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ABSTRACT: The effects of composition, temperature, and polymer identity on the electrical and viscoelastic
properties of block copolymer-based ion gels were investigated. Ion gels were prepared through the self-assembly
of poly(styrene-b-ethylene oxide-b-styrene) (SOS) and poly(styrene-b-methyl methacrylate-b-styrene) (SMS)
triblock copolymers in a room-temperature ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethyl-
sufonyl)imide ([EMI][TFSI]). The styrene end-blocks associate into micelles, whereas the ethylene oxide and
methyl methacrylate midblocks are well-solvated by this ionic liquid. The properties of the ion gels were
examined over the composition range of 10-50wt%polymer and temperature range of 25-160 and 25-200 �C
for the SOS- and SMS-based gels, respectively. The response of the ion gels to ac electric fields below 1MHz
can be represented by a resistor and constant phase element (CPE) series circuit, with a characteristic time
corresponding to the establishment of stable electrical double layers (EDLs) at the gel/electrode interfaces.
The ionic conductivity and specific capacitancewere found to range from3� 10-5 to 3� 10-2 S/cmand 0.3 to
10 μF/cm2, respectively. For 1 mm thick gels, the corresponding RC time constants ranged from 2� 10-5 to
5� 10-3 s. Notably, at high polymer concentrations, the ionic conductivity is much higher in SOS than SMS
due to the higher glass transition of themethylmethacrylate block. Two relaxationmodes have been observed
in the ion gels under oscillatory mechanical shear. The faster mode corresponds to the relaxation of the
midblocks in the ionic liquid, while the slow mode reflects motion of the end-blocks within their micellar
cores. The plateaumodulus of the gels was found to vary from 0.5 to 100 kPa over the measured composition
and temperature ranges. While the ionic conductivity generally decreases as the modulus increases, it is
possible to achieve conductivities greater than 0.01 S/cm with moduli above 10 kPa in the SOS system.

Introduction

Ionic liquids have generated considerable research interest
over the past decade as a promising class ofmaterials for a number
of applications.1-6 Their unique combination of physicochem-
ical properties,7 such as negligible vapor pressure, nonflamm-
ability, exceptional chemical, thermal, and electrochemical sta-
bility, optical transparency, and high ionic conductivity, makes
ionic liquids exceptional electrolytes for electrochemical devices.4-6

The relatively weak electrostatic interactions between compo-
nent ions and the very high ionic concentration (∼1021 cm-3 at
room temperature)8 enable facile response of ionic liquids to
external electric fields, and hence they have much higher ionic
conductivity than conventional polymer electrolytes utilizing
lithiumsalts, e.g., PEO/LiClO4 (∼10-5S/cmat roomtemperature).9

In addition, the large numbers of component ions and their
possible combinations offer enormous flexibility in materials
design.

Themechanical integrity that ionic liquids lack can be supplied
by mixing them with low molecular weight gelators10,11 or more
often macromolecules,12,13 forming what is referred to as an ion
gel.With the combined properties of ionic liquids and a persistent
structure, ion gels have gained popularity as novel functional
materials that exhibit the potential to be utilized in a variety of
applications includinggas separation,14 lithiumbatteries,15,16 electro-
mechanical actuators,17,18 and organic thin-film transistors.19-24

Ion gels based on polymer/ionic liquid composites are gener-
ally prepared by chemically or physically cross-linking polymeric
networks in ionic liquids. Chemical cross-linking can be realized
through polymerization of vinyl monomers in the presence of a
cross-linker,25,26 the polyaddition reactionofmonomerswithmulti-
functional reactive groups,27-30 or both.31 Alternatively, physical
cross-linking can be achieved by the self-assembly of ABA
triblock copolymers, where the A block is insoluble in the ionic
liquid.32-36 Monomers, block lengths, block sequence, and
copolymer content can be varied to obtain desired structures
and properties, thus offering practically unlimited tunability
when combined with the selection of ionic liquids.

Polymeric ion gels are among the most conductive solid
polymer electrolytes due to the high ionic conductivity of ionic
liquids.37Mechanical integrity is also an important figure ofmerit
for electrochemical applications of ion gels. However, the rela-
tively few publications that report these properties tend to focus
on conductivity rather than modulus. For instance, in their
pioneering work on chemically cross-linked ion gels, Watanabe
and co-workers measured the ionic conductivity of gels formed
by in situ radical polymerization of methyl methacrylate (MMA)
in the ionic liquid 1-ethyl-3-methylimidazoliumbis(trifluoromethyl-
sufonyl)imide ([EMI][TFSI]) over the whole composition range
at varied temperatures.25 With regard to mechanical properties,
however, the authors only confirmed the gels to be self-standing,
andnodirectmeasureof gel strengthwasperformed.More recently,
we have developed physically cross-linked ion gels formed by
the self-assembly of poly(styrene-b-ethylene oxide-b-styrene)
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(PS-PEO-PS) in the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMI][PF6]), where the PS blocks are
insoluble and the PEOblock is compatible with the ionic liquid.32

The storage modulus of gels containing 4-10 wt% polymer was
found to be∼1 kPa, while ionic conductivities not much lowered
from the bulk ionic liquid were observed for gels with 5 and
10 wt % polymer. We further reported thermoreversible ion gels
by the self-assembly of poly(N-isopropylacrylamide-b-ethylene
oxide-b-N-isopropylacrylamide) in [EMI][TFSI] and measured
both ionic conductivity andmodulus of the gel with 10 wt%poly-
mer.33 However, these two studies only focused on ionic conduc-
tivity at one or two compositions.More systematic studies of both
mechanical and electrical properties of ion gels are desirable.

