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Abstract

In this study, we introduce a new way of developing ion gels through polymerization of
lyotropic liquid crystal (LLC) templates of monomer (styrene), cross-linker
(divinylbenzene), ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate), and
amphiphilic block copolymers (Pluronic F127). The polymerization of oil phase boosts the
mechanical properties of the ion-conducting electrolytes. We discuss the effect of
tortuosity induced by crystalline domains and LLC structure on the conductivity of ion
gels. The ion transport in polymerized LLCs (polyLLCs) can be controlled by changing
the composition of the mesophases. Increasing the block copolymer concentration
enhances the crystallinity of PEO blocks in the conductive domains, which slow down
dynamics of PEO chain and ion transport. We show that by adjusting the composition of
LLC mesophases, the mechanical strength of ion gels can be increased one order of
magnitude without compromising the ionic conductivity. The polyLLCs with 45/25/30 wt%
(block copolymer/IL/oil) composition has storage modulus and ionic conductivity higher
than 1 MPa and 3 mS/cm at 70 °C, respectively. The results suggest that LLC templating
is a promising method to develop highly conductive ion gels, which provides advantages

in terms of variety and processing.
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Introduction

lonic liquids (lLs) have attracted significant interest due to their unique properties
including high thermal stability, negligible vapor pressure, wide electrochemical window,
and high ionic conductivity and specific capacitance.'-3 To enhance the practicality of
employing ILs in different applications, it is important to blend them with structuring
polymers to form physically or chemically crosslinked networks. The resulting network is
referred to as ion gel.*7 lon gels can overcome the leakage and flammability issues of
organic solvent-based electrolytes and have shown tunable mechanical behavior and
high ionic conductivities,®'2 which enable extensive applications in different areas
including dye-synthesized solar cell (DSSCs),'3'# electrolyte gate transistors (EGTs),'>-
24 electrochemical displays,?>28 supercapacitors,?®30 and gas separation
membranes.3'32 In addition, ion gels are solution processable and compatible with high
throughput patterning methods (e.g., printing).

Chemically cross-linked lon gels can be obtained by linking the polymer chains through
covalent bonds.#833.34 Physically cross-linked ion gels can be prepared by using block
copolymers (BCPs) that are partially compatible with ionic liquids.3%-3° For example, by
combining a few weight percent of the triblock copolymer ABA, where the A end blocks
are insoluble and the B middle block is soluble in an ionic liquid, a soft gels can be
obtained.5 Using block copolymers as polymer matrix provides the opportunities to control
the gel structure and physical properties through variation of the copolymer block lengths,
architecture, or identities.3640 However, a disadvantage of physical gels is low modulus

due to chain pull out from the microphase separated domains of immiscible block.>
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One important challenge towards the implementation of ion gel in large-scale systems is
to enhance their mechanical strength without compromising the ionic conductivity.*’ The
development of heterogeneous electrolytes, comprising ion-rich and ion-poor regions,
has enabled the decoupling of electrical and mechanical properties. The most common
method used to achieve this decoupling is to utilize the self-assembled structures of
BCPs.#2 Through the self-assembly process, BCPs create various nanoscale
morphologies, such as spheres, cylinders, gyroids, or lamellae.*344 A hybrid electrolyte
with conductive and nonconductive microdomains can be made due to the high affinity of
ILs to the miscible block in BCPs. Several works have been reported on the morphology,
ionic conductivity, glass transition temperature, and tensile strength of binary IL/BCP
mixed systems as function of the IL content.#>-5" Incorporating ILs into the conducting
domains of the heterogeneous ion gels significantly increases the ionic conductivity.
However, the presence of large amounts of IL deteriorates the mechanical strength of the
polymer gel electrolyte. The conductivity of microphase-separated ion-conducting BCPs
is dependent on nanoscale morphology and the degree of connectivity of ionic
domains.®'-%6 It has been suggested that strong microphases separation®-5° and large
microdomain width57:69 favor high conductivity.

