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ABSTRACT: Many functional polymeric materials are inherently fragile at ambient conditions. Making them elastic and flexible is a
challenging task, and such achievement is especially meaningful in a wide range of applications including separation membranes and
stretchable devices. Poly(ionic liquids) (PILs), such as vinyl-imidazolium-based polymers, are known to be “brittle” functional
polymers due to their “glassy” nature at ambient temperature. We herein developed a viable approach to enable glassy PILs with high
flexibility and good elasticity via a rational molecular design of chemical composition and polymer architectures. The reversible
addition/fragmentation chain transfer agents (RAFT-CTAs) were attached to the flexible poly(dimethylsiloxane) (PDMS)
backbones. The polymerization of functional ionic liquid monomers from RAFT-CTAs provided grafted copolymers with the
functional side chains, which were further cross-linked by di-functional PDMS. Poly(ethylene glycol) methacrylate is copolymerized
with ionic liquid monomers to reduce the glass transition temperature (Tg), providing higher chain mobility and elasticity at ambient
temperature. The synthesized elastic PIL-based membranes (E-PILs) have dramatically improved stretchability, reaching 122−422%.
In addition to significantly improved extensibility, the synthesized E-PILs also exhibit higher ionic conductivity, critical for potential
applications in solid-state batteries. Moreover, in comparison to glassy solid PIL membranes, the E-PILs also exhibited enhanced
flexibility and excellent gas-separation performance.

■ INTRODUCTION

Stretchable functional materials capable of retaining function-
ality under elongation or other physical deformations can be
utilized in a wide range of applications such as epidermal
electronics,1,2 sensors,3−5 electric actuators,6,7 and medical
implants.8 In comparison to rigid “hard” materials, such as
metallic, ceramic, and other inorganic materials, polymeric
materials possess intrinsic flexibility and potential extensibility,
enabling to serve as attractive building blocks in the fabrication
of stretchable functional materials.9−11 Various repeating
subunits of polymers can be programmed in different aspects
to embrace the requirements of stretchable functional
materials.12 One straightforward strategy is physically adhering
the functional motifs to the stretchable polymer layers.13−15

Although this approach has a simple implementation, the
performance of composite materials depends strongly on the

adhesion force between different layers, limiting options of
building blocks and widespread use in various applications. A
physical blending of a polymer with strong physical interactive
groups as a binder for a non-extensible functional unit can also
provide a functional material with high stretchability.16,17 Aside
from the physical approach, the strategy of covalently bonding
distinctively different building units in one polymer chain can
also create polymers with intrinsically dual properties.18 For
example, Liu et al. fabricated a stretchable, electrically
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conductive block copolymer in which the polyurethane
segment provides extensibility and the poly(3-alkylthiophenes)
block provides conductivity.19 Stretchable semiconductors
have also been developed by adopting a similar copolymeriza-
tion approach via a combination of conjugated semiconducting
polymers and non-conjugated moieties that provide hydrogen
bonding interactions.20 Stretchable gas separation membranes
obtained by chemical cross-linking of the flexible poly-
(dimethylsiloxane) (PDMS) chain with the poly(ethylene
glycol) (PEG) segments that provide high gas selectivity of
CO2/N2 were also reported.21 Despite numerous efforts
devoted to developing stretchable functional polymeric
materials,22,23 achieving excellent elasticity of traditionally
non-flexible functional materials remains a significant chal-
lenge.
Polymerized ionic liquids (PILs) are a family of functional

polymeric materials with ionic liquid groups covalently
attached to a polymer backbone, i.e., pendant PILs,24 or
covalently connected to form a functional polymer chain, i.e.,
backbone PILs.25 Numerous options of ionic liquid units along
with different polymer architectures enable PILs with different

physical and chemical properties that can satisfy multiple
applications. PILs are widely utilized in energy harvesting and
storage applications, e.g., acting as solid or gel electrolytes for
batteries26−28 and ionic conducting membranes for anion-
exchange fuel cells.29 A variety of PILs have been
demonstrated as highly effective gas capture media30 and gas
separation membranes with enhanced selectivity.31,32 More-
over, PILs are utilized to produce “smart” materials based on
their responsive behavior33,34 or catalysts for cycloaddition of
CO2 due to their charge features and high solvent
compatibility.35,36 While many efforts were devoted to
achieving stretchable PIL-based gels,37 the solvent-free solid
PILs are typically brittle and possess low flexibility.38 Till now,
the solid PILs with high elasticity have rarely been reported.
Such achievement will widen their practical applications,
especially in the area of attachable devices and separation
membranes where flexibility and extensibility can improve their
overall performance.
The strategies of developing stretchable functional materials

can be adapted to address the brittleness issues of solid PILs
and facilitate broader applications. We herein report a rational

Scheme 1. Demonstration of the Synthetic Route of E-PILs with CL-PDMS-poly(VIMBr-r-PEGMA) as a Typical Example.
Inset is the Monomer Options as the Polymer Side Chains; Monomer Number Corresponds to the Sample Number in Tables
1 and 2
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design of stretchable and elastic solid polymerized ionic liquids
(E-PILs) constructed from chemically grafting PIL side chains
to a PDMS backbone with an elastic PDMS linker. The PDMS
allows the mechanical robustness and extensibility while the
grafted PILs provide functionality (ionic conductivity and
enhanced gas selectivity). The E-PILs are anticipated to play
an important role in flexible sensors, stretchable batteries, and
gas separation membranes. The modular strategy is highly
versatile for developing other stretchable functional polymers
via grafting different types of functional species.