To this endwe examine the response of block copolymer-based
ion gels formed by the self-assembly of PS-PEO-PS and poly-
(styrene-b-methyl methacrylate-b-styrene) (PS-PMMA-PS) in
[EMI][TFSI], to both oscillatory electric fields and mechanical
shear strains in the ionic-liquid-rich composition regime over
wide temperature ranges. Important parameters including ionic
conductivity, specific capacitance, RC time constant, and the
plateau modulus of the gels were determined. [EMI][TFSI] was
chosen because it has been widely used in electrochemical appli-
cations due to its stability, lowviscosity, and large electrochemical
window. The PS-PEO-PS and PS-PMMA-PS block copoly-
mers were used due to the well-known solubility of the midblocks
in [EMI][TFSI] and the distinct difference in the glass transition
of the midblocks (Tg,PEO ∼ -60 �C, Tg,PMMA ∼ 110 �C).38 The
overall goal is to understand the ionic and viscoelastic motions in
these ion gels to enable rational design of high-performance
microstructured electrolyte materials.

Experimental Section

Polymer Synthesis and Characterization. All reagents were
used as received unless otherwise noted. The PS-PEO-PS
triblock copolymer was synthesized via reversible addition-
fragmentation chain transfer polymerization (RAFT) from a
poly(ethylene glycol) (PEG) precursor following a previously
reported procedure.34 The chain transfer agent (CTA), (S)-1-
docecyl-(S0)-(R,R0-dimethyl-R0 0-acetic acid) trithiocarbonate,
synthesized following a reported protocol,39 was coupled to
the PEG precursor via an acid chloride intermediate. The PS
end-blocks were subsequently grown on the CTA end-capped
PEO macroinitiator. The PS-PMMA-PS triblock copolymer
was synthesized by a two-step atom transfer radical polymeri-
zation (ATRP).40-43 CuBr and CuBr2 were stored in the glove-
box to avoid water absorption. MMA and styrene monomers
were passed through active alumina columns prior to use. In the
first step, a difunctional PMMA macroinitiator was prepared.
The initiator diethyl meso-2,5-dibromoadipate (0.253 g, 7.0 �
10-4 mol) and CuBr2 (0.008 g, 3.6� 10-5 mol) were mixed with
80 mL of anisole and stirred at 60 �C to ensure complete
dissolution, followed by cooling to room temperature and then
with an ice bath. MMA (120 mL, 1.12 mol), N,N,N0,N0 0,N0 0-
pentamethyldiethylenetriamine (0.095 mL, 4.6 � 10-4 mol), and
CuBr (0.051 g, 3.6 � 10-4 mol) were then added and dissolved.
The solution was freeze-pump-thaw degassed for three cycles,
and polymerizationwas carried out at 60 �C for 6 h. The contents

were poured into 5 L of methanol and stirred vigorously to
remove most of the copper, and the resulting precipitate was
dissolved in ethyl acetate. The solution was then passed through
a neutral alumina column and reprecipitated in n-hexane. The
product was dried in a vacuum oven for a day. In the second
step, the PMMA macroinitiator (28.0 g, 0.28 mol), mixed
powder of CuBr and CuBr2 (97:3 in mole, 0.182 g, 1.25 �
10-3 mol), and 4,40-dinonyl-2,20-bipyridine (1.067 g, 2.61 �
10-3 mol) were dissolved in styrene (80 mL, 0.7 mol). The
solutionwas degassed via five freeze-pump-thaw cycles, after
which polymerization was carried out for 64 h at 100 �C.
Purification was the same as in the first step, with an additional
reprecipitation in cyclohexane to remove PS homopolymer.
The final product was dried at room temperature in a vacuum
oven for 2 days.

The product of each reaction step was confirmed by 1HNMR
spectroscopy and characterized by size exclusion chromatogra-
phy (SEC). Table 1 lists the molecular weight of each block and
the overall polydispersity (PDI) of all polymers investigated.
For simplicity, the PS-PEO-PS and PS-PMMA-PS triblock
copolymers are denoted as SOS(3-35-3) and SMS(18-86-18),
respectively.

Ionic Liquid, Polymer Solution, and Ion Gel Preparation. The
[EMI][TFSI] ionic liquid was synthesized through an anion
exchange reaction following a previously reported protocol25

and was stored in a glovebox to avoid water absorption. The
PMMA/[EMI][TFSI] solutions and all ion gels were prepared by
mixing weighed amounts of the respective polymer and the ionic
liquid in CH2Cl2 cosolvent. After stirring for 2 h, the mixtures
were blown with nitrogen gas for a day to evaporate most of the
cosolvent. Finally, the samples were placed in a vacuum oven at
70 �C for 2 days to completely remove the cosolvent. To avoid
any effects of moisture, all samples were kept in a vacuum
desiccator and were dried in a vacuum oven at 70 �C for a day
before any measurements were carried out.

