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ABSTRACT: For improved actuation at low voltages of dielectric elastomers, a high dielectric permittivity has been targeted for
several years but most successful methods then either increase the stiffness of the elastomer and/or introduce notable losses of both
mechanical and dielectric nature. For polydimethylsiloxane (PDMS)-based elastomers, most high-permittivity moieties inhibit the
sensitive platinum catalyst used in the addition curing scheme. In contrast to the classical addition curing pathway to prepare PDMS
elastomers, here, an alternative strategy is reported to prepare PDMS elastomers via the crosslinking reaction between
multifunctional imidazole-grafted PDMS with difunctional bis(1-ethylene-imidazole-3-ium) bromide ionic liquid (bis-IL). The
prepared IL-elastomer entails uniformly dispersed IL and presents stable mechanical and dielectric properties due to the covalent
nature of the crosslinking as opposed to previously reported physical mixing in of ILs. The relative permittivity was improved up to
200% by including the bis-IL in the elastomer, and Young’s modulus was around 0.04 MPa. As a result of the excellent combination
of properties, the dielectric actuator developed exhibits an area strain of 20% at 15 V/μm. The novel strategy to prepare PDMS
elastomers provides a new paradigm for achieving high-performance dielectric elastomer actuators by a simple methodology.
KEYWORDS: dielectric elastomer, actuator, ionic liquid, stability, chemical modification, homogeneity

1. INTRODUCTION
Soft actuators based on electro-active polymers and elastomers
have drawn great research and commercial interest over the
last 30 years due to their inherent promise of overcoming the
limitations of classical rigid actuators.1 Dielectric elastomer
actuators (DEAs) are one such type of soft actuators with
advantages over classical actuators due to their softness and
their potential for large actuation strains and high energy
densities.2−4 Furthermore, DEAs can reversibly alter their size
or shape in response to an external applied electric field;5,6

therefore, they have shown promising applicability in many
fields, such as soft robotics, sensors, energy harvesters, and
artificial muscles.7,8 Among the possible elastomer candidates
for DEAs, polydimethylsiloxane (PDMS) is one of the most
promising ones due to its relatively low elastic modulus, fast
response, and chemical and physical inertness.9−11 However,
the required high driving voltages to actuate (typically 500 V−
10 kV)12 have limited the commercial exploitation of DEAs as
artificial muscles and soft robotics.
According to Pelrine et al.,13 the thickness strain (sz) of

DEAs, based on the assumptions of small deformations,

constant elastic modulus, and free boundary conditions, can be
described by
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where ε0 is the vacuum permittivity (8.85 × 10−12 F m−1), εr is
the relative permittivity, Y is Young’s modulus (also commonly
referred to as the elastic modulus), U is the applied voltage,
and d is the initial elastomer thickness. Therefore, the
achievable actuation strain at a given voltage can be improved
by either single parameter variation or simultaneous
optimization of the three parameters. The optimal way
according to the actuation equation is to simultaneously
increase εr and reduce Y and d. However, this may not be the
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ideal approach seen from the perspective of improved
reliability and lifetime. DEAs operating at low voltages
(∼250 V) have been developed by reducing the thickness of
the dielectric elastomer below 20 μm14,15 since the actuation
strain at a given voltage scales inversely with the squared initial
film thickness. However, reliable and reproducible fabrication
of the dielectric films below 20 μm is challenging and costly
with existing methodologies. Another way to prepare DEAs
operating at low voltages is using soft elastomers, which can be
prepared by, for example, reducing the crosslinking density16

or by crosslinking of bottle brush PDMS.17,18 However, most
DEAs suffer from a low level of tangible forces of the actuator
due to the combination of both low Y and low εr. Thus, focus
in this work is on achieving large strain and low voltages by
simultaneously increasing εr and lowering Y with inclusion of
ionic liquids (ILs) grafted to the polymer chains in order to
avoid the ILs to migrate under the high electrical field.
Also, the required voltage of the DEAs can be reduced by