In the presence of selective solvent(s), amphiphilic BCPs self-assemble into ordered
mesomorphic structures (known as mesophases) with long-range order. By altering the
temperature and concentration, a variety of nanostructures, such as lamellar, hexagonal,
cubic, and gyroid structures, can be formed.5'.6'-67 The ordered mesophases are also
referred to as lyotropic liquid crystals (LLCs). Because of weak mechanical strength and

thermal stability, the application of LLCs was previously limited. However, by using

Page 4 of 41



Page 5 of 41

88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

108

109

110

Soft Matter

various amphiphilic and crosslinking monomers, more robust polymer materials with
nanoscale structures have recently been obtained.?®-"2 By using templates of LLCs with
conventional monomers, ordered nanostructures of cross-linked networks (polymerized
LLCs or polyLLCs) can be obtained if the structure is retained.”®-7¢ In our previous, work
we showed that polyLLCs of surfactant/water/oil enable the formation of nanostructured
polymers that exhibit enhanced physical properties when the original structure is retained
after polymerization.62.77

In this work, we use the triblock copolymer (known as Pluronic) of poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide), PEO-PPO-PEOQO, as surfactant in LLCs for
producing ion gels. To prepare the heterogeneous ion gels, we use ternary system of
Pluronic/IL/oil mesophases. The ion gels are prepared through polymerization of
mesophase templates of monomer (as oil phase), IL, and amphiphilic block copolymers.
The polymerization of oil phase boosts the mechanical properties of the ion-conducting
electrolyte. We show that IL-containing LLCs can be used as template to synthesize gel
electrolytes with controllable mechanical strength and ionic conductivity. We also study
the PEO/IL homogeneous electrolytes and Pluronic/IL binary LLCs as control samples.
The effects of mesophase composition on the mechanical properties and ionic
conductivity are studied to understand the role of crystallinity degree on the conductivity
of polyLLCs. Improving the efficiency and scalability of the ion gel via appropriate

selection of mesophase composition is the ultimate goal of this approach.

Experimental

Materials
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Poly[(ethylene oxide)qo-block-(propylene oxide)gs-block-(ethylene oxide)qog] known as
Pluronic F127 (Mw=12600 g/mol, PDI=1.4) was kindly provided by BASF. The
polyethylene oxide (M,,=4000 g/mol, PDI=1.05), which has the same molecular weight of
PEO block in F127, was used for the preparation of control samples. Styrene (299%,
Sigma-Aldrich) and divinylbenzene (DVB) (technical grade, 80%, Sigma-Aldrich) were
used as monomer and crosslinker, respectively. Azobisisobutyronitrile (AIBN, 98%,
Sigma-Aldrich) was wused as thermal initiator. 1-Ethyl-3-methylimidazolium
tetrafluoroborate (EMIMBF4, 98%, Sigma-Aldrich) was used as ionic liquid. All chemicals
were used as received without further purification. For preparation of mesophases,
desired amounts of components were mixed manually until a homogeneous mesophase
was obtained. The crosslinker and initiator concentrations of 50 and 3 wt% of monomer
were used in all samples, respectively. The compositions were selected in a way that
mesostructures with different domain sizes were obtained. The polymerization of the
mesophases was done in an oven at 70 °C for 24 hours. The degree of conversion in
polyLLCs is about 90%.62 As control samples, homogeneous (PEO/IL) and
heterogeneous (Pluronic/IL) electrolytes were prepared with the same ratio of PEO/IL as

in the mesophase samples.

X-ray Scattering

Small angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) were used
to confirm mesostructure and crystallinity degree of each sample, respectively. SAXS
measurements were carried out using a Xeuss 2.0 HR SAXS/WAXS system with a Cu

source tuned to A = 0.1542 nm and at two sample detector distances (156 mm and 1215
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mm) to span a g-range of 0.006-2.6 A-'. The mesophases were placed into a Teflon ring,
which held the samples at a constant diameter (6 mm) and thickness (1 mm) and then
polymerized under press in oven at 70 °C for 24 hours. Then, the samples were placed
in SAXS instrument for measurement. It was shown in our previous works that the
mesophases structure is retained after polymerization when sufficient amount of
crosslinker is used.””:”® Therefore, all the SAXS measurements in this work were done at

room temperature after complete polymerization of the samples at 70 °C.

