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A B S T R A C T

Ion gels based on block copolymer self-assembly in ionic liquids (ILs) are attractive, processable, non-volatile,
ion-conducting soft materials. Recently, a new class of ion gels based on hydrogen bonding between jammed
block copolymer micelles in ILs that shows good mechanical strength and rapid self-healing ability has been de-
veloped. Herein, the effect of IL cation and anion structures on the microstructures and viscoelastic properties of
a hydrogen-bonded micellar ion gel is reported. It was clarified that competition among cations, anions, and poly-
mer chains for hydrogen bonding significantly affects the viscoelastic behavior of the ion gel. In the case of weak
hydrogen bonding for ILs, macroscopic phase separation occurs due to strong hydrogen bonding between diblock
copolymer micelles, resulting in an opaque and fragile ion gel, whereas storage and loss moduli are significantly
reduced for ILs showing strong hydrogen bonding. Control of competitive hydrogen bonding interaction between
polymers and ILs is thus critical to obtaining the desirable physical properties for ion gels.

1. Introduction

Polymer gels, consisting of three dimensionally percolating poly-
mer networks swollen with solvents have attracted attention for many
decades for their attractive properties. Recently, various novel polymer
gels that show excellent functionalities such as high mechanical strength
[1–5], precisely defined network structures [6–8], stimuli-responsive-
ness [9–12], and autonomous dynamic behaviors [13–15] have been
reported. According to the solvent absorbed into the polymer network,
polymer gels can be classified as hydrogels or organogels. Hydrogels,
swollen with water, have been widely investigated for biomedical ap-
plications such as drug delivery systems and tissue-culturing materi-
als [16–20]. Organogels, swollen with organic solvents, have also been
studied for a long time, for use in energy storage devices, as electrolytes,
and in pharmaceutical contexts [21–31].

Recently, ion gels, which are polymer networks swollen with ionic
liquids (ILs), have been recognized as a third class of polymer gels that
offer unique properties such as non-flammability, high thermal and elec-
trochemical stability, negligible vapor pressure, and high ionic conduc-
tivity [32–35]. Since the combinations of cations and anions possible
for the them are infinite, ILs have been recognized as “designer sol-
vents.” Physicochemical properties of ion gels can be significantly mod

ulated via the selection of suitable ILs. Among diverse strategies for fab-
rication of ion gels, block copolymer self-assembly in ILs is a promis-
ing way since it offers excellent tunability of the chemical composition,
solution processability, and mechanical strength [36–38]. In particu-
lar, ABA triblock copolymer-based ion gels have been intensively inves-
tigated due to their high mechanical integrity. Stimuli-responsive ABA
triblock copolymer ion gels showing thermoresponsivity [39–41] and
photoresponsivity [42–44] have also been developed as intelligent soft
materials.

More recently, we have developed a new class of ion gels based
on jamming and hydrogen bonding of diblock copolymer micelles in
ILs (Scheme 1), which exhibited high toughness and fast self-heal-
ing at room temperature without external stimuli [45]. The diblock
copolymer comprises an IL-phobic block and a hydrogen bonding block.
The IL-phobic block is polystyrene (PS), and the hydrogen bonding
block is a statistical copolymer of N,N-dimethylacrylamide (DMAAm)
and acrylic acid (AAc), which behave as hydrogen bond-accepting and
hydrogen bond-donating units, respectively. The diblock copolymer,
PS-b-P (DMAAm-r-AAc), forms a micellar ion gel when combined with
an imidazolium-based IL, 1-ethyl-3-methylimidazolium bis(trifluo-
romethanesulfonyl)amide ([C2mim][NTf2]). Due to the jammed micelle
structure and hydrogen bonding between micelles, the micellar ion gel
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Scheme 1. Conceptual illustration of the micellar ion gel based on micelle jamming and hydrogen bonding.

shows excellent physical properties such as high mechanical strength,
good self-standing ability, and rapid self-healing of mechanical and elec-
trochemical properties at room temperature.