■ RESULTS AND DISCUSSION
Synthesis of Elastic PILs. Imidazolium and ammonium-

based poly(ionic liquid)s are the two widely utilized PIL
species that can serve as solid electrolytes,26 gas sorption/
separation materials,31,39 and desalination membranes.40 Here-
in, both types of poly(ionic liquid)s were synthesized starting
from the two monomer precursors: 1-vinylimidazole (VIM)
and N-(2-(diethylamino)ethyl)acrylamide (DEAEA), where
DEAEA was synthesized from the nucleophilic addition
reaction between acryloyl chloride and N,N-diethylethylenedi-
amine. The imidazolium-type monomer with bromide as a
counterion, i.e., VIMBr, was synthesized from Menshutkin
reaction between 1-bromo-2-(2-methoxyethoxy)ethane and 1-
vinylimidazole. As illustrated by the 1H NMR spectra of

monomers VIMBr and DEAEA in Figure S1, the presence of
the peaks f to j from 3.0 to 4.6 ppm indicates the successful
attachment of 1-bromo-2-(2-methoxyethoxy)ethane on the
VIMBr monomer ( Figure S1a), and the peaks at 1.0 (a) and
2.5 ppm (b) suggest the successful nucleophilic addition in
DEAEA synthesis ( Figure S1b). The VIMTFSI monomer was
obtained from the counterion exchange of VIMBr using an
excess of bis(trifluoromethane)sulfonimide lithium salt in an
aqueous solution. The ammonium-based monomers DEAEAH
and DEAEAMBr (Scheme 1) were synthesized from the
acidification or quaternization of DEAEA monomer by
trifluoroacetic acid or 1-bromo-2-(2-methoxyethoxy)ethane,
respectively.
Molecular architecture and chemical composition are

designed to achieve elastic PILs. Considering the “glassy”
nature of regular imidazolium- and ammonium-based PILs at
ambient temperature, PDMS was selected as the polymer
backbone due to the ideal material characteristics such as a
highly flexible Si−O bond, low glass-transition temperature (Tg
≈ −123 °C), and good thermal stability.41−46 Among the
numerous polymer architectures, grafted copolymers is
especially attractive due to their capability to provide relatively
independent roles for polymer backbone and grafted side
chains.47 Thus, the polymerized ionic liquids were grafted onto
the PDMS backbone as the side chains, and chemical cross-

Figure 1. (a) 1H NMR of PDMS-CTA. (b) 1H NMR of PDMS-poly(VIMBr). (c) ATR spectra of PDMS-CTA, PDMS-poly(VIMBr), CL-PDMS-
poly(VIMBr) (sample 1), and CL-PDMS-poly(VIMTFSI-r-PEGMA) (sample 4).
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linking was performed to bridge the grafted polymers via
difunctionalized PDMS. This architecture not only preserves
the functionalities of PILs but also offers tunability toward
different types of PILs within a stretchable PDMS network
targeting different applications.
The PDMS possessing numerous amine groups (PDMS-

NH2, 20,000 g/mol, ∼48 −NH2 groups per molecule as
calculated from the 1H NMR spectrum in Figure S2) was
chemically modified with a chain transfer agent (CTA) as
shown in Scheme 1 (compound I, PDMS-CTA), and the 1H
NMR result indicates the attachment of ∼36 CTAs on one
chain of PDMS-NH2. Reversible addition−fragmentation
chain-transfer (RAFT) polymerizations were performed to
grow the PILs as the side chains of the grafted copolymers. It
should be noticed that from the macro RAFT-CTA, i.e.,
PDMS-CTA, different types of ionic liquid monomers can be
utilized to obtain different types of grafted copolymers
including PDMS-poly(VIMBr), PDMS-poly(VIMTFSI),
PDMS-poly(DEAEAH), and PDMS-poly(DEAEAMBr). As
illustrated by the 1H NMR spectra of PDMS-poly(VIMBr) in
Figure 1b, the appearance of proton signals (peaks o and p) in
the poly(imidazolium) structure indicated the successful RAFT
polymerization of VIMBr on the side chain of PDMS by
comparing the integration of peak o at 4.5 ppm with peak b at
0 ppm (Figure 1b), the degree of polymerization (DPn) for
each CTA was calculated to be 36. The significant broad peak
at approximately 3400 cm−1 in the attenuated total reflection
Fourier-transform infrared (ATR FTIR) spectra corresponds
to the N−H stretch, which also confirms the presence of a
large amount of poly(VIMBr) in the obtained grafted
copolymer (Figure 1c). The chemical structure of elastic
cross-linker is shown in Scheme 1(compound III), and the
molar ratio between grafted copolymer (compound II) and
PDMS cross-linker is fixed at 1:12. The polymer solution was
cast into a PTFE dish and dried, resulting in a cross-linked
graft copolymer (compound IV). The detailed synthesis
procedures are described in the experimental section of the