Differential Scanning Calorimetry

For measuring the thermal properties of samples, differential scanning calorimetry (DSC)
was carried out by Q2000 DSC from TA Instruments (New Castle, DE). About 10 mg of
samples was placed in a Tzero aluminum pan and sealed with Tzero hermetic lid. All
measurements were performed under a nitrogen gas atmosphere. The thermal properties
of the samples were then measured using a heat-quench-heat method: for measuring the
crystallinity degree at 20 °C, the samples were equilibrated at 70 °C, held isothermally for
10 min, cooled down to 20 °C at 2 °C/min, held isothermally for 10 min, and then heated
back up to 70 °C at 2 °C/min. The analysis of thermograms was performed using the TA
Instruments Universal Analysis 2000 software: melting transitions were analyzed using
the “Peak Integrate Linear” function. Heats of fusion were estimated from the endotherm
of the second heating and the weight fraction of PEO incorporated into the polymer
electrolytes. Percent crystallinity was calculated in reference to the enthalpy of 203.4 J/g
for pure crystalline PEO.” Melting temperatures (T,’s) are reported from the peak

temperature values.
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AC Impedance Spectroscopy

The ionic conductivity was measured via electrochemical impedance spectroscopy (EIS).
The mesophases were placed into a Teflon ring, which held the samples at a constant
diameter (6 mm) and thickness (2 mm) and then polymerized under press in oven at 70
°C for 24 hours. The sample disks were sandwiched between two stainless steel blocking
electrodes. Sample temperature was maintained using a custom-built environmental
chamber. The samples were held at each temperature for 1 h before measurement. The
AC amplitude was 50 mV and the frequency were scanned from 1 MHz to 0.1 Hz. The
conductivity of the samples was calculated from the complex impedance (Z* =Z' —iZ").
The high-frequency plateau in the real impedance (Z') was taken as the bulk resistance

(R) of the sample, and the conductivity was calculated as follows:

o=k (1)

where L is the sample thickness and A is the electrode contact area.

Rheology

A stress-controlled rheometer DHR-3 (TA Instruments, New Castle, DE) was used to
study the mechanical strength of the gel electrolytes. A 20 mm cross-hatched parallel
plate geometry (to suppress the wall-slip; it should be noted that our recent work shows
the wall-slip is negligible in uncured mesophases®') with 1 mm gap was used in all
experiments. A solvent trap filled with DI water was used to minimize the monomer loss

during polymerization under rheometer. All tests are performed in the linear viscoelastic
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region (0.5% strain, confirmed from amplitude sweep tests). Time tests in small amplitude
oscillatory shear mode were done on mesophases at 70 °C at constant frequency of 1
Hz. The final plateau at storage modulus is considered as mechanical strength®? of the

polymer electrolytes.

Results and Discussion

SAXS analysis

Five different ternary mesophases were investigated with different concentrations of
Pluronic and ionic liquid to deconvolute the roles of composition and overall ionic content
on conductivity. In addition, two binary systems with Pluronic/ionic liquid mixture were
prepared as control samples to investigate the effect of oil phases on final performance
of the polymer electrolyte. The interaction between the imidazolium and ether oxygen can
enhance the miscibility of the IL with PPO. However, the methyl group on the PPO chain
shields this interaction as it has been reported that the IL is immiscible with PPO.%7 It is
also well known that the Imidazolium based ionic liquids are not soluble in styrene.5'.80
Therefore, it is reasonable to assume that the amphiphilic block copolymer self-
assembles at the interface of styrene and IL phases.

The SAXS pattern of polymerized mesophases are shown in Figure 1. There are strong
peaks in the SAXS profiles with q ratio of 1:2, while no peak beyond 2g* is detected. A
similar pattern is observed by Ning Zhou and coworkers in developing a ternary polymer
system to study the phase behavior near the bicontinuous microemulsion phase regime.8'
They observed only two scattering peaks with g* ratio of 1:2 using Cu Ka SAXS patterns.

It was shown that the broad, second, higher-order peak obtained in the relatively low-

9
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resolution techniques actually split into two clear peaks at ¥3q* and 2q* in the high-
resolution synchrotron SAXS.8" Therefore, samples studied in the current work can
consist of ordered lamellar or hexagonal structure. By increasing the concentration of
Pluronic in the system, the SAXS peaks shift to the left, which indicates an increase in
domain spacing of the samples.