increasing the relative permittivity of the elastomers. The
original method for this is to incorporate high-permittivity
fillers, such as titanium dioxide,19 zinc oxide,20 and conductive
carbons.21 However, the increased εr is accompanied by a
significant increase in the elastic modulus as well, so the overall
improvement in actuation is usually limited.12 Many synthesis
approaches to enhancing the dielectric permittivity by chemical
modification of the elastomers have been developed with polar
groups,22,23 such as porphyrin,24 nitrobenzene,25 phenyl,26 and
nitroaniline.27 However, classical PDMS elastomers are mainly
prepared by the addition curing pathway by means of a
platinum catalyst, and the aforementioned strong dipoles will
inhibit curing to greater or lesser extent.9 Although significant
actuation was achieved through elastomers with a combination
of increased εr and resulting softness from the unreacted
moieties as a result of the partial inhibition, the mechanical
properties of the elastomers were not reliable over time under
load and/or electrical voltage due to the viscous dissipative
nature of the resulting elastomers.25,27 Therefore, it is
necessary to develop reproducible and insensitive crosslinking
reaction methodologies to achieve well-crosslinked elastomers
and thus reliable DEAs.
ILs, which are regarded as environmentally friendly

chemicals, have high thermal and chemical stabilities and
have been shown to result in a remarkable improvement of εr
of PDMS elastomers due to the space charge polarization of
the ions under applied electric field.28,29 Furthermore, like
other liquid fillers, ILs can also be regarded as soft fillers that
decrease the Y of the resulting elastomers due to a combination
of inhibition and plasticization effects.30,31 Mathews et al.32

investigated a PDMS elastomer with 20% 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl) imide and presented
a 2-fold increase in εr and 100-fold decrease in Y, achieving
∼6% area strain at 4 V/μm. Shi et al.33 reported a PDMS
elastomer with ∼22% propyl-methyl-imidazolium bis-
(fluorosulfonyl) imide, which showed a sevenfold increase in
εr and threefold decrease in Y. However, when ILs are
incorporated in the composites without strong chemical bonds
to the network, they will inherently aggregate in the PDMS
matrix over time due to the immiscibility of PDMS and ILs.34

In addition, a strongly inhibiting effect of the IL on the
platinum catalyst used for curing of the PDMS elastomer was
observed in a previous study,35 indicating that the mechanical
properties of the elastomer may not be stable as a lot of
reactive species are present and may react further or migrate.

To overcome the above challenges, one potential way is
chemically grafting a PDMS polymer with IL and then
crosslinking the polymer into an elastomer via a nucleophilic
substitution reaction.36 Previously, we prepared a dielectric
elastomer by using this method; however, the synthesis
approach, various parameters for this approach, and the
actuation performance of the resultant elastomers have not
been optimized.37

Here, we report a strategy for covalently anchoring a bis(1-
ethylene-imidazole-3-ium) bromide IL (bis-IL) to a commer-
cially available mercapto-propyl functional PDMS polymer to
yield a PDMS grafted with multiple ILs per polymer chain.
Finally, crosslinking by means of the IL entities is performed to
yield an elastomer. This approach limits phase separation
during curing and over time. The prepared IL-elastomers
possess uniform dispersion of IL and present stable mechanical
and dielectric properties due to the covalent integration of IL
into the network structure as opposed to the previously
explored physical incorporation of IL into silicone elastomers.
Furthermore, the IL contributes to an improved relative
permittivity of the IL-elastomers. With the combination of high
εr and low Y, the IL-elastomers are shown to have outstanding
actuation performance and pose a promising potential for use
as dielectric elastomers for a plethora of soft devices.

2. EXPERIMENTAL SECTION
2.1. Materials. The mercaptopropyl silicone SMS-042 [4−

6%(mercaptopropyl)methylsiloxane]dimethylsiloxane copolymer
(Mn = 6000−8000 g mol−1, four−five mercaptopropyl groups per
polymer) was purchased from Gelest Inc. 1-Vinylimidazole (Vim),
azobisisobutyronitrile (AIBN), chloroform, and 1,12-dibromodode-
cane (DBD) were obtained from Sigma-Aldrich Co., Ltd. All
chemicals were used as received without further purification.
2.2. Synthesis of Imidazole-Grafted Silicone (Im-g Silicone).