Supporting Information. In the ATR FTIR spectra of CL-
PDMS-poly(VIMBr), the further intensity increase of the N−
H stretching peak at around 3400 cm−1 in comparison to the
PDMS-poly(VIMBr) indicates the formation of more urea
units. Considering the good water solubility of PDMS-
poly(VIMBr), the insolubility of CL-PDMS-poly(VIMBr) in
types of solvents also confirms the cross-linked nature.
The physical properties of the synthesized PIL-based

membranes are summarized in Table 1. All PIL-based films
exhibit thermal stability higher than 200 °C with less than 5%
weight loss in the thermogravimetric analysis (see Figure S3),
which should satisfy the typical application temperature range
of solid-state electrolyte.48 However, all of the prepared
membranes with only PILs as the side chain, CL-PDMS-
poly(VIMTFSI), CL-PDMS-poly(DEAEAH), and CL-PDMS-
poly(DEAEAMBr), i.e., samples 3, 6, and 8 in Table 1,
respectively, suffered from mechanical fragility and were non-
extensible (Table 2). Differential scanning calorimetry (DSC)
analysis (Figure 2 and Figure S4) revealed that the glass
transition temperature (Tg) of these PILs (samples 1, 3, 6, and
8 in Table 1) is above 24 °C, indicating the glassy state of
these polymer membranes at ambient temperature. As an
example, sample 1, CL-PDMS-poly(VIMBr), shows Tg ≈ 51.6
°C, consistent with previously reported linear poly(N-vinyl
diethylene glycol ethyl methyl ether imidazolium bromide),
with a Tg of 75 °C.49 A slightly lower Tg value of the current
system can be explained by the presence of low-Tg PDMS as
the backbone and cross-linker, which can increase the chain
mobility.49,50

As an initial attempt to lower the Tg of obtained PIL-based
membranes, the IL-monomer with larger counter ions, i.e.,
VIMTFSI and DEAEAH (see Scheme 1 for chemical
structure), have been synthesized, following the same
protocols. The ionic liquid with larger counter ions was
reported to exhibit a lower Tg due to the weaker ion
associations.32,49 However, while CL-PDMS-poly(VIMTFSI)
(sample 3) and CL-PDMS-poly(DEAEAH) (sample 6)

Table 1. Combined Chemical, Thermal, and Rheological Properties of PIL Membranes

sample no. sample name Td,5% (°C) Tg (°C) density (g/cm3) G′ (Pa) cross-link density (mol/cm3)

1 CL-PDMS-poly(VIMBr) 248 51.6 1.40 1.48 × 104 4.07 × 10−4

2 CL-PDMS-poly(VIMBr-r-PEGMA) 266 19.7 1.35 4.88 × 104 1.34 × 10−5

3 CL-PDMS-poly(VIMTFSI) 275 24.4 1.42 4.59 × 104 1.26 × 10−5

4 CL-PDMS-poly(VIMTFSI-r-PEGMA) 307 9.2 1.51
5 CL-PDMS-poly(VIMTFSI)-EMIM 328 −8.2 1.52 3.79 × 103 1.04 × 10−6

6 CL-PDMS-poly(DEAEAH) 207 26.6 1.24 4.88 × 104 1.34 × 10−5

7 CL-PDMS-poly(DEAEAH-r-PEGMA) 215 10.1 1.29
8 CL-PDMS-poly(DEAEAMBr) 246 35.1 1.28 4.30 × 104 1.18 × 10−5

9 CL-PDMS-poly(DEAEAMBr-r-PEGMA) 235 8.0 1.25 8.17 × 104 2.25 × 10−5

Table 2. Tensile Test Data of PIL Membranes

sample no. sample name Young’s modulus (MPa) elongation at break (%)
toughness
(MJ/m3) ultimate tensile stress (MPa)