The principal scattering peaks, g*, at low q is broad. A similar broad peak is observed by
Schulze and coworkers®? using polymerization-induced phase separation (PIPS) to
generate nanostructured solid polymer electrolytes. They attributed this broad peak to
microphase-separated, but disordered structure. In another work, Vidil and coworkers83
prepared robust bicontinuous nanostructured materials by exploiting the well-known
order-disorder transition (ODT) of block copolymers. A single broad scattering peak was
observed in their SAXS results above the ODT, which was attributed to the microphase-
separated, but disorganized structure.83 Therefore, a microphase-separated disordered
structure may exist in studied ion gels in this work.

There is also a low g-scattering shouldered peak before the first peak in SAXS patterns.
The large low-q intensity suggests the presence of a heterogeneity in the samples.8
Schultz® attributed this low-q feature to a large (greater than lamellar length scales)
individual amorphous domain inserted into the stacks of several lamellae, creating a gap
in the lamellar stacks. Similar trend has been observed in ionomers.8:87 For example, Li
et al. observed a shouldered peak in the Ultra-SAXS spectra of sulfonated polystyrene
ionomers and attributed its origin to polydispersity and irregularity in structure.88 Ford and
coworkers also observed the low q shouldered peak in single-ion conducting polymer

electrolytes prepared from crosslinked poly(ethylene glycol)-dimethacrylate-styrene

10
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sulfonate. They proposed that this peak is an indicative of the length scale at which the

inhomogeneity becomes important from a scattering perspective.®? In our samples, the

observed shouldered peak can be attributed to an inhomogeneous structure which is

induced by crosslinked disorganized domains or crystalline PEO domains in the samples.

The peak position is more pronounced in Figure S6, which shows the plot of g2l versus q

(Lorentzian corrected plot) for polymer gel electrolytes in low q range, 0.005-0.02 A-'. The

length scale of the disorganized domains is calculated from Bragg equation and it is in

the range of 40-100 nm.

Intensity (a. u.)

q
2q*
q
2q*
q
— 65/25/10 2q*
55/25/20
— 45/25/30
55/35/10
— 45/35/20
LI II 1 1 1 LILELL II
567 3 4567 2
0.01 1 0.1
qd )

Figure 1. SAXS profiles for the polymer electrolytes with formulation of (a) F127/IL/oil

lonic Conductivity

wt% at room temperature (25 °C)

The ionic conductivity of the polymerized mesophases were measured to demonstrate

the effect of composition and IL concentration on ionic conductivity of the polymer

11
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electrolytes. Our mesophase systems provide a clear picture of how crystallinity affects
ion transport in semi crystalline gel polymer electrolytes. The two factors that restrict ion
conduction, tortuosity and chain dynamics, can be decoupled and quantified by controlling
the crystalline morphology. For all samples as shown in Figure 2, the conductivity is
enhanced by increasing the temperature. A large change of slope exists at 3.1 of 1000/T
axis, which is around the melting point (T,,) of PEO. Therefore, two regimes of conduction,
above and below the T, of PEO, are apparent in the conductivity results. In all samples,
a strongly non-Arrhenius behavior was observed above the T,. Such behavior is
attributed to the coupling of ion transport with polymer segmental dynamics.®%91 However,
below the T,, the conductivity shows an Arrhenius behavior and gradually increase with
the temperature. The existence of crystalline domains in PEO below T,, slows down the
movement of small chain segments (i.e., segmental motion). In other words, the
amorphous regions are restricted by crystalline domains below T,,. Since the crystalline
regions are completely absent above the T,,, a relatively high extent of segmental motion
is expected, which results in high ionic conductivity.®?2 The segmental motion either allows
the ions to be hopped from one site to another site or offers a pathway for ions to be

moved.%2

12
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Figure 2. Temperature dependence of ionic conductivity of polymerized mesophases
with different compositions. Continuous lines are fits to VTF model.
The Vogel-Tammann-Fulcher (VTF) model, eq. (2), is often used to describe the ionic
conductivity in homogeneous polymer systems or heterogeneous polymer systems with

fixed microstructure:®3

ovrr(T) = 09 eXp(T%P';O) (2)

