move under the electric field, a large change in electrode
volume is expected. Furthermore, addition of an
imidazolium-type zwitterion (ZImS) significantly improved the
ionic conductivity, even though the zwitterion itself did not
contribute to the ionic conductivity. This result implies that
ZImS offers a polar medium and facilitates ion dissociation and
migration of imidazolium cations. Consequently, the actuator
comprising the PSS-b-PMB diblock copolymer and the ZImS
zwitterion showed a significantly large displacement as well as
a fast response time (Fig. 14c).

6. Conclusions and perspectives

Unlike in molecular solvents, such as water and organic sol-
vents, when polymers are dissolved in ILs, cation-anion, poly-
mer-cation, and polymer-anion interactions compete with
each other. This unique feature complicates BCP self-
assembly in ILs, but simultaneously offers abundant nanoscale
structures and characteristic physical properties never observed
in conventional solvents. IL-containing intelligent soft materi-
als can be fabricated by incorporating thermoresponsive poly-
mers into one block of BCPs, enabling temperature-induced
unimer-micelle or sol-gel transitions in ILs. Furthermore, the
introduction of photochromic groups into thermoresponsive
polymer chains or IL structures imparts photoresponsiveness,
which can be exploited to realize photohealable ion gels. In
addition to the wunique properties of ILs, such as
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Fig. 14 (a) Schematic illustration of the SMS/[Comim][NTf,] ion gel actua-

tor and a photograph of the bending motion under a voltage of 2 V.
Reproduced with permission from ref. 132. American Chemical Society
2012. (b) Chemical structures of the PSS-b-PMB diblock copolymer and
zwitterions. (c) Displacement and bending strain of the actuators
composed of PSS-b-PMB and zwitterionic additives. A conventional IL,
[Comim]INTf,] (represented as Im/TFSI), was also added for comparison.
Reproduced with permission from ref. 136. Nature Publishing Group 2016.

nonflammability, nonvolatility, and thermal stability, physi-
cally crosslinked ion gels based on BCP self-assembly in ILs
provide mechanical integrity and solution processability, sui-
table for diverse electrochemical applications such as EDLTs,
LIBs, and soft actuators.

The BCP self-assembly in ILs have been widely investigated
in the last decade, however, there are still many remaining
challenges and future opportunities in this field. The structure-
property relationships of the microphase-separated structures of
BCPs in ILs and physical properties, such as the mechanical and
ion transport characteristics, are not yet fully understood and
should be further investigated for fabricating more sophisticated
soft materials based on BCP self-assembly in ILs. In this perspec-
tive, we concentrated on BCP self-assembly in ILs as solvents, but
recently, polymerized IL-based BCPs have also attracted much
attention for electrochemical applications.*”**° Furthermore, uti-
lization of stimuli-responsive BCP-based ion gels to the electro-
chemical applications would open a new avenue to design novel
smart electrochemical devices. For example, thermally responsive
ion gels might be exploited to shut down ion conduction at high
temperature, significantly improving the safety of electrochemical

14 | Phys. Chem. Chem. Phys., 2018, 00, 1-17
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141,142 11y addition to

devices such as lithium secondary batteries.
electrochemical applications, biological applications of ILs have
been studied in recent years, such as long-term storage of DNA'*?
and enzymatic reactions.'** From this point of view, using self-
assembled structures formed by BCPs in ILs as confined media or
solidification strategy would be an interesting field that has not

been developed yet.
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