1 CL-PDMS-poly(VIMBr) 320.4 0.4 0.004 1.5
2 CL-PDMS-poly(VIMBr-r-PEGMA) 1.1 122.5 0.04 0.6
3 CL-PDMS-poly(VIMTFSI) 15.3 5.8 0.02 0.5
4 CL-PDMS-poly(VIMTFSI-r-PEGMA) 1.3 422.7 1.8 0.8
5 CL-PDMS-poly(VIMTFSI)-EMIM 0.5 164.7 0.5 0.5
6 CL-PDMS-poly(DEAEAH) 4.5 5.3 0.05 0.1
7 CL-PDMS-poly(DEAEAH-r-PEGMA) 0.1 226.1 0.1 0.07
8 CL-PDMS-poly(DEAEAMBr) 0.4 5.3 0.2 5.2
9 CL-PDMS-poly(DEAEAMBr-r-PEGMA) 0.9 133.4 0.2 0.2
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exhibits lower Tg values (Tg = 24.4 and 26.6 °C for samples 3
and 6, respectively) in comparison to CL-PDMS-poly(VIMBr)
(sample 1, 51.6 °C) and CL-PDMS-poly(DEAEAMBr)
(sample 8, 35.1 °C), these two PIL membranes with larger
counterions were still in a glassy state at ambient temperature.
Therefore, only increasing the size of counterions in PIL-based
membranes did not significantly improve their extendibility, as
shown in Table 2 (strain at break for sample 3 = 5.82% and
strain at break for sample 6 = 5.32%).
Being compatible with other monomers in the copoly-

merization,51 PEG has been widely utilized to lower the Tg for
multi-component systems.52 Therefore, starting from the
PDMS-CTA, random copolymerizations of ionic liquid
monomers with PEG methacrylate (PEGMA) were performed
followed by a cross-linking reaction. The obtained membranes
were named as CL-PDMS-poly(VIMBr-r-PEGMA) (sample
2), CL-PDMS-poly(VIMTFSI-r-PEGMA) (sample 4), CL-
PDMS-poly(DEAEAH-r-PEGMA) (sample 7), and CL-
PDMS-poly(DEAEAMBr-r-PEGMA) (sample 9), whose
chemical composition and physical properties are listed in
Table 1. With over 20 wt % of PEGMA, the Tg value of
obtained membranes is significantly lower than those without
PEG. Moreover, random copolymerization of ionic liquids and
PEG monomers helps to separate ionic pairs in the PIL
segments and results in low electrostatic interactions, which
should also contribute to lowering the Tg of the resulting
system.53

The significantly lower Tg values in all PILs (around 15−30
°C decrease, see Figure 2 and Table 1) due to the
incorporation of PEGMA ensures the polymers being in a
“rubbery” state instead of a glassy state at room temperature
(Tg of PEGMA containing samples: 8 and 19.7 °C for samples
9 and 2, respectively). The presence of only one glass
transition process from DSC data of PEGMA-containing

samples (Figure 2a) demonstrated the absence of a significant
phase separation after the incorporation of PEGMA. This is
confirmed by their small angle X-ray scattering (SAXS) spectra
(Figure 2b,c, Figure S7). The broad peak with q values from
0.01 to 0.03 Å−1 in the SAXS spectrum is attributed to the
formation of nanoclusters introduced by RAFT-CTA under
the driving force of hydrophobic interactions.54 The increased
molecular mobility in PEG-containing PILs, such as the
samples 2 and 9, should achieve significantly improved
extensibility, and this “softening” effect introduced by the
PEG is consistent with previous reports.55,56

Mechanical Properties of PIL Membranes. Rheological
tests were conducted to evaluate the segmental dynamic and
cross-link density of the PILs. Master curves were obtained by
conducting frequency sweep at different temperatures followed
by a temperature−frequency superposition at a reference
temperature. The spectra of G″ show usual behavior for
slightly (or non-) entangled polymers with low cross-linking
density. The segmental relaxation time τα was calculated from
the angular frequency ωs corresponding to the crossover of
storage modulus (G′) and loss modulus (G″) in a high-
frequency range as follows:57

τ
ω

=α
1

s (1)

The results demonstrate significantly shorter segmental
relaxation time after the incorporation of PEGMA in
comparison to membranes with only PIL as a sidechain. For
example, the segmental relaxation time of CL-PDMS-poly-
(VIMTFSI-r-PEGMA) (sample 4) is reduced by four orders in
comparison to CL-PDMS-poly(VIMTFSI) (sample 3) at the
same temperature.
The plateau region at a lower frequency (equivalent to

measurement at a higher) of the storage modulus G′ curves of
obtained films indicates the cross-linked structure, and the
cross-linking density (cx) can be estimated from this plateau
value (Figure 3a−d, Figure S5a,b) by the following equation58

ρ= ′ =c
G
RT M

2
3

2
3x

x (2)

where cx is the moles of cross-links per volume, ρ is polymer
density, Mx is the number-average molecular weight between
the cross-links, G′ is the plateau value of shear modulus
(Figure 3a−d), R is the gas constant, and T is the temperature
in Kelvin. The calculated values are shown in Table 1, whereas
the cx of the CL-PDMS-poly(VIMTFSI-r-PEGMA) and CL-
PDMS-poly(DEAEAH-r-PEGMA) membranes cannot be
calculated due to the difficulty in detecting the modulus
plateau. We also prepared CL-PDMS-poly(VIMTFSI)-EMIM
(sample 5) by incorporating 30 wt % of ionic liquid (EMIM-
TFSI) into CL-PDMS-poly(VIMTFSI) (sample 4) due to
their potentially improved performance as solid electrolyte and
gas-separation membranes,59 which will be discussed later. By
comparing the G′ plateau values of CL-PDMS-poly-
(VIMTFSI) (sample 3) and CL-PDMS-poly(VIMTFSI)-
EMIM (sample 5), it was observed that the addition of
EMIM-TFSI ionic liquid resulted in a lower G′ value and
reduced cross-linking density. Comparison of CL-PDMS-
poly(VIMBr) to CL-PDMS-poly(VIMBr-r-PEGMA) and CL-
PDMS-poly(DEAEAMBr) to CL-PDMS-poly(DEAEAMBr-r-
PEGMA) reveals a higher cross-linking density in PEG-
incorporated samples than in the PEG-free samples. This can