where oy1r(T) is the VTF fit to the conductivity as a function of temperature T, g is the
theoretical conductivity at an infinite temperature, B is a pseudoactivation energy term for
ion transport, and T, is the Vogel temperature which is 45 °C above the glass transition
of the polymer. Sometimes, the glass transition of polymer electrolytes is not detectable by
DSC scans. For example, Wanakule et al. studied the ion conductivity of mixtures of
poly(styrene-block-ethylene oxide) copolymers and lithium bis(trifluoromethylsulfonimide)
and were not able to detect the glass transition of samples.®* We observed a similar

phenomenon in our samples. Therefore, similar to the work by Wanakule et al.,** we left the
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T, floating in the VTF model fitting to account for the shift in the glass transition. The
parameters B and o, obtained from the fits are shown in Table S2. The activation energy
B from VTF equation provides information on the barriers associated with the conductivity.
By decreasing the temperature, the polymer segmental dynamic slows down, and the
dielectric constant is anticipated to increase. The segmental dynamic affects the mobility
of the free ions, while the dielectric constant influences the formation of ion aggregates

and the population of mobile ions as a function of temperature.

Effect of Crystallinity

A major concern for PEO-based electrolytes is poor conductivity arising from high PEO
crystallinity.®> Therefore, polymer crystallization must be prevented to achieve high ionic
conductivity in polymer electrolytes. It has been shown that imidazolium-based ILs form
strong interaction with the PEO block of PEO-PPO-PEOQ triblock copolymers, possibly
through hydrogen bonding.6” There are other works which have also shown that ILs can
suppress the crystallization of hydrophilic or hydrophobic polymers.57:96-%8 Table 1
summarize the DSC results for the gel polymer electrolytes and homogeneous mixture of
PEOQO/IL with different compositions.

The crystallinity of PEO block in neat F127 and PEO homopolymer is 77 and 87 %,
respectively (the highest among all samples). Clearly, the lower crystallinity in PEO block
of F127 is due to the presence of PPO middle block that hinders the organization of PEO
chains in their crystalline unit cell. In ternary mesophases, the crystallinity is greater for
samples having higher PEO fraction, indicating less suppression in the crystallization in

these systems (46, 44, and 38 % crystallinity for mesophases with 65, 55, and 45 wt%

14
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Pluronic, respectively). The lowest and highest crystallinity degrees (21 and 46 %) for ion
gels are observed for samples with composition of F127/IL/oil 45/35/20 and 65/25/10
wt%, respectively. The WAXS results also confirm the degree of crystallinity obtained
from the DSC measurements for the ion gels (Table S1). Figure 2 shows that the
conductivity at room temperature (25 °C) improves by a factor of 3 for the sample with

the highest to the one with the lowest crystallinity degree.

Table 1. Thermal properties of the samples from DSC experiments and tortuosity factor
obtained from eq. (4)

Composition (Wt%) Crystallinity degree  Melting point  Tortuosity factor at

(%) (°C) 85 °C (1)
F127/IL/oil (65/25/10) 4612 47 4.3
F127/IL/oil (55/25/20) 4442 45 3.4
F127/IL/oil (45/25/30) 3842 45 2.7
F127/IL/oil (55/35/10) 4542 46 2.1
F127/IL/oil (45/35/20) 2142 40 2.8
F127/IL (65/25) 6242 48 1.2
F127/IL (45/35) 1942 46 1.1
PEO/IL (39/25) 602 49 -
PEOJIL (32/25) 5412 47 -
PEO/IL (39/35) 5642 48 -
PEOJIL (32/35) 502 45 -
F127(Mw=12.6 Kg/mole) 7742 54 -
PEO (Mw=4 Kg/mole) 8742 60 -

Effect of Morphology

The conductivity of polymer electrolytes remarkably improves by a factor of 6 at 85 °C.
The DSC results (Figure S4) show that all crystalline domains in PEO are melted at 85
°C. As control study, we measure the conductivity of homogeneous polymer electrolytes

with the same ratio of PEO/IL as the mesophases at different temperatures (Figure 3a).