However, the effect of the IL cation and anion structures and poly-
mer architectures on the physical properties of the hydrogen-bonded mi-
cellar ion gel remain to be investigated. The hydrogen bonding ability of
ILs is highly dependent on their cation and anion structures [46], which
can therefore modulate the physical properties of the ion gel. There-
fore, in this work, the effect of IL cation and anion structures on the mi-
crostructure as well as viscoelasticity of a hydrogen-bonded micellar ion
gel was investigated in detail.

2. Experimental

2.1. Materials

The diblock copolymer PS-b-P (DMAAm-r-AAc) was synthesized by
sequential reversible addition–fragmentation chain transfer (RAFT)
polymerization according to our previously reported method [45].
Briefly, a PS-macroinitiator was first synthesized by RAFT polymeriza-
tion of styrene with S-1-dodecyl-S'-(α,α′-dimethyl-α"-acetic acid)-trithio-
carbonate (purchased from Trylead Chemical Technology, China) as a
chain transfer agent. Then, the PS-b-P (DMAAm-r-AAc) diblock copoly-
mer was synthesized through RAFT copolymerization of DMAAm and
AAc with PS-macroinitiator. [C2mim][NTf2], 1-hexyl-3-methylimida-
zolium ([C6mim]) [NTf2], 1-ethyl-2,3-dimethylimidazolium ([C2dmim])
[NTf2], and [C2mim] methylphosphonate ([MP]) were purchased from
Kanto Chemical (Japan). 1-Butyl-3-methylimidazolium ([C4mim])
[NTf2] was purchased from Tokyo Chemical Industry (Japan). Other
chemicals were purchased from Wako Pure Chemicals (Japan) and used
as received unless noted otherwise.

2.2. Polymer characterization

Prior to polymer characterization, the AAc unit in the PS-b-P
(DMAAm-r-AAc) diblock copolymer was methylated using trimethylsi-
lyl diazomethane to avoid irreversible adsorption onto substrates in the
chromatography columns [45,47]. The polydispersity index (PDI) of
the block copolymers was evaluated by gel permeation chromatography
(GPC). The columns were calibrated with PS standards, and THF was
used as the eluent. The polymerization degree of the PS block was calcu-
lated using GPC measurements for the PS macroinitiator. The polymer-
ization degrees of DMAAm and AAc segments were calculated from 1H
NMR measurements.

2.3. Preparation of ion gels

Ion gels were prepared through a conventional cosolvent method.
First, block copolymers and ILs were weighed and dissolved in a mix-
ture of methanol and dichloromethane (50/50vol%) at an elevated tem-
perature. Then, the mixed solvent was evaporated at room temperature
overnight. The ion gel was further dried under vacuum at 70 °C.

2.4. Fourier transform infrared (FT-IR) spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-FT-IR)
spectroscopy of ion gels was performed on a Nicolet iS50 FT-IR spec-
trometer (Thermo Fisher Scientific, MA, USA) equipped with a ger-
manium internal-reflection element. All ATR-FT-IR measurements were
performed under dry-air conditions at room temperature.

2.5. Rheological measurements

Rheological properties of ion gels were investigated by an Anton
Paar Physica MCR 301 rheometer (Anton Paar, Austria). A 25-mm par-
allel plate geometry with a gap spacing of 0.2mm was used for the mea-
surements. For temperature sweep tests, ion gels were equilibrated at
120 °C for over 10min prior to the measurements. Then, the sample was
cooled from 120 °C to 20 °C at a cooling rate of 1 °C/min with a fre-
quency of 1 rad/s and a strain amplitude of 1%. Frequency sweep mea-
surements were conducted over a frequency range of 0.1–100rad/s with
a strain amplitude of 1% at constant temperatures. Time–temperature
superposition (tTS) master curves were constructed for the ion gels us-
ing the frequency sweep data at different temperatures by employing the
tTS principle.