Figure 2. (a) DSC data of selected PIL membranes. (b) SAXS-WAXS
data of CL-PDMS-poly(VIMTFSI-r-PEGMA). (c) SAXS-WAXS data
of CL-PDMS-poly(DEAEAH-r- PEGMA).
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be explained by the fact that the −OH terminal group in the
PEG readily reacts with the isocyanate-terminated PDMS
cross-linker forming a urethane group, resulting in higher
chemical cross-linking density.
The flexibility and extensibility of CL-PDMS-poly-

(VIMTFSI-r-PEGMA) (sample 4) are clearly demonstrated
(Figure 4b) when it was bent and stretched. Tensile test of the
E-PILs was performed by an RSA-G2 solid analyzer, with
results shown in Figure 4a and Table 2. As seen in the Figure
4a, the films without copolymerization with PEGMA, i.e., CL-
PDMS-poly(VIMBr) (sample 1), CL-PDMS-poly(VIMTFSI)
(sample 3), CL-PDMS-poly(DEAEAH) (sample 6), and CL-
PDMS-poly(DEAEAMBr) (sample 8), exhibited high mod-
ulus, high tensile stress, and low elongation-at-break: sample 1
shows elongation-at-break of only 0.40% with a Young’s
modulus of 320 MPa; samples 3, 6, and 8 show similar tensile
behavior with an elongation-at-break of less than 6%. As
expected, the effect of PEG incorporation is dramatic for these
PIL-based membranes, and with only 25% molar ratio, the
films with copolymerization of PEG, i.e., CL-PDMS-poly-
(VIMBr-r-PEGMA) (sample 2), CL-PDMS-poly(VIMTFSI-r-
PEGMA) (sample 4), CL-PDMS-poly(DEAEAH-r-PEGMA)
(sample 7), and CL-PDMS-poly(DEAEAMBr-r-PEGMA)
(sample 9) showed around 20 times higher extensibility than
those PIL-based films without PEG. For example, CL-PDMS-
poly(VIMBr-r-PEGMA) exhibits an elongation-at-break of

423% and a Young’s modulus of 1.3 MPa (Table 2). This
mechanical performance should satisfy the requirement of a
stretchable material in a flexible electronic device.3 The
improved extensibility is caused by the significantly lower Tg
value: 19.7 °C for CL-PDMS-poly(VIMBr-r-PEGMA) versus
51.6 °C for CL-PDMS-poly(VIMBr), which enables the
transition from a glassy to a rubbery state, and increased
chain flexibility.
Moreover, comparison of the ionic liquid-doped membrane,

i.e., CL-PDMS-poly(VIMTFSI)-EMIM (sample 5), to the CL-
PDMS-poly(VIMTFSI-r-PEGMA) (sample 4) revealed both
higher modulus (1.29 vs 0.52 MPa) and improved elongation-
at-break (422.7 vs 164.7%) in the latter case, clearly
demonstrating the advantage of the molecular-level-designed
intrinsic elastic PILs over the composite elastic PIL. Hysteresis
test of the sample 4 was also conducted from 0 to 50% strain
for 10 cycles to evaluate its elastic recovery. As seen in Figure
S5c, the sample was able to retain 76% of initial stress after 10
cycles, with the overall hysteresis behavior outperforming some
polyurethane thermoplastic elastomers.60 We also observed
minimal stress decay after 5 cycles, and the stress value intends
to be stable at 50 kPa, which indicates good elasticity (>75%
initial stress remaining after 10 cycles) of the obtained E-PIL
membrane.

Conductivity Evaluation. PILs are promising materials
for use in the solid-state electrolyte in batteries, super-
capacitors, and other electronics.23,24 Broadband dielectric
spectroscopy (BDS) was utilized to evaluate the ionic
conductivity of the PIL-based membranes, with data from
the cooling cycle shown in Figure 5 and Figure S6. In all
curves, the temperature dependence of conductivity exhibits a
transition from a Vogel−Fulcher−Tammann (VFT) behavior
to an Arrhenius behavior upon cooling, with the crossover
happening around Tg of the sample.61 The Tg values obtained
from the BDS are consistent with those obtained from the
DSC (Table 1).
The ionic conductivity of CL-PDMS-poly(VIMTFSI) with

TFSI− counter ion (sample 3) at T = 30 °C is about two
orders of magnitude higher than that of the same polymer with
Br− counter ion (CL-PDMS-poly(VIMBr), sample 1). This is
explained by lower Tg and faster segmental dynamics.
Moreover, in a system with decoupled conductivity, the size

Figure 3. Shear modulus (reference temperature = 30 °C) of (a) CL-
PDMS-poly(VIMBr), (b) CL-PDMS-poly(VIMBr-r-PEGMA), (c)
CL-PDMS-poly(DEAEAH-r-PEGMA), and (d) CL-PDMS-poly-
(DEAEAMBr-r-PEGMA). (e) Temperature dependence of the
segmental relaxation time in studied PILs.