15
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It is found that the conductivity of the homogeneous polymer electrolytes is lower than the
mesophase systems at room temperature, while at high temperatures the opposite trend
is present. Therefore, there are other factors in the polymerized mesophases systems
that significantly control the conductivity of the polymer electrolytes at high temperatures.
The observations can be explained by tortuosity, which is induced by two factors:
crystalline domain and LLC structure. Eq. (3)%° is employed for normalization of
conductivity, where o, 41 is the conductivity of polymerized mesophases, o), is the

conductivity of the homogeneous electrolyte, and ¢, is the volume fraction of conducting

domains in ion gels:

Oion gel (3)

Onor = “g.q,
A1 =
_ 10" @) & Above Tm § 25 (b)
5 * X 2
o .1 me. ° x| 2aeq SO
10 w3 >
° b 2| 3 55/35/10
> =
g 3 eeon TH o § sl 12 z
2 . |A 3235 v 3 ?
‘g’ 10 ® 32/25 Iu * T ® 45/25/30 i
o 39/35 8 1.0 <
S 39/25 I et A
O .4 _|® 46/25 - o
10 & N )
o + 45/35 (F127/1L) | N o5
c 65/25 (F127/IL) © A
o ¥ lonic Liquid (EMIMBF4) £ PR : 2 .
5 _| — VFTFit I o o o
Z 0.0 1
L e e BN m I I I I
2.8 3.0 3.2 3.4 2.8 3.0 32 34
1000/T (1/K) 1000/T (1/K)

Figure 3. Temperature dependence of (a) ionic conductivity of polymer electrolytes and

(b) normalized ionic conductivity of polyLLCs. Continuous lines are fits to VTF model.
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324  The o,,, value is predicted to be 1 if there is no obstruction of ion transport across the
325 conducting phases. However, as show in Figure 3b, the normalized conductivity is higher
326 than 1 at room temperature. As the temperature reaches the melting point of PEO, the
327 normalized conductivity converges to values less than 1. This deviation in normalized
328 conductivity at room temperature is because of the tortuous path induced by the
329 crystalline domains. The tortuosity of homogeneous electrolytes (due to crystalline
330 domains) at room temperature is obtained by extrapolation of amorphous PEO/IL

331 conductivity, oam. pro/i, Figure 4.

9 Conductivity of 100% amorphous
’é‘ PEO at room temperature
S 0.014
@ 7
6_
°© 5
> 4
hd
£ ]
2
O 24
=}
S PEO/IL
S ® 32/25 (0.44 Wt% IL)
O 00013 4 3235(052wt%IL) |
) v 3925039 wt% IL)
S °1 = 3935047 wt% IL) |
= o ® 4625(0.35wt%IL) |

2.8 3.0 3.2 34
332 1000/T (1/K)
333 Figure 4. VTF Fitting of temperature dependent conductivity above T,

334 The room temperature conductivity for 100% amorphous PEO/IL ion gel cannot
335 experimentally be obtained but can be extrapolated from temperature dependent

336  conductivity above its T,,.1"% The tortuosity factor induced by crystalline domains, ., for

337 the homogenous PEO/IL was obtained from the following equation and listed in Table 2:

Xc
338 OPEO/IL = Oam. PEO/IL T (4)

17
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339 where o, peo/iL IS the same as the conductivity of the homogeneous electrolyte, o, and

340 Xc is the crystallinity degree of the PEO.
341
342  Table 2. Tortuosity factor induced by crystalline domains in the homogenous PEO/IL
343  electrolyte.
Composition (wt%) Tortuosity factor at room temperature (t.)

PEO/IL (46/25) (35 wt% IL) 7.5

PEO/IL (39/25) (39 wt% IL) 7.3

PEO/IL (32/25) (44 wt% IL) 6.1

PEO/IL (39/35) (47 wt% IL) 3.9

PEO/IL (32/35) (52 wt% IL) 3.6
344
345 It is observed that high tortuosity induced by crystalline domains in the homogeneous
346  electrolytes leads to high normalized conductivity in the ion gels. For example, the
347  tortuosity factors for PEO/IL with ratios of 39/25 and 32/35 wt% are 7.5 and 3.6 (Table 2),
348 respectively, which leads to highest and lowest normalized conductivity in the ion gels
349  having the same ratio of PEO/IL, i.e., F127/IL/oil with ratios of 55/25/20 and 45/35/10 wt%
350  with normalized conductivity of 1.8 and 0.9, respectively (Figure 3b).
351 As shown in Figure 3b, at 85 °C, there is a significant difference between the highest and
352 lowest values of normalized conductivity which are 0.23 and 0.10, respectively. As
353 mentioned earlier, at this temperature there is no crystallinity in the systems (Figure S4).
354 Therefore, this difference in normalized conductivity at high temperatures can be
355 attributed to two different terms; the tortuosity of the conducting nanochannels and the