Rheology and Impedance Spectroscopy. Rheological and im-
pedance measurements were conducted on ARES rheometers
(Rheometric Scientific), one of which was connected to an
Agilent 4284A LCR bridge (TA Instruments), using parallel
plate geometry. Depending on the modulus, both 50 and 25 mm
diameter plates were employed. For [EMI][TFSI] and samples
requiring 50 mm diameter plates for rheology, i.e., gels with
10 wt% polymer, impedance measurements were conducted on
different samples using 25 mm stainless steel electrodes. Other-
wise, all measurements were performed on the same sample with
a gap spacing of∼1mm. All plates were used as fabricated with-
out further surface treatment. At each temperature, the sample
was thermally equilibrated for 15-20 min and the gap was
adjusted to compensate for the thermal expansion of the tool set;
then the dynamic shear moduli were examined in the linear
viscoelastic regime, followed by measurements of complex im-
pedance at a shear frequency of 10 rad/s using an ac signal of
0.1 V amplitude in the electrical frequency range of 20-2 �
106 Hz. The shear frequency was set to 10 rad/s because the
instrument requires that impedance data be recorded at a finite
shear frequency. There was no dependence of impedance on
shear frequency between 1 and 100 rad/s. Temperatures were
controlled to within 0.2 �C of the set points with an environ-
mental control circulator under a nitrogen atmosphere.

Table 1. Molecular Characterization of SOS and SMS Triblock Copolymers and PEG and PMMA Homopolymers

polymer code Mn,PS (kDa)a Mn,PMMA (kDa) Mn,PEO (kDa) PDI

PS-PEO-PS SOS(3-35-3) 2.8 35 1.03
PS-PMMA-PS SMS(18-86-18) 17.5 86 1.21
PEG 35 1.04
PMMA PMMA(86)b 86 1.20

PMMA(126)c 126 1.07
aBlock Mn determined by NMR. bMacroinitiator used to synthesize SMS. cSample used to prepare homopolymer solutions. This polymer was

previously synthesized by Zeroni44 using anionic polymerization.
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For [EMI][TFSI] and gels with 10 wt % polymer, impedance
measurements were also performed with a homemade cell using a
Solartron 1255B frequency response analyzer connected to a
Solartron SI 1287 electrochemical interface. Frequency sweeps
were conducted from 1 to 106 Hz with an ac amplitude of 10 mV.
The cell is composed of a Teflon spacer with an inner diameter
of 4 mm and a thickness of 2 mm sandwiched between two
platinum-coated stainless steel electrodes. Temperatures were
controlled to within 0.5 �C of the set points with a thermostated
water bath. The samples were thermally equilibrated for 30 min
prior to the measurements.

Results and Discussion

Complex Conductivity Spectra. The impedance of the
SMS(18-86-18)- and SOS(3-35-3)-based gels were mea-
sured over the temperature ranges of 25-200 and 25-
160 �C, respectively.Figure 1displays thenormalized complex
conductivity spectra (σ0 and σ00) of the ion gel with 40 wt %
SMS(18-86-18), referenced to 120 �C. The data were
horizontally shifted by the ratios of RC time constants at
other temperatures (τRC) to that at the reference temperature
(τRC,ref). (The RC time constant corresponds to the max-
imum of the σ00 vs frequency curve which shifts as a function
of temperature.) Further discussion of τRC is deferred until
later. In Figure 1, the spectra at different temperatures over-
lay quite well, indicating that time-temperature superposition
(tTS) holds for the gel with 40 wt % SMS(18-86-18). If the
stainless steel electrodes are considered to be ideally polarizable
within the electrochemical windowof [EMI][TFSI], the cell can
be represented by a resistor with solution resistance R in series
with a capacitor with double-layer capacitance C.45 Therefore,
the total impedance (Z*) of the system is

Z� ¼ Z 0 - iZ 00 ¼ RþðiωCÞ- 1 ð1Þ
Equivalently, the complex conductivity (σ*) canbe expressedas

σ� ¼ l

A½RþðiωCÞ- 1� ð2Þ

where l is the sample thickness andA is the electrode area. The
dc conductivity σ (or solution resistance R) can be obtained
from the high-frequency plateau in σ0 where the gel is purely
resistive. The capacitanceC can be calculated fromZ00 via eq 1.
It is known, however, that the electrical behavior of solid
electrode interfacesusuallydeviates fromthat of an ideal capaci-
tor in the sense that capacitance is frequency dependent.46 Two

common methods have been utilized to account for this capa-
citance dispersion phenomenon. One is to calculate the capaci-
tanceata selected frequencyof interest, and theother is tomodel
it by a constant phase element (CPE) with impedance ZCPE =
Q(iω)-(1-R), where Q and R are positive constants, in order to
eliminate the frequency dependence.47-49 The origin of CPE
behavior was first attributed to current density inhomogene-
ities caused by surface roughness, which depend primarily on a
geometric roughness factor. However, later it was reported
that this view contradicted measurements performed on
rough platinum electrodes, and CPE behavior is mainly
due to specific ion adsorption, and possibly broad distribu-
tions of time constants associated with these processes.48,49

Replacing the capacitor with a CPE in the equivalent circuit,
the complex conductivity can then be written as

σ� ¼ l

A½RþQðiωÞ- ð1-RÞ�
ð3Þ

In this case, the CPE is physically equivalent to anRC ladder
due to the uneven charging and discharging of the EDLs,47

and an effective capacitance as defined by eq 1 can be cal-
culated from R and the fitting parameters:

C ¼ ðRRQ- 1Þ1=ð1-RÞ ð4Þ
As shown inFigure 1, eq 3 describes the data better than eq 2,
especially at low frequencies where the capacitive contribu-
tion dominates. Overall, fitting σ* of all samples with eq 3
yieldsR values in the range 0.10-0.25, which are comparable
to those reported for stainless steel in contact with aqueous
solutions.50,51 For both SMS(18-86-18)- and SOS(3-35-3)-
basedgels at concentrationsbelow30wt%polymer,Rdecreases
with temperature significantly above 40 �C, and tTS fails on
the low-frequency side of the spectra (not shown).