Figure 4. (a) Tensile test data of PILs. (b) Photos of CL-PDMS-
poly(VIMTFSI-r-PEGMA).
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of free anions will also significantly affect their ionic
conductivity,62,63 and the larger anion in sample 3 will lead
to more dissociation of the anion, resulting in improved ionic
conductivity.64 The ionic liquid EMIM-doped membrane CL-
PDMS-poly(VIMTFSI)-EMIM exhibited the highest conduc-
tivity among all samples, which is mainly attributed to the high
concentration of free ionic pairs (EMIM-EFSI) compared to
the PILs with only mobile anions. It is worth noticing that the
PEG incorporated samples also exhibited higher ionic
conductivity than those without PEG due to the faster
segmental dynamics rendered by the introduced PEGMA
side chain. For example, CL-PDMS-poly(VIMBr-r-PEGMA)
(sample 2) exhibits over one order higher conductivity than
CL-PDMS-poly(VIMBr) (sample 1). With decent ionic
conductivity (10−6 s/cm) and good mechanical performance,
especially high extensibility (423% maximum strain) at
ambient temperature (30 °C), sample 4, CL-PDMS-poly-
(VIMTFSI-r-PEGMA), presents high potential to be utilized
as a conductive solid polyelectrolyte, whose ionic conductivity
can be further tuned by additional ionic liquid and/or
inorganic salts.65

The present system shows excellent mechanical performance
in comparison to the previous literature, i.e., an ultimate tensile
stress higher than 1 MPa and a maximum extensibility over
300%, while the ionic conductivity is slightly lower than
reported values due to the absence of any additional
plasticizers and salts (see Table S1).
We prepared two additional samples that have different

molar ratios of VIMTFSI/PEGMA, i.e., CL-PDMS-poly-
(VIMTFSI-r-PEGMA)(45:5) and CL-PDMS-poly(VIMTFSI-
r-PEGMA)(30:20), and the BDS results are shown in Figure
S9. Increasing the molar ratio of PEGMA over the VIMTFSI
from VIMTFSI:PEGMA = 45:5 to 30:20 resulted in a slight
increase in ion conductivity at 30 °C. This can be explained by
the higher chain mobility with increased PEGMA loading,
which is verified by the lower Tg. The optimum ratio for
achieving the highest ionic conductivity with CL-PDMS-
poly(VIMTFSI-r-PEGMA) is identified as VIMTFSI:PEGMA
= 40:10 (sample 4), which emphasizes the importance of
balancing between high TFSI− ion concentration and low Tg
contributed by PEGMA content. We also performed the study
on varying the chain length of the PEGMA monomer: a
sample with PEGMA of 500 g/mol (3 more PEG repeat units)
was prepared. The obtained BDS data ( Figure S9) suggest
that changing the PEG side chain length shows a similar effect
to the changing molar ratio of the PEGMA.

To examine the electrochemical stability of E-PIL
membranes, liner sweep voltammetry (LSV) was performed
on selected samples, as shown in Figure S8. All the measured
samples, i.e., CL-PDMS-poly(VIMBr-r-PEGMA) (sample 2),
CL-PDMS-poly(VIMTFSI-r-PEGMA) (sample 4), and CL-
PDMS-poly(DEAEAMBr-r-PEGMA (sample 9), exhibit ex-
cellent voltage stabilities of being above 4.2 V versus Li/Li+,
and sample 4 shows even higher electrochemical stability
above 4.8 V versus Li/Li+. The result suggests that these PIL-
based elastic membranes may be used in batteries containing
high-voltage electrode.