2.6. Small-angle X-ray scattering (SAXS) measurements

Small-angle X-ray scattering (SAXS) measurements were conducted
on a BL-6A (Photon Factory, Japan). A monochromated X-ray beam
(wavelength, λ=1.50Å) was used to irradiate the ion gels (thickness:
approx. 1mm). The temperature of the ion gel was set at 25 °C using a
hot stage (Instec, Inc., CO, USA). The exposure time was 30s for all sam-
ples. The scattered X-rays were measured using a detector (PILATUS3
2M, Dectris, Switzerland) with a sample-to-detector distance of 1.0m.
The obtained 2D data were circularly averaged and corrected by the ex-
posure time, dark current, background scattering, and transmittance.

The Percus–Yevick hard sphere model, which takes the size distrib-
ution of the micelle cores into account, was used to analyze the SAXS
profiles of the ion gels, according to previous reports [41,45,48]. Pro-
files were fitted by six parameters: C1, C2, <Rc>, σR, RHS, and φ, where
C1 and C2 are arbitrary scaling parameters, <Rc> is the average radius
of the micelle core, σR is the standard deviation of the core radius, RHS
is the radius of the fictitious hard sphere, and φ is the volume fraction
of the fictitious hard sphere.

3. Results and discussion

The diblock copolymer, PS-b-P (DMAAm-r-AAc), was synthesized
by RAFT polymerization according to our previously reported method
(Fig. 1a) [45]. In this study, two diblock copolymers SDA (8/2) and
SDA (9/1) with different DMAAm:AAc ratios were prepared by chang
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Fig. 1. (a) Chemical structure of the PS-b-P (DMAAm-r-AAc) diblock copolymer. (b) Cation
and anion structures and abbreviations of ILs used in this study.

ing the monomer feed ratio (Table 1). The diblock copolymer was com-
bined with five imidazolium-based ILs with different cation and an-
ion structures (Fig. 1b). The melting temperature (Tm), glass transi-
tion temperature (Tg), and Kamlet–Taft α, β, and π* parameters obtained
from literature are summarized in Table S1. The Kamlet–Taft α and
β parameters are measures of hydrogen bond-donating and hydrogen
bond-accepting abilities, respectively, whereas the π* parameter repre-
sents dipolarity/polarizability [49]. The ILs with different alkyl chain
lengths—[Cnmim][NTf2] (n=2, 4, 6)—showed similar values for Tm,
Tg, and Kamlet–Taft α, β and π* parameters. However, it is known that
nanostructures as well as cohesive energies of these imidazolium-based
ILs differ depending on the alkyl chain length [50–53]. The C2 proton
of the imidazolium cation has been reported to exhibit relatively strong
hydrogen bond-donating ability [54,55]. Therefore, owing to methyl
capping of the C2 position, [C2dmim][NTf2] showed a lower α value
than those of [Cnmim][NTf2] (n=2, 4, 6). In addition to the cation
structure, of course, the anion structure of ILs strongly influences their
hydrogen bonding ability. In particular, ILs containing strongly hydro

Table 1
Characterization of the synthesized diblock polymers.

Sample NPS
a NPDMAAm

b NPAAc
b [DMAAm]:[AAc]c PDId

SDA (8/2) 86 428 103 81:19 1.38
SDA (9/1) 86 558 70 89:11 1.35

a Degree of polymerization (NPS) of the PS block determined by GPC measurements
for the PS macroinitiator.

b Degrees of polymerization of DMAAm (NPDMAAm) and AAc (NPAAc) units in the P
(DMAAm-r-AAc) block calculated using 1H NMR data.

c Copolymerization ratio of DMAAm and AAc.
d PDI of each polymer determined by GPC.

gen bond-accepting anions such as Cl− and CH3CO2− have been studied
intensively as solvents for poorly soluble biopolymers such as cellulose
[56–58]. In this study, [C2mim][MP] (MP: methyl phosphonate), which
showed a strong hydrogen bond-accepting ability [59], was chosen to
investigate the effect of the anion structure on the physical properties of
ion gels. The viscoelastic properties and microstructures of the resulting
ion gels formed by combining the imidazolium-based ILs with the PS-b-P
(DMAAm-r-AAc) diblock copolymer were studied in detail.