Ionic Conductivity. Figure 2 shows the ionic conductivity
of the SMS(18-86-18)-based gels. The conductivity of bulk
[EMI][TFSI] fromaprevious report52 is also plotted for com-
parison. It has been reported that the temperature depen-
dence of σ for both [EMI][TFSI] and ion gels with chemically
cross-linked PMMAfollows theVogel-Fulcher-Tammann
(VFT) equation:25

σ ¼ σ0 exp½-B=ðT -T0Þ� ð5Þ
where σ0 is a prefactor,B is a constant related to the entropic
barrier of conduction, and T0 is the Vogel temperature. The
conductivity data of the gels herein were fit to this equation,
as shown by the dashed lines in Figure 2. Not surprisingly,
the temperature dependence of σ for the SOS(3-35-3)-
based gels follow eq 5 well (see Table S1 in the Supporting

Figure 1. Complex conductivity of SMS/[EMI][TFSI] ion gel with
40 wt % SMS measured over the temperature range of 30-200 �C
referenced to 120 �C. The data have been horizontally shifted by
τRC/τRC,120 �C. τRC corresponds to the maximum in the σ0 0 vs frequency
curve. The vertical shifts are the dc conductivities of the gel at different
temperatures.

Figure 2. Temperature dependence of ionic conductivity for [EMI]-
[TFSI]52 and the SMS/[EMI][TFSI] ion gels. Dashed lines are best fits
using eq 5 (see Table S1 in the Supporting Information for the fitting
parameters).
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Information for the fitting parameters). The temperature
dependence of σ for the gel with 10 wt % SMS(18-86-18)
nearly tracks that of the neat ionic liquid, while σ becomes
more temperature dependent as more SMS(18-86-18) is
added. This effect is more clearly observed in Figure 3, where
the conductivity normalized with respect to neat [EMI][TFSI]
is plotted versus polymer weight fraction, at selected reduced
temperatures (see Figure S1 and Table S2 in the Supporting
Information for the Tg’s). The data for SOS(3-35-3)-based
gels are also shown as a comparison. At a polymer concen-
tration of 10wt%, the conductivity is reduced by about 30%
for the SOS(3-35-3) gel and by about 36% for the SMS-
(18-86-18) gel from the pure ionic liquid. These values
compare well with previously reported conductivities for both
physically cross-linked gels with a PEO midblock (∼30%-
40% decrease)32,33 and the ion gel with chemically cross-
linked PMMA (∼40% decrease).25 Moreover, despite the
huge difference in glass transition temperatures (Tg) and
differences in molecular weight and volume fraction of the
bridging polymers, the conductivitywith addition of 10wt%
SOS(3-35-3) and SMS(18-86-18) is almost the same.
These observations are consistent with the expectation that
in a moderately dilute polymer solution the relaxation of the
polymer chains scales with the solvent viscosity, while the
solvent motion is only weakly affected by polymer. As more
SMS(18-86-18) is added, the glassy PMMA block (Tg ∼
110 �C)38 increases the glass transition temperature and
broadens the DSC glass transition widths (Figure S1a and
Table S2 in the Supporting Information). This brings the

measured temperature range closer to the glass transition of
the conducting PMMA/[EMI][TFSI] phase at higher SMS-
(18-86-18) weight fractions, leading to a more tempera-
ture-dependent ionic conductivity. On the other hand, since
PEO is very flexible (Tg ∼ -60 �C),38 this effect is much
weaker and themeasured temperature range stayswell above
the glass transition even with 50 wt % addition of SOS-
(3-35-3) (Figure S1b and Table S2 in the Supporting
Information), which results inmuch less temperature-dependent
ionic conductivity of the SOS(3-35-3)-based gels than the
SMS(18-86-18)-based ones.

At a polymer content of 10 wt%, the ionic conductivity is
comparable to the prediction of the obstruction model
developed byMackie andMeares (Figure 3).53 In a hypothe-
tical lattice randomly occupied by equally sized polymer
chain segments and solvent molecules, assuming that solvent
diffusion occurs through the lattice sites unoccupied by the
polymer, the ratio of diffusion coefficient in the gel (Dg) to
that of the neat solvent (D0) can be written as54

Dg

D0
¼ 1-j

1þj

� �2

ð6Þ

wherej is the polymer volume fraction. Assuming the number
density of conducting ions is the same for the gel and the neat
solvent, a similar relationship applies to ionic conductivity

σg

σ0
¼ 1-j

1þj

� �2

ð7Þ

where σg and σ0 are conductivity of the gel and ionic liquid,
respectively. At higher polymer concentrations, the Mackie-
Meares prediction qualitatively agrees with σ of the SMS-
(18-86-18)-based gels at the highest two T/Tg’s and that of
the SOS(3-35-3)-based gels at the lowest T/Tg. Note that
even though the selected reduced temperatures of the SMS
and SOS gels are the same, the glass transition ranges of the
SMS gels are much wider than the SOS gels (Figure S1 and
Table S2 in the Supporting Information). For the SMS-
(18-86-18)-based gels, the main contributing factor to the
conductivity reduction with respect to the neat ionic liquid is
the broadened glass transition widths along with the in-
creased Tg

0s, rather than the simple blockade of conducting
paths for the ions. For SOS gels, on the other hand, the
experimental conductivity is slightly higher than the predic-
tion of eq 7 at higher reduced temperatures; this may reflect
changes in ion number density.