Gas Separation Performance. PILs have been well-
investigated in gas separation membranes due to their potential
in improving gas permeation and selectivity for certain gas
pairs (CO2/N2, CO2/CH4, etc.) by tuning solubility and
utilizing optimized cation−anion pairs.59,66 In industrial
applications, gas separation membranes are commonly
manufactured under a three-layer design: porous support,
gutter layer, and selective layer, where the gutter layer serves as
an isolation layer as well as a surface roughness modifier.67 To
reduce the complexity, a layer with good mechanical stability,
high flexibility, and decent gas permeation properties may play
as both the gutter layer and the selective layer. Therefore, the
flexibility and stretchability of the developed E-PIL system may
be advantageous for this application. To demonstrate their
potential application as gas-separation membranes, the gas
permeability of E-PIL membranes was measured in a custom-
built instrument.50 The PIL membranes without PEGMA,
including CL-PDMS-poly(VIMBr), CL-PDMS-poly-
(DEAEAH), and CL-PDMS-poly(DEAEAMBr) all failed in
the gas-separation tests due to physical rupture caused by the
high fragility of membranes when applying pressure difference
on two sides of the membrane. All of PEG-incorporated PIL
membranes, i.e., CL-PDMS-poly(VIMBr-r-PEGMA), CL-
PDMS-poly(VIMTFSI-r -PEGMA), CL-PDMS-poly-
(DEAEAH-r-PEGMA), and CL-PDMS-poly(DEAEAMBr-r-
PEGMA), (samples 2, 4, 7, and 9) maintained integrity at
the test condition, which also indicates the significant
advantage of elastic membranes. With the elastic PDMS
backbones providing fast segmental mobility at ambient
temperature, ionic liquid,68 and PEG segments operated as
CO2-philic functional groups,

69 all elastic PILs (samples 2, 4, 7,
and 9) exhibit a higher gas permeability and CO2/N2
selectivity as shown in Figure 6. Comparison of the gas

Figure 5. Temperature dependence of conductivity (σ) of samples 1−
5.

Figure 6. Summary of gas permeation data of E-PIL membranes.
Sample 2: CL-PDMS-poly(VIMBr-r-PEGMA); sample 4: CL-PDMS-
poly(VIMTFSI-r-PEGMA); sample 5: CL-PDMS-poly(VIMTFSI)-
EMIM; sample 7: CL-PDMS-poly(DEAEAH-r-PEGMA); sample 9:
CL-PDMS-poly(DEAEAMBr-r-PEGMA).
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separation performance of samples 2 and 4 (Figure 6) reveals
that the sample with TFSI− counterion shows higher gas
permeability than that with Br− counterion. This can be
explained by the faster molecular dynamics in the TFSI−

sample due to the lower Tg, which allows faster gas molecules
transport through the membranes. In the ionic liquid-doped
PILs, i.e., CL-PDMS-poly(VIMTFSI)-EMIM, the “free”
EMIM-TFSI ionic liquid in the system enables efficient
interaction between gas and membranes, thus most likely
increasing solubility selectivity, which leads to a high CO2/N2
selectivity of 32 and decent CO2 permeability of 158 Barrer.
Considering the normally achieved permeation and selectivity
values, these samples are considered among the best PIL-based
gas separation membranes.70 The good mechanical stability
and versatile molecular design of the membranes indicate great
potentials of current membranes for practical applications.

■ CONCLUSIONS
A series of elastic poly(ionic liquids) membranes were
fabricated by growing the copolymer of ionic liquid monomers
and PEGMAs as the side chain of PDMS backbones to form
grafted copolymers followed by a chemical cross-link using
elastic PDMS linkers. Utilization of PDMS as a backbone and a
cross-linker, together with the incorporation of PEGMA in the
side chain, are the key design to reduce their Tg, achieving a
rubbery state at ambient temperature and enabling the
elasticity of resulting PIL-based membranes. The obtained E-
PIL membranes showed excellent extensibility and reasonable
stiffness, a significant improvement over those PIL membranes
without PEGMA, even those doped with ionic liquid. BDS
analysis revealed that the ionic conductivity of E-PILs can be
tuned by introducing different ionic liquid species, copoly-
merization with PEGMA in the side chain or doped with
additional ionic liquid. The E-PIL also exhibited great potential
to be utilized as gas-separation membranes, and PEG-
incorporated samples demonstrated excellent CO2/N2 separa-
tion capability along with outstanding structural integrity.
The demonstrated PIL-based membrane with significantly

improved elasticity will benefit a wide range of applications,
not limited to the gas-separation membrane and energy-storage
devices, considering the unique properties of PILs. Moreover,
the knowledge gained during this process may shed light on
the versatile molecular design of polymeric materials with
enhanced mechanical performance and functionalities.
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Temperature development of glassyα-relaxation dynamics determined
by broadband dielectric spectroscopy. Phys. Rev. E 2010, 81,
No. 051504.
(62) Stacy, E. W.; Gainaru, C. P.; Gobet, M.; Wojnarowska, Z.;
Bocharova, V.; Greenbaum, S. G.; Sokolov, A. P. Fundamental
Limitations of Ionic Conductivity in Polymerized Ionic Liquids.
Macromolecules 2018, 51, 8637−8645.
(63) Kisliuk, A.; Bocharova, V.; Popov, I.; Gainaru, C.; Sokolov, A.
P. Fundamental parameters governing ion conductivity in polymer
electrolytes. Electrochim. Acta 2019, 299, 191−196.
(64) Leys, J.; Rajesh, R. N.; Menon, P. C.; Glorieux, C.; Longuemart,
S.; Nockemann, P.; Pellens, M.; Binnemans, K. Influence of the anion
on the electrical conductivity and glass formation of 1-butyl-3-
methylimidazolium ionic liquids. J. Chem. Phys. 2010, 133,
No. 034503.
(65) Choudhury, S.; Saha, T.; Naskar, K.; Stamm, M.; Heinrich, G.;
Das, A. A highly stretchable gel-polymer electrolyte for lithium-sulfur
batteries. Polymer 2017, 112, 447−456.