30wt% SDA (8/2) ion gels were prepared thorough a cosolvent
method: the diblock copolymers and ILs were dissolved in a 1:1 v/v mix-
ture of methanol and dichloromethane, following complete removal of
the cosolvent. Fig. 2a shows a photograph of the five ion gels includ-
ing different ILs. Transparent ion gels were obtained for [Cnmim][NTf2]
(n=2, 4, 6)- and [C2mim][MP]-based ion gels. On the other hand,
an opaque and fragile ion gel was obtained for [C2dmim][NTf2]. All
ion gels were stable over several weeks at room temperature. The first
four ion gels showed single glass transition temperatures at tempera-
tures of around −70 to −80 °C in the differential scanning calorimetry
(DSC) curve, whereas a melting point, corresponding to melting of the
IL, was observed at around 25 °C for the ion gel with [C2dmim][NTf2]
(Fig. 2b). Based on the photograph and the DSC curve, it was suggested
that macroscopic phase separation of an IL-rich phase from the poly-
mer-rich micellar network occurred for the [C2dmim][NTf2]-based ion
gel. In contrast, single glass transition temperatures and their transpar-
ent appearances indicated percolating micellar networks formed for the
other ion gels without macroscopic phase separation.

Rheological properties of ion gels were investigated by temperature
sweep measurements. Fig. 3a compares temperature-dependent vis

Fig. 2. (a) Photograph for 30wt% SDA (8/2) ion gels with five different ILs. (b) DSC
curves for ion gels (heating rate: 10 °C/min).
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Fig. 3. Temperature dependence of G' (closed symbols) and G" (open symbols) of 30wt%
SDA (8/2) ion gels with five different ILs at a frequency of 1 rad/s, a strain amplitude of
1%, and a cooling rate of 1 °C/min: (a) [Cnmim][NTf2]-based ion gels (n=2, 4, 6). (b)
[C2mim][NTf2], [C2dmim][NTf2], and [C2mim][MP]-based ion gels.

coelastic behaviors of ion gels containing imidazolium cations with dif-
ferent alkyl chain lengths ([Cnmim][NTf2], n=2, 4, 6). Storage (G′)
and loss (G″) moduli for the three ion gels exhibited similar tempera-
ture dependence. At low temperatures, these ion gels showed high G′
and G″ values. Although G′ was larger than G″, the orders of magni-
tude of G′ and G″ values were comparable. This could be attributed
to the strong and dissipative nature of the hydrogen bonding between
coronal chains of micelles. At high temperatures, on the other hand,
G′ and G″ decreased due to weakened hydrogen bonding. However,
these ion gels maintained the gel state (G'>G″) over a wide tempera-
ture range, which could be attributed to the jamming of diblock copoly-
mer micelles in ILs. This was evidenced by the observation that ion
gels formed by the P (DMAAm-r-AAc) copolymer showed liquid-like
behavior (G'<G″) at a much lower temperature, as we reported pre-
viously [45]. The similar temperature dependence of G′ and G″ for
three ion gels containing ([Cnmim][NTf2] (n=2, 4, 6) indicates that
the alkyl chain length of the imidazolium cation does not have a sig-
nificant effect on the viscoelastic behavior of the hydrogen-bonded mi-
cellar ion gel. This could be because these ILs have similar hydrogen
bonding abilities (Table S1). On the other hand, Fig. 3b compares ion
gels with [C2mim][NTf2], [C2dmim][NTf2] and [C2mim][MP], reveal-
ing the drastic differences in their viscoelasticity. The ion gel including