Double-Layer Capacitance. Figure 4 shows the sheet ca-
pacitance for [EMI][TFSI] and the SMS(18-86-18)-based
gels calculated from the fitting parameters, assuming an
equivalent RCPE series circuit. The SOS(3-35-3)-based
gels exhibit similar, but slightly higher, capacitance values
than those of the SMS(18-86-18)-based ones. The specific
capacitance for [EMI][TFSI] can be roughly estimated using
the linearized Gouy-Chapman theory:

C ¼ εε0
λ

ð8Þ

where ε is the relative permittivity, ε0 is the vacuum permit-
tivity, and λ is the Debye length, which is given by45

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εε0kBT

e2
P
i

zi2ni

vuut ð9Þ

where kB is the Boltzmann constant, e is themagnitude of the
charge of an electron, zi is the charge number of species i, and

Figure 3. Ionic conductivity normalized with respect to neat [EMI]-
[TFSI] for the ion gels at selected reduced temperatures (T/Tg’s).

Figure 4. Capacitance calculated from RCPE series circuit fits for
[EMI][TFSI] and the SMS/[EMI][TFSI] ion gels.



944 Macromolecules, Vol. 44, No. 4, 2011 Zhang et al.

ni is the number density of species i. For [EMI][TFSI] at
roomtemperature, taking ε∼ 12,55,56 z[EMI]= z[TFSI]=1, and
n[EMI] = n[TFSI] ∼ 1.5 � 1021 cm-3,25 the calculated Debye
length is 0.076 nm and the capacitance is 140 μF/cm2. This
calculated Debye length is clearly unphysical since it is
smaller than the ionic radii of the component ions. Measure-
ment of forces normal to ionic liquid/mica interfaces showed
that the effective Debye lengths of ionic liquids are on the
order of 1-4 nm,57 which agree with other reported EDL
thickness values of around 1 nm for ionic liquids.58 Thus,
more meaningful estimated capacitance values should be
about 3-11 μF/cm2. These are close to those measured
at Pt,59 Au,60 dropping mercury,61 and glassy carbon elec-
trodes.60,61 Recently, it has been reported that the capacitance
of EDLs formed at metal/ionic conductor interfaces can be
even higher than the prediction based on the Gouy-Chap-
man theory due to possible binding of the ions to their image
charges in the metal.62 However, the capacitance measured
here is smaller (<1μF/cm2at 30 �C) than theGouy-Chapman
prediction. This difference possibly originates from the
nature of the stainless steel electrodes and calculating capa-
citance from fitting over the entire frequency range (20 Hz-
2MHz). The possible effect of the roughness of the electrodes
is an important point.Measurements of identical gel samples
containing 10wt%SMS(18-86-18) with evaporatedplatinum
contacts on a different impedance apparatus (described in
the Experimental Section) yieldC∼ 6 μF/cm2 at 1 Hz at 30 �C.
Thus, the method we have chosen to determine capacitance
(namely, by fitting the entire frequency range up to 2 MHz
using rough electrodes) has suppressed the values of C that
one would determine under more “steady state” conditions.

It is evident from Figure 4 that capacitance increases with
temperature for both [EMI][TFSI] and the SMS(18-86-18)-
based gels. The same trend was observed with the SOS-
(3-35-3)-based gels and has been reported for a number of
imidazolium-based ionic liquids63-66 and high-temperature
molten salts.67,68 This contradicts the predictions of the
Gouy-Chapman theory since capacitance should decrease
with increasing temperature as evidenced by eqs 8 and 9 (the
dielectric constant decreases slightly55 and the Debye length
increases with increasing temperature).Monte Carlo simula-
tions based onmixtures comprised solely of charged spheres,
on the other hand, successfully predict the measured trend at
low reduced temperatures.69 Even though these simulations
aimed to address high-temperature molten salts, they pro-
vide insight into the important role of electrostatic interac-
tions in affecting the temperature dependence of capacitance
for ionic liquids. While there is no general agreement on the
physical origins that account for this trend, possible expla-
nations include reduced interionic interactions and facili-
tated ion dissociation with increased temperature.63,65,70

The double-layer capacitance decreases with increasing
polymer content, as shown in Figure 4. This is presumably
due to the increased area occupied by polymer chains along
the electrode surface and therefore altered structures of the
EDLs asmore polymers are added. However, this effect does
not seem to be very strong, and the reduction in capacitance
for a gel with 50 wt % SMS(18-86-18) relative to neat
[EMI][TFSI] is within a factor of 3. Nor is the reduction very
temperature dependent, in contrast to the ionic conductivity.
This is likely because capacitance pertains to the property of
the established EDLs along the interface, while ionic conduc-
tivity is ameasure of charge transport in the bulk,whichdepends
on ion mobilities that are strongly affected by temperature.

RCTimeConstant. Shifting σ* along the frequency axis by
the ratio of peak positions of σ00 at different temperatures
gives the tTS master curves shown in Figure 1. These peak

positions correspond to the product of bulk resistanceR and
double-layer capacitanceC, indicating that the characteristic
time (τRC) of the ionic motion examined in this study relates
to the establishment of stable EDLs along the electrolyte/
electrode interfaces. Therefore, for electrochemical devices
where stable EDLs are needed, the operating frequency is
potentially limited by the value of τRC. Figure 5 shows τRC
calculated at a thickness of 1 mm and an electrode diameter
of 25 mm. The opposite temperature and concentration
dependences ofR andC result in an intermediate dependence
of τRC. However, since both dependences are stronger for R
than for C, those of τRC resemble R more, as shown by the
nearly opposite trends of Figures 5 and 3. It is worth noting
that the value of R, and thus τRC, varies linearly with sample
thickness and that by reducing the sample thickness into the
micrometer range, much smaller relaxation times can be
obtained.71