The Im-g silicone was synthesized through the thiol−ene addition of
the mercaptopropyl silicone and Vim. The mercaptopropyl silicone
(21.0 g, 3.0 mmol), Vim (1.2 g, 14.0 mmol), and AIBN (22.2 mg, 0.1
wt % of the reactants) were added to a 100 mL single-neck round-
bottom flask and dissolved in 50 mL of chloroform. The molar ratio
between sulfhydryl groups on the mercaptopropyl silicone and
vinylimidazole groups was 1:1. The reaction mixture was
deoxygenated by bubbling nitrogen for 10 min; then, the flask was
sealed with a rubber stopper. The reaction was then run at 60 °C for
15 h, after which the reaction was stopped by cooling the flask to
ambient temperature. The purification process was performed as
follows: the initial product was obtained by removing chloroform in a
rotary evaporator, and then the product was rinsed three times with
deionized water to extract any unreacted Vim. The final product (Im-
g silicone) was obtained after drying in a vacuum oven for 24 h at
room temperature. Im-g silicone: 1H NMR (CDCl3): δ 7.51 (s, 1H),
7.06 (s, 1H), 6.94 (s, 1H), 4.11 (t, J = 7.0 Hz, 2H), 2.82 (t, J = 7.0 Hz,
2H), 2.44 (t, J = 7.4 Hz, 2H), 1.75−1.43 (m, 2H), 0.58 (t, J = 8.4 Hz,
2H), and 0.07 (s, 111H).
2.3. Preparation of IL-Elastomer. IL-elastomers were prepared

by a nucleophilic substitution reaction of the Im-g silicone with DBD.
Im-g silicone (2.0 g, 0.3 mmol) and given amounts of DBD were
mixed 5 min at 3500 rpm using a dual asymmetric centrifuge
(FlackTek Inc. DAC 150.1 FVZ-K SpeedMixer). Thereafter, the
uniform mixture was poured into a polytetrafluoroethylene mold with
dimensions of 5 × 5 × 2.5 cm (width × length × thickness). The
resulting film was cured at 80 °C for 3 h in an oven. As presented in
Table 1, IL-elastomers 1−5 with different amounts of DBD were
prepared by using molar ratios (r) of bromine over imidazole groups
equal to 0.4, 0.5, 0.6, 0.7, and 0.8, respectively. As shown in Figure S1,
the eluted products of all IL-elastomers in the swelling experiment did
not present the chemical shift at 3.4 ppm (peak 3) which represents
pristine DBD, indicating that DBD has reacted fully with Im-g
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silicone. Therefore, the weight fractions (wbis‑IL) of bis(1-ethylene-
imidazole-3-ium) bromide IL (bis-IL) in the elastomers are calculated
based on the full conversion of DBD.
2.4. Characterization. 2.4.1. Fourier Transform Infrared Spec-

troscopy. Fourier transform infrared (FT-IR) spectra in the
wavenumber range of 650−4000 cm−1 were acquired from a
Nicolet-380 FT-IR instrument fitted with a diamond crystal
attenuated total reflection accessory. All spectra were baseline
corrected.
2.4.2. Proton Nuclear Magnetic Resonance. Proton nuclear

magnetic resonance (1H NMR) spectra were acquired from a 7 T
Spectrospin-Bruker 300 MHz spectrometer by use of dilute solutions
(100 mg mL−1) in deuterated chloroform.
2.4.3. Tensile Strength, Strain at Break, and Young’s Modulus.