[C2dmim][NTf2] exhibited much higher G′ and G″ values than those of
the ion gels with [C2mim][NTf2]. This result demonstrates that the de-
crease in the hydrogen bond-donating ability of the imidazolium cation
owing to methyl capping of the C2 position significantly affects the vis-
coelasticity of the ion gel. As the hydrogen bond interaction between
the [C2dmim] cation and the hydrogen bond-accepting DMAAm unit in
the diblock copolymer was weak, the intermicellar (inter-coronal chain)
hydrogen bonding was enhanced, resulting in macroscopic phase sep-
aration and increased G′ and G″ values. On the other hand, when the
[NTf2] anion of the [C2mim][NTf2] was replaced by the [MP] anion,
which had a strong hydrogen bond-accepting ability, G′ and G″ values
became much lower than those of the [C2mim][NTf2]-based ion gel. This
suggests that strong hydrogen bonding between the [MP] anion and the
hydrogen bond-donating AAc unit interrupts the hydrogen bonding be-
tween DMAAm and AAc units. Thus, not only the hydrogen boding abil-
ity of the cation of ILs, but the anion structure also has a great impact
on the ion gel viscoelasticity.

The hydrogen bonding between the diblock copolymer and the [MP]
anion could be clearly confirmed by ATR-FT-IR spectroscopy (Fig. 4).
Carbonyl stretching bands of the DMAAm and AAc units were ob-
served at wavelengths of around 1635cm−1 and 1725cm−1, respec-
tively. When hydrogen bonding existed between DMAAm and AAc, peak
shifts occurred for the carbonyl stretching bands [45,60,61]. Consistent
with previous reports, the peak shift of the carbonyl stretching peak of
DMAAm to a lower wavelength of around 1605cm−1 was observed for
ion gels with [Cnmim][NTf2] (n=2, 4, 6) and [C2dmim][NTf2], indicat-
ing hydrogen bonding between DMAAm and AAc units in ILs. Remark-
ably, for the [C2mim][MP]-based ion gel, the shifted carbonyl stretching
peak of DMAAm around 1605cm−1 was not observed, and the carbonyl
stretching band of the AAc unit showed a significant shift. This implies
that the hydrogen bonding between DMAAm and AAc units was signif-
icantly suppressed by hydrogen bonding between the [MP] anion and
the carboxylic proton of the AAc unit, which is consistent with the much
lower G′ and G″ values of the [C2mim][MP]-based ion gel than those of
other four ion gels shown in Fig. 3.

Rheological properties of the SDA (8/2) ion gels were further in-
vestigated by constructing time-temperature superposition (tTS) master
curves for G′ and G″ as function of the frequency against a reference
temperature of 50 °C (Fig. 5). The tTS master curve was obtained from
frequency sweep measurements at a constant temperature from 20 to
120 °C in 10 °C steps. For ion gels including [Cnmim][NTf2] (n=2, 4,
6), similar frequency dependence was observed for G′ and G″, which

Fig. 4. ATR-FT-IR spectra for 30wt% SDA (8/2) ion gels with five different ILs.
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Fig. 5. tTS master curves for G' (closed symbols) and G" (open symbols) of 30wt% SDA (8/2) ion gels with five different ILs. The reference temperature is 50 °C.

was consistent with results shown in Fig. 3a. In the low-frequency
region, however, a slight difference was observed. Onset of a termi-
nal flow behavior was observed for ion gels with [C4mim][NTf2] and
[C6mim][NTf2], but not observed for the one with [C2mim][NTf2] at
this measurement range. The crossover frequency at which G′ and
G″ became equal followed the order
[C6mim][NTf2]>[C4mim][NTf2]>[C2mim][NTf2]. The reason for this
is unclear now, but one possibility is that the long alkyl chain in the
imidazolium cation can plasticize the PS micelle core, which leads to
disassembly of the PS core in the low–frequency (or high-temperature)
region. Another possible reason could be that accelerated nanoscale seg-
regation of the alkyl chains of imidazolium cations with long alkyl chain
lengths might enhance the interaction between the ionic part of the
imidazolium cation and the polymer chain. Consistent with the tem-
perature sweep measurements, the ion gel including [C2dmim][NTf2]
showed higher G′ and G″ values than those of other ion gels at the
same frequency. The tTS principle was not applicable for the
[C2dmim][NTf2]-based ion gel at low temperatures, possibly owing to
the melting transition of the phase-separated [C2dmim][NTf2]-rich re-
gion (Fig. 2b). The rheological response of the [C2mim][MP]-based
ion gel was drastically different from that of other ion gels, and tTS
failed at high temperatures (The overall master curve can be seen
in Fig. S1). This implies that the origin of the viscoelasticity of the
[C2mim][MP]-based ion gel changed at high temperatures.