356 segmental motion of PEO blocks. The following equation is used to measure the extent

357  of connectivity in the conducting nanochannels at 85 °C:101

bc
358 Oiongel = Oh (9)
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where 1 is the tortuosity factor. The tortuosity factors obtained from eq. (5) are listed in
Table 1. The highest tortuosity factor (4.3) belongs to the samples with the lowest
conductivity and on the other hand samples with the highest conductivity has the lowest
tortuosity factor (2.1). Thus, the tortuosity plays a significant role in determining the final

conductivity of the polymerized mesophases.

Segmental motion of PEO chains

The conduction in polymer electrolytes takes place through charge migration of ions
between coordinated sites of the polymer along with the segmental relaxation of polymer.
Dielectric relaxation is a result of the reorientation process of dipoles in the polymer
chains, which shows a shoulder in ¢’ spectra.'%2 By increasing the temperature, the peak
in & spectra shifts to higher frequency suggesting the acceleration of the relaxation

process'%? (Figure 5 and Figure S1).

F127/IL/Oil
45/25/30

PEO/IL
32/25

log £"
log £"

10" 10° 10" 10° 10° 10" 10° 10° 10" 10° 10" 10° 10° 10" 10° 10°
Frequency (Hz) Frequency (Hz)

Figure 5. The dependence of dielectric loss spectra €' (w) on temperature for

homogenous and heterogenous gel polymer electrolytes with same ratio of PEO/IL.
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The complex permittivity spectra of the mesophases and homopolymers are analyzed

utilizing the empirical Havriliak-Negami (HN) function:

Ae
[1 + (i(A)THN)a]ﬁ

(6)

£ (W) =& +

where tyy is the characteristic relaxation time , and w is frequency. ds = gy — ¢ is the

dielectric relaxation strength of the process in which ¢y = lim ¢'(w) and &, = lim &'(w). The

w-0 W—00
parameters ¢ and g (0 < a, a8 < 1) describe the symmetric and asymmetric broadening
of the distribution, respectively. The dielectric relaxation strength of the process is
determined from the step-like decrease of the real permittivity data. Then, the relaxation
time is obtained by fitting the imaginary part of the Havriliak/Negami equation with the
imaginary permittivity data. Figure 6 shows that the relaxation time of PEO chains are
different in the mesophase system with different composition and it is longer compared
to the homogeneous of PEO/IL systems. Therefore, one of the factors that can explain
the difference in conductivity at 85 °C (where there is no effect of crystallinity) is the

difference in the relaxation time of PEO chains.
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Figure 6. The temperature dependence of relaxation time for heterogeneous polymer
electrolytes with formulation of F127/IL/oil wt% and homogeneous polymer electrolytes

with formulation of PEO/IL wt%. Continuous lines are fits to VTF model.

With the increase of temperature, the dielectric strength of the electrolyte increases while
the relaxation time becomes shorter (Figure 5 and Figure S1), which confirm the
enhancement of ionic polarization with increase of temperature.’® Mostly in polymer
electrolytes, the ionic conductivity occurs in the presence of local segmental motions of
the polymer host, which is due to a direct coupling between cations and functional group
of the polymer.'%* Since crosslinking of the styrene restricts the molecular mobility, it is
reasonable to assume that the relaxation peak of polystyrene appear at higher
temperature (>100 °C) corresponding to larger activation energy.'% PEO exhibits a VTF
relaxation (a) process attributed to large-scale cooperative segmental motion of PEO
chains above its melting point. The Rouse model predicts that the relaxation time for a

chain with one end tethered is four times longer than that of the non-tethered chain.%
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This can be the reason for the longer relaxation time of PEO block in mesophases (with
the factor of 3.2) compared to the PEO homopolymer in homogeneous systems.
Additionally, the relaxation of PEO in the mesophases becomes longer with increasing
the Pluronic concentration, which can be attributed to the packing density of PEO chains

in the conductive domains.