Tensile stress−strain diagrams were obtained using a material tester
(Instron 3340 materials testing system, INSTRON, US). Measure-
ments were conducted at room temperature. The films were cut in the
shape of 20 mm length and 3 mm width before the samples were
placed between the two clamps separated by a distance of 10 mm.
The test specimen was elongated uniaxially with a speed of 10 mm
min−1. Y was determined from the tangent of the stress−strain curves
at 10% strain. Three measurements were conducted for each sample,
and the determined values of Y were averaged.
2.4.4. Linear Viscoelastic Properties. Linear viscoelastic properties

of the samples were measured at room temperature (20 °C) using an
ARES-G2 rheometer (TA Instruments) in the controlled strain mode
with 0.5% strain and with frequency sweeps from 102 to 10−2 Hz. The
used geometry was 25 mm parallel plate. According to the kinetic
theory of rubber,38 the crosslinking density (ν) of the IL-elastomers is
determined as

G
RT

= (2)

where G′ is the shear modulus, R is the gas constant (8.314 J K−1

mol−1), and T is the absolute temperature. The molecular weight
between crosslinks (Mc) is determined as

M
RT
Gc =

(3)

where ρ is the density of PDMS (0.97 g cm−3).
2.4.5. Thermogravimetric Analysis. Thermogravimetric analysis

(TGA) was performed on a Mettler Toledo TGA2 Instrument under
nitrogen with a heating rate of 10 °C min−1 in the temperature
interval from 30 to 800 °C.
2.4.6. Swelling Experiments. Gel fractions were determined via

swelling experiments according to our previously reported proce-
dure,26 where elastomer films of dimension 10.0 mm length × 10.0
mm width × 0.5 mm thickness were immersed in chloroform for 72 h
at room temperature. The solvent was being replaced daily. After 3
days of swelling, the chloroform was decanted, and the films were
washed with fresh chloroform several times. Subsequently, the films
were dried for 2 days in an ambient atmosphere. The gel fractions
were determined from

W
m
m

100%gel
1

0
= ×

(4)

where m1 is the weight after extraction and drying and m0 is the initial
weight of the sample. In addition, the eluted products were
investigated by 1H NMR analysis to determine the content of
synthesized bis-IL (Figure S1). The weight fraction (wbis‑IL′ ) of bis-IL
in the eluted product is given by

w
f r M

f M f r M
100%bis IL

1 1 bis IL

2 Img silicone 1 1 bis IL
=

+
×

(5)

where f1 and f 2 are the functionality of Im-g silicone (five imidazole
groups per polymer) and DBD (two bromine groups per molecule),
respectively, r1 is the mole ratio of the imidazole cation and imidazole
group in the eluted product, which equals to the ratio of areas of peak
2 and peak 1 in Figure S1, and Mbis‑IL and MIm‑g silicone are the
molecular weight of bis-IL and imidazole-grafted silicone, respectively.
The weight fraction of bis-IL (wbis‑IL″ ) as the crosslinker in IL-
elastomers is described as

w
m w m m w

m
( )

100%bis IL
0 bis IL 0 1 bis IL

0
= ×

(6)

The content of bis-IL (ccro) being active as a crosslinker is
described as

c
w
w

100%cro
bis IL

bis IL
= ×

(7)

The calculated wbis‑IL′ , wbis‑IL″ , and ccro of the IL-elastomers are
shown in Table S1.
2.4.7. Field-Emission Scanning Electron Microscopes. Field-

emission scanning electron microscopy (FE-SEM) (SU8020, Hitachi)
was used for the morphology investigation. Energy-dispersive X-ray
spectroscopy (EDS) was used to record the element distribution
profile on the sample surfaces. All samples were sputter coated with a
2 nm thick layer of platinum prior to testing.
2.4.8. Dielectric Relaxation Spectroscopy. The dielectric relaxa-

tion spectra of the samples were acquired using a Novocontrol Alpha-
A high-performance frequency analyzer (Novocontrol Technologies
GmbH & Co, Germany). The instrument was operated at 1 V mm−1

at room temperature and in the frequency range of 10−1 to 106 Hz.
2.4.9. Figure of Merit (Fom) Determination. The evaluation of

performance of DEAs under constant voltage is commonly expressed
by a figure of merit that combines the properties of elastomers to a
single parameter. According to Sommer-Larsen and Larsen,39 the
figure of merit (Fom) for a given dielectric elastomer used as an
actuator is described as