(66) Vollas, A.; Chouliaras, T.; Deimede, V.; Ioannides, T.; Kallitsis,
J. New Pyridinium Type Poly(Ionic Liquids) as Membranes for CO2
Separation. Polymer 2018, 10, 912.
(67) Dai, Z.; Ansaloni, L.; Deng, L. Recent advances in multi-layer
composite polymeric membranes for CO2 separation: A review. Green
Energy Environ. 2016, 1, 102−128.
(68) Bara, J. E.; Gin, D. L.; Noble, R. D. Effect of Anion on Gas
Separation Performance of Polymer−Room-Temperature Ionic
Liquid Composite Membranes. Ind. Eng. Chem. Res. 2008, 47,
9919−9924.
(69) Lin, H.; Freeman, B. D. Gas solubility, diffusivity and
permeability in poly(ethylene oxide). J. Membr. Sci. 2004, 239,
105−117.
(70) Robeson, L. M. The upper bound revisited. J. Membr. Sci. 2008,
320, 390−400.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c02335
Macromolecules 2021, 54, 896−905

905

https://dx.doi.org/10.1021/acsami.7b13205
https://dx.doi.org/10.1021/acsami.7b13205
https://dx.doi.org/10.1039/C6TA02621D
https://dx.doi.org/10.1039/C6TA02621D
https://dx.doi.org/10.1021/acs.jpcb.7b09423
https://dx.doi.org/10.1021/acs.jpcb.7b09423
https://dx.doi.org/10.1021/acs.jpcb.7b09423
https://dx.doi.org/10.1021/acs.macromol.9b00497
https://dx.doi.org/10.1021/acs.macromol.9b00497
https://dx.doi.org/10.1063/1.1707961
https://dx.doi.org/10.1002/pola.10427
https://dx.doi.org/10.1002/pola.10427
https://dx.doi.org/10.1002/pola.10427
https://dx.doi.org/10.1021/ma00038a033
https://dx.doi.org/10.1021/ma00038a033
https://dx.doi.org/10.1021/ma00038a033
https://dx.doi.org/10.1021/acs.macromol.9b02683
https://dx.doi.org/10.1021/acs.macromol.9b02683
https://dx.doi.org/10.1021/acs.macromol.9b02683
https://dx.doi.org/10.1021/cm970075a
https://dx.doi.org/10.1021/cm970075a
https://dx.doi.org/10.1073/pnas.1708489114
https://dx.doi.org/10.1073/pnas.1708489114
https://dx.doi.org/10.1073/pnas.1708489114
https://dx.doi.org/10.1021/acs.macromol.8b01210
https://dx.doi.org/10.1021/acs.macromol.8b01210
https://dx.doi.org/10.1002/1099-0488(20010115)39:2<228::AID-POLB50>3.0.CO;2-Z
https://dx.doi.org/10.1002/1099-0488(20010115)39:2<228::AID-POLB50>3.0.CO;2-Z
https://dx.doi.org/10.1002/1099-0488(20010115)39:2<228::AID-POLB50>3.0.CO;2-Z
https://dx.doi.org/10.1016/j.memsci.2016.05.045
https://dx.doi.org/10.1016/j.memsci.2016.05.045
https://dx.doi.org/10.1002/pen.760331804
https://dx.doi.org/10.1002/pen.760331804
https://dx.doi.org/10.1103/PhysRevE.81.051504
https://dx.doi.org/10.1103/PhysRevE.81.051504
https://dx.doi.org/10.1021/acs.macromol.8b01221
https://dx.doi.org/10.1021/acs.macromol.8b01221
https://dx.doi.org/10.1016/j.electacta.2018.12.143
https://dx.doi.org/10.1016/j.electacta.2018.12.143
https://dx.doi.org/10.1063/1.3455892
https://dx.doi.org/10.1063/1.3455892
https://dx.doi.org/10.1063/1.3455892
https://dx.doi.org/10.1016/j.polymer.2017.02.021
https://dx.doi.org/10.1016/j.polymer.2017.02.021
https://dx.doi.org/10.3390/polym10080912
https://dx.doi.org/10.3390/polym10080912
https://dx.doi.org/10.1016/j.gee.2016.08.001
https://dx.doi.org/10.1016/j.gee.2016.08.001
https://dx.doi.org/10.1021/ie801019x
https://dx.doi.org/10.1021/ie801019x
https://dx.doi.org/10.1021/ie801019x
https://dx.doi.org/10.1016/j.memsci.2003.08.031
https://dx.doi.org/10.1016/j.memsci.2003.08.031
https://dx.doi.org/10.1016/j.memsci.2008.04.030
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02335?ref=pdf