The Arrhenius plot for the shift factor (aT) of five ion gels is shown
in Fig. 6a. For [C2dmim][NTf2]- and [C2mim][MP]-based ion gels,
aT values at a temperature range where the tTS principle was applic-
able were plotted. An apparent activation energy (Ea) of these ion
gels (Fig. S2a and Table S2) was obtained by applying the Arrhe-
nius equation, aT =Aexp (Ea/RT), where A is a constant and R is the
ideal gas constant (Fig. 6b). The magnitudes of Ea followed the order
[C2dmim][NTf2]>[C2mim][NTf2]~[C4mim][NTf2]~[C6mim][NTf2]>[C2mim][MP],
implying that the apparent activation energy reflects the strength of hy-
drogen bonding between polymer chains. It should also be noted that
the temperature dependence of aT values for these ion gels can be bet-
ter fitted by the Vogel−Fulcher−Tammann (VFT) equation, aT =A'exp
(B/T−T0), where A′ and B are empirical constants and T0 is the ref-
erence temperature (Fig. S2b and Table

Fig. 6. (a) Arrhenius plots for tTS shift factors aT of five ion gels including different ILs.
(b) Apparent activation energies (Ea) of ion gels obtained by fitting using the Arrhenius
equation.
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S2). Previously, it was reported that polymers containing relatively
weakly hydrogen bonding side groups such as AAc followed the VFT
equation well, whereas polymers containing relatively strongly hydro-
gen bonding side groups such as ureidopyrimidinone followed the Ar-
rhenius equation well [62]. In the case of the VFT equation, the empir-
ical term B could be interpreted as a temperature-dependent activation
energy. The order of the magnitude of the B is the same as that of Ea,
suggesting that the constant B is also related to the strength of the hy-
drogen bonding between polymers (Fig. S3).

The microstructure of the SDA (8/2) ion gels was investigated by
small angle X-ray scattering (SAXS) measurements (Fig. 7). All SAXS
profiles were well-fitted by the Percus–Yevick hard sphere model
[41,45,48], which indicates that the diblock copolymer micelles were
randomly located in ILs. The fitting parameters are shown in Table 2.
It is noted that volume fractions of fictious hard spheres (φ) for five ion

Fig. 7. SAXS profiles for the 30wt% SDA (8/2) ion gels with five different ILs. Each solid
line corresponds to fitting by the Percus–Yevick hard sphere model.

Table 2
Percus–Yevick fitting parameters for the 30wt% SDA (8/2) ion gels with five different ILs.

ILs [C2mim][NTf2] [C4mim][NTf2] [C6mim][NTf2] [C2dmim][NTf2] [C2mim][MP]

φ
a 0.44±0.01 0.44±0.01 0.45±0.01 0.44±0.01 0.36±0.01

Rh
b

(nm)
13.2±0.1 13.5±0.1 14.1±0.1 12.5±0.1 12.9±0.1

<Rc>
c

(nm)
6.26±0.01 6.28±0.01 6.41±0.01 6.37±0.01 6.10±0.01

σ
d 0.86±0.01 0.81±0.01 0.80±0.01 1.06±0.01 0.67±0.01

a Volume fraction of the fictitious hard sphere.
b Radius of the fictitious hard sphere.
c Average radius of the micelle core.
d Standard deviation of the micelle core radius.