F
E

Y
3

om
r 0 BD

2

= (8)

For easier comparison of the optimized properties of the IL-
elastomers compared to those of a reference elastomer, a normalized
figure of merit (Fom* ) for actuators was used in this work. The equation
is given by

F
E
Y

E

Y
/om

r BD
2

r,0 BD,0
2

0

* =
(9)

where εr,0, Y0, and EBD,0 represent the εr, Y, and electric breakdown
strength of the reference elastomer, respectively. The chosen
reference elastomer in this work is a pure PDMS elastomer (εr,0 =
2.5, Y0 = 0.8 MPa, and EBD,0 = 40 V/μm) prepared from the
hydrosilylation reaction in previous work.40,41

2.4.10. Actuation Tests. The IL-elastomers were mounted on a
rigid ring mold with an inner diameter of 50 mm. A biaxial prestrain
of 5% was used. Circular carbon grease electrodes with approximately
100 μm thickness and with a diameter of 30 mm were cast on both
sides of the elastomer films. The resulting electrodes were connected
to a Stanford Research Systems model PS37 high-voltage source. The
tests were performed by voltage increments of 500 V from 0 V to the
voltage until the dielectric breakdown was recorded. The diameter of
the circular carbon grease electrode was tracked using a digital video

Table 1. Amounts of Reagents Used for the IL-Elastomer
Preparation and the Weight Fractions of Bis-IL in the
Elastomers

sample m(Im-g silicone) (g) m(DBD) (g) r wbis‑IL (%)

IL-elastomer 1 2 0.08 0.4 6.0
IL-elastomer 2 2 0.10 0.5 7.5
IL-elastomer 3 2 0.12 0.6 8.9
IL-elastomer 4 2 0.14 0.7 10.3
IL-elastomer 5 2 0.16 0.8 11.7
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camera (LUMIX DMC-G80), and the resulting images were analyzed
using the video analysis and modeling tool Tracker 6.0.1, which is a
project of open-source physics hosted by comPADRE. The lateral
strain (sx), which is the relative change in the diameter of the circular
actuator, is determined as

s
D D

Dx
a r

r
=

(10)

where Da is the diameter of the circular electrode in the actuated state,
and Dr is the diameter of the circular electrode before actuation. The
area strain (sA) is determined as

s s( 1) 1A x
2= + (11)

Assuming that the silicone elastomers are incompressible,42 the
thickness (dr) of the elastomer film under prestrain is determined as

d
d

s( 1)r
0

p
2=

+ (12)

where d0 is the initial thickness of the elastomer film before prestrain
and sp is the biaxial prestrain of the elastomer film. The thickness (da)
of the elastomer film in the actuated state is determined as

d
d

s( 1)x
a

r
2=

+ (13)

The electric field can be calculated from

E
U
d

U
d

s s( 1) ( 1)x
a 0

p
2 2= = + +

(14)

where U is the applied voltage.

3. RESULTS AND DISCUSSION
The synthesis of the IL-elastomers is shown in Scheme 1. First,
the multifunctional Im-g silicone was synthesized from a
commercially available polymer by the thiol−ene addition of
mercaptopropyl silicone and Vim in the presence of the AIBN
initiator. Then, the IL-elastomers were prepared from Im-g
silicone with difunctional bis-IL as the crosslinker. This new
curing route avoids the inhibiting effect of IL on the classical
platinum-catalyzed silylation curing of the PDMS elastomer.
3.1. Chemical Characterization. The extent of the thiol−

ene addition between Vim and sulfhydryl groups on the
mercaptopropyl silicone was investigated by 1H NMR analysis.
Peak 6 in Figure 1a represents the chemical shifts of the
protons on the sulfur, and it vanishes after the thiol−ene
addition with Vim (Figure 1b), indicating a complete
conversion of sulfhydryl groups and thus a successful reaction.
As presented in Figure 1b, peaks 9−11 in the spectrum