Mechanical Strength

For measuring the mechanical strength of ion gels, the mesophases have been
polymerized under the rheometer by using time test in small amplitude oscillatory shear
mode in linear viscoelastic region at fixed frequency (1 Hz) and strain (0.5 %) under
isothermal condition (at 70 °C) (Figure 7). The results show that all ion gels have solid-
like behavior, where elastic modulus is higher than loss modulus in the whole range of
studied frequencies.’®” The chemorheology plot (Figure 7) shows that the mechanical
strength increases between 1 to 4 orders of magnitude after polymerizing the

mesophases.
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Figure 7. Evolution of storage modulus of mesophase systems with different

compositions curing at 70 °C under 0.5% strain and 1 Hz frequency.

In Figure 8a, the mechanical strength of samples was plotted versus conductivity at 70
°C. As seen, the chemically cross-linked nonconductive domains of the polymer
electrolytes enhance the mechanical properties in comparison to analogous block
copolymer systems (45/35/0 and 65/25/0). From these results, it can be concluded that
there is an optimum for the composition of mesophases to have a polymer gel electrolyte
with high mechanical strength and conductivity. Additionally, increasing the ionic liquid in
the system by keeping the oil concentration constant (65/25/10 versus 55/35/10) leads to
higher values of conductivity without significant effect on the final mechanical strength of
the system. However, increasing the oil phase while keeping the amount of ionic liquid
constant (65/25/10 versus 45/25/30) enhances both the conductivity and mechanical
strength. In addition, the mechanical strength and conductivity of the mesophases before

and after polymerization have been compared with the ion gels prepared with PEO and

23



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

Soft Matter

F127 (Figure 8b). The results show that the unpolymerized mesophases and
homogeneous PEO samples lose their mechanical strength by increasing the
temperature (red and pink markers and arrows). However, the polymerized mesophases
and ion gels prepared with F127 retain their mechanical strength at high temperatures
(blue and green markers and arrows). The F127/IL system almost retains the mechanical
strength up to 70 °C (green markers in Figure 8b), although it has about 1 order of
magnitude lower strength than analogous polyLLC (blue markers in Figure 8b). The
thermal stability of the ion gels was studied using thermogravimetric analysis under
nitrogen atmosphere. The samples exhibit excellent thermal stability up to 350 °C (Figure
S2).

In Figure 8a, one may notice the high mechanical strength of the polymer electrolytes
prepared through PIPS reported in the literature.82 In that work, 1-butyl 3
methylimidazolium bis(trifluoromethylsulfonyl)imide, [BMI][TFSI], was used as ionic liquid
which has a high ionic diffusion coefficient because of [TFSI] anion. There is also a
polymer electrolyte with higher mechanical strength compared to our samples which is
prepared by in situ polymerization of vinyl monomers in room temperature molten salts.33
It should be noted that using mesophase templating method for preparation of polymer
gel electrolyte provides the opportunity to control the nanostructures of the conductive
and nonconductive domains separately. In addition, the chemical structure of conductive
and nonconductive domains can be designed almost independently. These features are
crucial for designing ion gels for applications which require highly ordered nanochannels

such as membranes.
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Figure 8. (a) Trade-off relationship between mechanical strength and ionic conductivity
for ion gels from this study and data from literatures.*>58:3358,60,82,108-110 AJ| data are
reported at 70 °C unless otherwise noted. (b) Mechanical strength and ionic conductivity

for ion gels prepared from polyLLCs, F127/IL, and PEO/IL.

Conclusion

We introduced a facile synthetic approach to design ion gels that exhibit high mechanical
strength without compromising ionic conductivity. The outstanding bulk performance was
enabled by the continuity of the conducting nanochannels and chemically cross-linked
mechanical phase. It was shown that controlling the crystallinity degree of the
nanochannels in lyotropic liquid crystal mesophases has significant impact in achieving
an ion gel with high conductivity. The results showed that segmental relaxation of the
PEO block can be controlled by sample composition. The Pluronic concentration affects

its chain density at the interface and consequently the segmental motion of the PEO block
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in polyLLCs, which significantly affects the final conductivity of the ion gels. Comparing
our results with the data in the literature elucidated that polyLLCs offer appropriate
mechanical strength and ionic conductivity with minimal need for synthesis of new
amphiphilic block copolymers. In addition to the high modulus and conductivity, we
introduced a versatile synthesis strategy for ion gels, which can be used in other
applications where ordered heterogeneous morphology and independent tunability of the

mechanical and conducting phase are desirable.
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