gels are smaller than the random close packing limitation (φrcp ~0.64),
which is consistent with our previous study for jammed micelles formed
by a thermoresponsive ABC triblock copolymer and ILs [41]. The order
of the size of micelle cores is consistent with that obtained by atomic
force microscopy [45]. Except the [C2mim][MP]-based one, similar fit-
ting parameter values were obtained for the ion gels, implying that the
jammed micelle structure did not change much among these ILs. Al-
though opaque appearance was observed for the [C2dmim][NTf2]-based
ion gel, its SAXS profile was similar to those of the [Cnmim][NTf2]
(n=2, 4, 6)-based ion gels. This could be due to the fact that, for
the [C2dmim][NTf2]-based ion gel, there exist the micellar network-rich
phase and IL-rich phase, however, the contribution of the IL-rich phase
to the scattering intensity was much lower than that of the micel-
lar network-rich phase, where the jammed micelle structure similar to
the [Cnmim][NTf2] (n=2, 4, 6)-based ion gels formed. On the other
hand, the volume fraction of the fictitious hard sphere (φ) for the
[C2mim][MP]-based ion gel was lower than that of other ion gels. The
reason for the small φ value obtained is not clear; however, one pos-
sibility is that as the mobility of the diblock copolymer micelle in
[C2mim][MP] was much higher than that in other ILs due to reduced in-
termicellar hydrogen bonding, the apparent volume fraction of micelles
that can be regarded as the fictitious hard sphere might have decreased.

In addition to the differences in the IL cation and anion structures,
the effect of the chemical composition of the diblock copolymer was
also investigated. Fig. 8a shows DSC curves and images of 30wt% SDA
(8/2) and SDA (9/1) ion gels including [C2dmim][NTf2]. Notably, the
melting temperature of [C2dmim][NTf2] was not observed and a trans-
parent ion gel was obtained for SDA (9/1), indicating that macroscopic
phase transition did not occur in the ion gel. Furthermore, viscoelastic
properties were significantly different for the SDA (8/2) and SDA (9/1)
ion gels (Fig. 8b). These results indicate that decreasing the number of
hydrogen bond-donating AAc units reduces hydrogen bond interactions
between polymer chains, increasing the compatibility between diblock
copolymer micelles and [C2dmim][NTf2]. This result also supports the
importance of competitive hydrogen bond interactions among IL cations
and anions and polymer chains in determining the microstructures and
physical properties of the micellar ion gel.

4. Conclusions

In this study, the effect of IL cation and anion structures on the mi-
crostructure and physical properties of the micellar ion gel formed by
micelle jamming and hydrogen bonding was investigated in detail. The
PS-b-P (DMAAm-r-AAc) diblock copolymer was combined with five ILs
containing different cation and anion structures, and the structure–prop-
erty relationships of the resulting micellar ion gels were investigated
in detail. Rheological measurements showed that the hydrogen bond-
ing ability of ILs have a significant impact on the viscoelasticity of the
ion gels. When the hydrogen bonding ability of the ILs is relatively
strong, such as for [C2mim][MP], the hydrogen bonding between di-
block copolymer micelles is suppressed to a significant extent, resulting
in decreased G′ and G″ values. On the other hand, when the hydrogen
bonding ability of the IL becomes very weak, for example, by methyl
capping the C2 position of the imidazolium cation, hydrogen bonding
between diblock copolymer micelles becomes very strong, which re-
sults in macroscopic phase separation of an IL-rich phase from a poly-
mer-rich phase. Furthermore, viscoelasticity of the ion gel can be also
significantly modulated by changing the ratio of the hydrogen bond-do-
nating and hydrogen bond-accepting units in the hydrogen bonding
block. These results suggest that competitive hydrogen bonding among
IL cations and anions and polymers is crucial in determining the mi-
crostructure as well as physical properties of the micellar ion gel, and
they can be controlled finely by judiciously tuning the IL cation and an
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Fig. 8. (a) DSC curves for 30wt% SDA (8/2) (red) and SDA (9/1) (black) ion gels with
[C2dmim][NTf2]. Heating rate: 10 °C/min. (Inset) Photograph of the SDA (8/2) and SDA
(9/1) ion gels. (b) Temperature sweep tests for G' (closed) and G" (open) of the SDA (8/2)
and SDA (9/1) ion gels with a frequency of 1 rad/s and a strain amplitude of 1% at a cool-
ing rate of 1 °C/min. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

ion structures. Further investigation of ILs having various cation and
anion structures is necessary to obtain ion gels that exhibit desirable
physical properties such as high toughness, self-standing ability and fast
self-healability.
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