attribute to the chemical shifts of protons on the imidazole
ring, confirming that the Vim is grafted to the mercaptopropyl
silicone. Furthermore, the integration of the peaks in Figure 1b
provides clear evidence for the synthesis of Im-g silicone.
The IL-elastomers are cured based on a nucleophilic

substitution reaction of Im-g silicone with DBD. FT-IR spectra
were analyzed to verify the successful curing of the Im-g
silicone. As shown in Figure 2a, the characteristic peaks

between 1517 and 1496 cm−1 represent the imidazole ring. All
elastomers in Figure 2b exhibit the characteristic peaks of the
imidazole ring at 1563 cm−1, while the unreacted Im-g silicone
presents shifted characteristic peaks at ∼1506 cm−1. This
shifted signal confirms the successful conversion of the initial
imidazole in Im-g silicone into imidazole cations in the IL-
elastomers.43,44 Furthermore, with the increase in the content
of DBD from 3.8 to 7.4 wt % (IL-elastomer 1 to 5), the IL-
elastomer presents an increased peak intensity at 1563 cm−1

and decreased peak intensity at ∼1506 cm−1. This indicates
that bis-IL content increased by increased DBD content in the
Im-g silicone, as expected.

Scheme 1. (a) Synthesis of the Im-g Silicone Via Thiol−Ene Addition of Mercaptopropyl Silicone and Vim in the Presence of
AIBN and (b) Preparation of IL-Elastomers by Nucleophilic Substitution of Im-g Silicone with DBD

Figure 1. (a) 1H NMR spectrum of mercaptopropyl silicone and (b)
1H NMR spectrum of Im-g silicone.

Figure 2. (a) FT-IR spectra of Vim, mercaptopropyl silicone, and Im-
g silicone and (b) FT-IR spectra of Im-g silicone, IL-elastomer 1, IL-
elastomer 3, and IL-elastomer 5.
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3.2. Gel Fraction. To understand better the network
structures of the IL-elastomers, swelling experiments were
conducted to quantify the content of covalently bonded (gel
fraction) and nonbonded (sol fraction) species. As illustrated
in Table S1, with an increased content of DBD from 3.8 to 7.4
wt %, the gel fractions increase from 50.3 to 87.1% (IL-
elastomer 1−5). The gel fractions are not as high as that of the
PDMS elastomers in our previous work,35,45 but the cross-
linking methodologies are also significantly different. However,
mechanical and dielectric stabilities of the IL-elastomers were
investigated further to ensure that the presence of nonbonded
fractions does not impact the overall stability. The results are
discussed in the Mechanical Properties and Dielectric Proper-
ties sections.
To further understand the resulting network structure of the

resulting elastomers, the crosslinking density is investigated.
The crosslinking density (ν) of the IL-elastomers is
determined by the content of bis-IL that functions as the
crosslinker. The weight fraction of bis-IL as the crosslinker
(wbis‑IL″ ) in IL-elastomers is calculated according to eq 6. As
illustrated in Tables S1 and S2, ν increases from 2.4 to 20.8
mol m−3 with wbis‑IL″ increasing from 6.4 to 10.7 wt %. In
addition, the crosslinking efficiency (ccro) of bis-IL can be
estimated and it increases from 75 to 92% with the wbis‑IL″
increased from 4.5 to 10.7 wt %. The high crosslinking
efficiency of bis-IL for the IL-elastomer proves a good
crosslinking methodology. Pictures of the IL-elastomers with
various bis-IL contents are shown in Figure S2. IL-elastomer 1
has too poor mechanical properties due to the low gel fraction
(50.3%) and wbis‑IL″ (4.5%) and is thus not part of subsequent
testing and evaluation.
3.3. Morphology. FE-SEM images of IL-elastomers 2−5

are shown in Figure S3a−d. All IL-elastomers display clear
uniform morphologies with evenly arranged wrinkles. The
wrinkles which also have been shown to prevail in other PDMS
elastomers26,45 may be formed due to a slight shrinking of the
PDMS elastomer during curing. Figure S3e−h shows EDS
images of IL-elastomer 3. The uniform dispersion of N and Br