Rheology of Ion Gels. Figure 6 shows the dynamic storage
(G0) and loss (G00) moduli as a function of frequency for the
SMS/[EMM][TFSI] ion gel with 10 wt % SMS(18-86-18)
over the temperature range 30-200 �C.At each temperature,
strain sweeps were conducted first to determine the linear
viscoelastic regime. The results are reversible in the sense that
the modulus values are independent of whether the measure-
ments are conducted in a heating or a cooling manner.
Rubberlike behavior is observed over the entire investigated
temperature and frequency ranges, as indicated by G0 > G00
and the weakly frequency dependent plateaus in G0. Note
that in the low-temperature region (30-75 �C) G0 is almost
independent of temperature at frequencies below 10 rad/s,
which is indicative of a network structure that is almost
invariant. Increasing the temperature moves a second pla-
teau into themeasured frequencywindow, and by 140 �C two
distinct plateaus could be observed. Further increases in
temperature reveal the second plateau, as evidenced by the
nearly constant G0 at low frequencies in the temperature
range 160-200 �C. These results are qualitatively similar to
thosepreviously reported forSOS/[BMI][PF6]

32 andSOS/[EMI]-
[TFSI]34 ion gels. Additionally, it is clear that the plateau
modulus decreases with increasing temperature. The plateau
modulus of an elastic polymer network (G) can be written
as72

G ¼ νkBT ð10Þ
where ν is the number density of network strands. If the
structure of the gel does not change, then themodulus should
increase with temperature. The opposite observed trend here
indicates that the relaxation of the physical cross-links

Figure 5. RC time constant at a thickness of 1 mm and an electrode
diameter of 25 mm for [EMI][TFSI] and the ion gels. C was calculated
from RCPE series circuit fits.
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reduces the network stress more than the temperature in-
crease upon heating. Further discussion on the comparison
between the measured modulus values and those cal-
culated using eq 10 is deferred until later.

The observation of two plateaus in G0 and the reduced
plateau modulus with increasing temperature suggest that
two relaxation processes are present in the ion gel, as illus-
trated by the tTS curves in Figure 7. Reasonable super-
positions of the moduli were obtained at the high-frequency
side of the fast relaxation (Figure 7a) and at the low-frequency
side of the slow relaxation (Figure 7b). In the intermediate
frequency/temperature range, tTS fails because both relaxa-
tions are evident.

To understand the relaxation processes better, the hor-
izontal shift factors (aT) used to generate the superpositions
in Figure 7 are plotted against inverse temperature, as shown
in Figure 8. The temperature dependences of the viscosity of
neat [EMI][TFSI] and bulk PS taken from refs 52 and 73,
respectively, are also shown for comparison. It is evident that
aT of the fast relaxation mode follows the temperature
dependence of the [EMI][TFSI] viscosity, while aT of the
slow relaxation mode tracks the temperature dependence of
the PS viscosity. This suggests that the fast relaxation corres-
ponds to themotion of the bridging PMMAchains in [EMI]-
[TFSI],which tracks the temperaturedependenceof the solvent
viscosity for this moderately dilute system. The slow relaxa-
tion, on the other hand, reflects the motion of the PS chains.
In order to dissociate and diffuse into the PMMA/[EMI]-
[TFSI] matrix, the PS chains need to overcome an energy
barrier.74 The value of this barrier depends on the incompat-
ibility χN between PS and [EMI][TFSI], where χ is the Flory-
Huggins interaction parameter and N is the degree of poly-
merization of the PS block.75 Taking χ∼ 0.3834 andN=168
for the SMS gels, the energy barrier is about 64kT. There-
fore, it is highly unlikely that the PS chains would be pulled

out from the cross-links. This relaxation reduces the stretch-
ing of the bridging PMMA chains and therefore leads to a
lowered stress and plateau modulus of the network upon
heating. Note that according to eq 10 there should not be a
decrease inmodulus unless the number of elastically effective
strands decreases. However, in the ion gels the “cross-links”
are not points, but finite micelles, so passing through the
glass transition of these cores is somewhat analogous to
allowing the cross-links to become mobile and rearrange to

Figure 6. Frequency dependences of dynamic storage and loss moduli
for the SMS/[EMI][TFSI] ion gel with 10 wt % SMS(18-86-18).

Figure 7. Dynamic storage and loss moduli for SMS/[EMI][TFSI] ion
gel with 10 wt % SMS(18-86-18) shifted to (a) 40 �C and (b) 200 �C,
corresponding to the fast and slow relaxation modes, respectively.

Figure 8. Temperature dependences of the slow and fast relaxation
modesof the SMSnetwork in the SMS/[EMI][TFSI] iongelwith 10wt%
SMS(18-86-18). The shift factors were obtained by superposing the
fast and slow relaxations in the loss tangent spectrum (Figure 7). The
viscosity data of bulk PS and bulk [EMI][TFSI] are presented as a
comparison. A vertical shift (A = 51) was applied to the viscosity of
[EMI][TFSI] to compareonly the temperature dependence.The bulkPS
viscosity data were shifted to lower temperatures by 28 K, indicating a
reduction in Tg for the micellar PS cores with respect to the bulk PS.
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reduce the stress. Note also that in Figure 8 the bulk PS
(Tg = 95 �C) viscosity data taken from ref 73 were shifted to
lower temperatures by 28 K, indicating that the Tg of the PS
cores is reduced toabout67 �C.This transitionwasnotobserved
in the DSC traces (Figure S1 in the Supporting Information),
likely due to the very small amount of the cross-linking cores.
However, such a reduction in Tg is not surprising.