elements, which represent imidazole cations and bromine
anions of the bis-IL, respectively, confirms that the bis-IL is
uniformly distributed and thus indirectly confirms that the
grafting is successful since phase separation would have been
expected elsewise.
3.4. Thermal Stability. TGA was conducted to explore the

temperature range in which the IL-elastomers are relevant to
be used. As shown in Figure S4, all IL-elastomers present a
two-stage thermal decomposition. The first stage, with a
derivative thermogravimetric peak temperature of 318 °C, is
related to the decomposition of IL. During the second stage,
thermal decomposition of PDMS proceeds in the temperature
range of 400−700 °C.39,40 Taking into account that all IL-
elastomers are thermally stable up to 270 °C where the initial
onset of degradation is recorded, they can find potential
application in high-temperature environments like other
classical silicone elastomers.
3.5. Mechanical Properties. Tensile testing was per-

formed to evaluate the linear properties of the elastomers as
well as the ultimate properties. Data for Young’s modulus,
tensile strength, and strain at break of the IL-elastomers was
acquired, and as shown in Figure 3a and Table S3, the stiffness
of the IL-elastomer increases with increasing wbis‑IL″ from 6.4 wt
% (IL-elastomer 2) to 10.7 wt % (IL-elastomer 5). The strains
at break of the elastomers decrease from 182 to 121% in line
with the increased stiffness. This can be attributed to the fact
that the crosslinking density of the PDMS network increases
and the chain mobility of the PDMS molecules between the
junctions decreases with increasing crosslinking.38 In addition,
the ultimate tensile strength of the elastomers increases with
increasing bis-IL content due to the increased crosslinking
density.46 Although all the IL-elastomers have low strains at
break compared with commercial PDMS elastomers (∼300%),
they are still sufficiently flexible to be applied as DEAs since
actuation strains usually are below 50%.12

As shown in Figure 3b, all elastomers show rather low Y
(such as 0.04 MPa for IL-elastomer 2) compared to
commercial PDMS elastomers (∼1 MPa).9 A reduced Y

Figure 3. (a) Tensile stress−strain curves of IL-elastomers 2−5; (b) Young’s modulus (Y) of IL-elastomers 2−5; (c) shear modulus (G′) and
relative viscous loss (tan δ) of IL-elastomers 2−5 measured at 0.5% strain; and (d) cyclic stress−strain curves up to 50% strain for IL-elastomers 2−
5.
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contributes to increased actuation strain according to eq 1. The
low Y can be attributed to the softening effect of the IL and
unreacted moieties in the elastomer. Moreover, Y increases
from 0.04 to 0.30 MPa with increasing wbis‑IL″ from 6.4 to 10.7
wt %. This can be attributed to the increased crosslinking
density for the IL-elastomer with a high wbis‑IL″ . Almost constant
Y and strain at break were observed for all IL-elastomers stored
in an ambient atmosphere for a year, again indicating the
robustness of the crosslinking scheme hindering the
aggregation of the highly stable IL47 (Table S4).
The rheological properties are shown in Figure 3c. The

storage modulus (G′) increases with increased bis-IL content,
which fits well the tensile results. In addition, the viscoelastic
loss factors of all elastomers are below 0.1 at 10−2 Hz,
indicating good mechanical integrity.25,35 The mechanical
stability of the IL-elastomers in cyclic strain was evaluated by
uniaxial cyclic tensile experiments. Figure 3d shows cyclic
stress−strain curves for IL-elastomers tested to 50% strain. All
IL-elastomers present stable mechanical properties as
evidenced by the good recoverability and negligible hysteresis.
Stable mechanical properties are recorded for IL-elastomer 2
for more than 1000 cycles (Figure S5).
3.6. Dielectric Properties. The difunctional IL is solely