75,76

The effect of SMS content on the temperature dependence
of the relaxations is illustrated in Figure 9. The shift factors
of the slow relaxation for ion gels with 20-40 wt % SMS-
(18-86-18) overlap and track the temperature dependence
of PS viscosity, as is the case with 10 wt% SMS(18-86-18),
whereas aT of the fast relaxation does not follow the tem-
perature dependence of [EMI][TFSI] viscosity anymore. This
is reasonable, since the concentrations of PMMA chains in
these gels are no longer in the moderately dilute regime. In
these cases, aT of the fast relaxation (colored symbols in
Figure 9) tracks the temperature dependence of aT of a
PMMA/[EMI][TFSI] solution with a similar PMMA(126)
concentration to that in the gel (dashed lines in Figure 9).77

This supports the speculation that the fast relaxation is the
motion of PMMA chains in [EMI][TFSI].

For the ion gel with 50 wt % SMS(18-86-18) (36 wt %
PMMA), it can be seen from Figure 9 that aT of this gel
follows the temperature dependence of aT of the homopoly-
mer solution with 40 wt% PMMA(126) below 140 �C. Even
more striking than the similarity of aT is the comparable
relaxation times, as evidenced by the near-overlap of moduli
at high frequencies (>10 rad/s) shown in Figure 10. This
confirms the notion that the PMMAmiddle blocks in the gel
relax in away similar to free PMMAcoils in the solution. The
small disparity in moduli is probably due to differences in
PMMA concentration (36 wt % in the gel versus 40 wt % in
the solution) and molecular weight (Table 1). This similarity
in moduli at high frequencies has also been observed for the
ion gel with 40 wt % SMS(18-86-18) (28 wt % PMMA)
versus the homopolymer solutionwith 30wt%PMMA(126)
(Figure S2 in the Supporting Information).

Returning to the comparison of the ion gel and homo-
polymer solution with the highest polymer concentrations,
below 140 �C, one would expect similar ion transport behav-
iors owing to the similarity of PMMA relaxations. Indeed,
the ionic conductivity of the gel compares well with that of

the PMMA solution, as illustrated in the left portion of
Figure 11 (σ < 10-3 S/cm). Above 140 �C, the conductivity
of the gel remains comparable to the homopolymer solution,
as shown in the right portion of Figure 11 (σ> 10-3 S/cm),
but the modulus of the homopolymer solution naturally
collapses. In this temperature range the ionic conductivity
is completely decoupled from mechanical stability, which is
reasonable since the conductivity relies on the conducting
phase (PMMA/[EMI][TFSI]) while the modulus is influ-
enced by the presence of the insulating phase (PS).

Over the whole temperature range, the conductivity of the
gel with 50 wt % SMS is shifted to lower values by a certain
amount from the homopolymer solution with 40 wt %
PMMA(126), as evidenced in the inset of Figure 11. The
amount of shift agrees qualitativelywith the prediction based
onMackie-Meares model, taking the solution with 40 wt%
PMMA(126) as the reference and subtracting 10 wt% PS as
the obstruction. The slight overestimation based on this
hypothetical gel can be ascribed to the difference in the
amount of the insulating PS phase, which is 14 wt % in the
actual gel with 50 wt % SMS(18-86-18). Therefore, con-
ductivity is really only affected by the concentration of
polymers in the conducting phase and the space occupied
by the insulating phase, regardless of whether the system
forms a gel or not.

Figure 9. Temperature dependences of the slow and fast relaxation
modes of the SMS network in SMS/[EMI][TFSI] ion gels. The viscosity
data of bulk PS and theWilliams-Landel-Ferry (WLF) fits (see Table
S3 in the Supporting Information for the fitting parameters) of shift
factors for PMMA/[EMI][TFSI] solutions are presented as compar-
isons. PMMA concentrations in ion gels with 20, 30, 40, and 50 wt %
SMS(18-86-18) are 14, 21, 28, and 36 wt%, respectively. The bulk PS
viscosity data were shifted to lower temperatures by 28 K, indicating a
reduction in Tg for the micellar PS cores with respect to the bulk PS.

Figure 10. tTS master curves for dynamic storage and loss moduli
referenced to 120 �C of PMMA/[EMI][TFSI] solution with 40 wt %
PMMA(126)77 and SMS/[EMI][TFSI] ion gel with 50 wt % SMS(18-
86-18).

Figure 11. Storage modulus versus ionic conductivity of PMMA/
[EMI][TFSI] solution with 40 wt % PMMA(126) and SMS/[EMI]-
[TFSI] ion gel with 50 wt % SMS(18-86-18). Inset shows the tem-
perature dependence of the ionic conductivity. Solid line in the inset is
calculated conductivity for a hypothetical gel composed of 40 wt %
PMMA, 10 wt % PS, and 50 wt % [EMI][TFSI].
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Asmentioned before, the entropic elasticity based on eq 10
predicts increasing modulus with temperature, whereas the
measured values decrease for the gel with 10 wt % SMS-
(18-86-18) due to faster release of stress by the relaxation of
the PS chains. This trend holds for gels with higher SMS
concentrations aswell, as displayed inFigure 12. For an ideal
gel where everymidblock is effective, ν= cNA/Mx, where c is
the concentration of the block copolymer in w/v, NA is
Avogadro’s number, and Mx is the molecular weight be-
tween cross-links. Therefore, eq 10 can be written as

G ¼ cfRT

Mx
ð11Þ

where f is the fraction of bridging or effective middle blocks
inside the copolymer andR is the ideal gas constant. Assum-
ing all PMMA chains bridge two cross-linking cores instead
of looping back to the same one (f = 1), and the molecular
weight between cross-linking points is simply that of the
entire PMMA chain (Mx = Mn,PMMA), the modulus values
calculated from eq 11 at 40 �Care 3.2, 6.1, 8.9, 12, and 14 kPa
for SMS/[EMI][TFSI] ion gelswith 10, 20, 30, 40, and 50wt%
SMS(18-86-18), respectively. Comparing these values
with the measured ones in Figure 12, it is clear that eq 11
overpredicts the effect of SMS concentration on network
modulus for gels with 10-30 wt % SMS(18-86-18) but
underestimates the modulus for gels with 40 and 50 wt %
SMS(18-86-18). This is not surprising due to the two crude
assumptionsmade above.Given the entanglementmolecular
weight (Me) of 10 kDa for PMMA at 140 �C78 and the
PMMA weight fractions in the gels, the effective Me of
PMMA in the gels are 143, 71, 47, 36, and 28 kDa from
low to high SMS content. SinceMe<Mn,PMMA for gels with
30-50wt%SMS(18-86-18), theassumptionMx=Mn,PMMA

should be replaced withM
x
=Me. This is consistent with the

observation of similar moduli at high frequencies for gels
and solutions with the highest two polymer concentrations
(Figure 10 andFigure S2 in the Supporting Information) and
explains the underestimation of modulus for gels with 40
and 50 wt%SMS(18-86-18). For gels with 10 and 20 wt%
SMS(18-86-18), where no PMMA entanglements are pre-
sent, the overestimation of modulus is due to ineffective
loops which renders the actual value of f less than unity.
Comparison of the calculated values to the measured ones
yields bridging fractions of 0.34 and 0.48 for gels with 10 and
20 wt % SMS(18-86-18), respectively, which are compar-
able to previously reported gels.32,79 For the gel with 30wt%
SMS(18-86-18), the effects of light entanglement and in-
effective loops counteract each other, resulting in slightly

lower measured modulus compared to the prediction of
eq 11.

Correlation of Modulus with Conductivity. Figure 13 sum-
marizes the storage modulus and ionic conductivity for
SMS(18-86-18)- and SOS(3-35-3)-based ion gels in the
temperature range 40-200 �C and the polymer concentra-
tion range 10-50 wt %. Both parameters extend several
orders of magnitude. Obviously, the accessible modulus and
conductivity windows can be extended even further by the
choice of different ionic liquids. Thus, for a given electro-
chemical application, one could design appropriate gels to
meet the specific requirements by tuning the identity and
molecular weight of the blocks, the polymer content, and
the ionic liquid. For a given ionic liquid, in this case
[EMI][TFSI], the elastic modulus of the gels is roughly
inversely proportional to the ionic conductivity. Therefore,
for certain applications where gels are required to be both
highly conductive and mechanically robust, e.g. electrome-
chanical actuators, other strategies will need to be developed
for the system to lie above the diagonal in Figure 13. On the
whole, the SOS(3-35-3)-based gels aremore conductive and
exhibit higher modulus values than the SMS(18-86-18)-
based gels at the same polymer concentration. The higher
modulus of the SOS gels is mainly due to the lower molecular
weight of the O blocks (eq 11). In general, for gels based on
SMS and SOSwith the same block lengths and concentration,
the SOSgels are expected to exhibit conductivity andmodulus
values greater than or equal to the SMS gels. In practice, other
design criteria specific to the target application will need to be
considered to determine which triblock to choose.

Conclusions

We have examined the electrical and viscoelastic properties of
ion gels based on SMS(18-86-18) and SOS(3-35-3) triblock
copolymers and the ionic liquid [EMI][TFSI] over wide tempera-
ture and composition ranges. The gels are thermally stable up
to at least 200 and 160 �C, respectively, with conductivity and
modulus extending several orders of magnitude. This provides
evidence for the tunability of such block copolymer-based ion
gels.

The response of the ion gels to ac electric fields below 1MHz is
similar to an RCPE series circuit, with a characteristic time
corresponding to the establishment of stable EDLs. For concen-
trated SMS gels, the R or σ values are strongly affected by the
glassymidblocks because they represent ion transport in the bulk,
while C is not affected as much due to the nature of the gel/
electrode interfaces. For SOS gels, the σ values are higher and

Figure 12. Storage modulus at 0.1 rad/s for the SMS/[EMI][TFSI] ion
gels.

Figure 13. Storage modulus at 0.1 rad/s versus ionic conductivity for
SMS/[EMI][TFSI] and SOS/[EMI][TFSI] ion gels with SMS-
(18-86-18) and SOS(3-35-3) concentrations of 10, 20, 30, 40, and
50 wt %.
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much less dependent on either temperature or concentration. The
opposite temperature and concentration dependences ofR andC
yield intermediate dependences for τRC.

Under oscillatory mechanical shear, two relaxation modes are
observed in the SMS ion gels. The fastmode is associatedwith the
relaxation of the midblocks in the ionic liquid, which is remark-
ably similar to that of free chains in homopolymer solutions. The
slow mode is related to the motion of the end-blocks within their
micellar cores. Comparison of conductivity andmodulus between
the gel and the solution with the highest polymer concentrations
studied reveals that ion transport andmechanical stability can be
decoupled.
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