utilized not only as the crosslinker to prepare mechanically

stable elastomers but also to improve the relative permittivity
of the elastomers due to its high polarity. The dielectric
properties of the Im-g silicone and IL-elastomers are shown in
Figure 4. Due to the grafted polar imidazole groups, the Im-g
silicone shows a higher εr (76.4@0.1 Hz, 3.5@106 Hz) than
that of the mercaptopropyl silicone (3.5@0.1 Hz, 2.8@106
Hz). As illustrated in Figure 4d and Table S5, all IL-elastomers
have much higher relative permittivity than that of the
mercaptopropyl silicone and those of a commonly used
silicone elastomer, Sylgard 184, with εr ∼ 2.8 measured at
0.1 Hz.48 Furthermore, with increased bis-IL content, εr at 0.1
Hz increases from 7.5 for IL-elastomer 2 to 10.7 for IL-
elastomer 5. The increase of εr is due to the intensified ionic
polarization.49,50 In addition, all IL-elastomers display a drastic
decrease in εr with increasing frequencies from 0.1 to 10 Hz,
and the εr decreases slowly with further increasing frequency to
106 Hz. This is consistent with the dielectric behavior of the
Im-g silicone in Figure 4a, as the imidazole group and IL as
dipoles cannot follow the rapid alternation of the electrical field
above ∼10 Hz.51

As shown in Figure 4b,c,e,f, compared with the mercapto-
propyl silicone, the Im-g silicone and IL-elastomers exhibit
higher loss tangent and conductivity due to the chemical
modification with polar imidazole and IL, as expected.

Figure 4. (a) Relative dielectric permittivity (εr), (b) loss tangent (tan δ), and (c) conductivity (σ′) of the mercaptopropyl silicone and Im-g
silicone, respectively, and (d) εr, (e) tan δ, and (f) σ′ of IL-elastomers 2−5.

Figure 5. (a) Illustration of the preparation of the DEA and its deactivated and activated states and (b) images of the original and activated state
(electric field 15 V/μm) of IL-elastomer 2.
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However, tan δ and σ′ of the IL-elastomers decrease with
increasing bis-IL content (from IL-elastomer 2 to IL elastomer
5) at frequencies of 10−1 to 104 Hz. This can be attributed to
the decreased ion and chain mobilities in the elastomers with
higher crosslinking densities, albeit the polar and ionic moieties
are present in larger concentrations.
All investigated IL-elastomers are shown to be electrically

insulating and potential candidates for actuator applications
since their σ′ at 0.1 Hz is below 10−9 S/cm.11,15 Previously
reported actuators based on dielectric elastomers exhibited
high actuation strains, albeit they had high tan δ values but
stability over time was not measured.15 The investigated IL-
elastomers present excellent dielectric stability over time due to
negligible changes in εr, tan δ, and σ′ after storage under
ambient condition for a year (Figure S6). Thus, the properties
of the novel IL-elastomers with outstanding εr (7.5−10.7@0.1
Hz) and Y (0.04−0.30 MPa) merit additional investigation as
actuators.
3.7. Actuation Performance. Circular actuator devices

were assembled by using the IL-elastomers and carbon grease
as dielectric elastomer and electrodes, respectively. As
illustrated in Figure 5a, the elastomer layer is sandwiched by
electrodes, and combined Coulombic forces and Maxwell
stress act to compress the thickness of the film and expand it in
the plane when subjected to the electric field.10Figure 5b
shows the IL-elastomer 2 before and after applying an electric
field of 15 V/μm. An obvious expansion in area was observed
in the activated state.
As shown in Figure 6a, the electrical breakdown strength

EBD of the IL-elastomers, recorded directly in the actuation
tests, increased from 16.9 to 19.0 V/μm with increasing bis-IL
content from 7.5 to 11.7 wt %. The increase of EBD is due to
the increased Y of the IL-elastomer with high content of the
bis-IL crosslinker (Figure 3b).24 In addition, the reduced σ′ of
IL-elastomers with increasing bis-IL content (Figure 4f)
contributes to increased EBD.

25

A normalized figure of merit (Fom* ), which accounts for the
respective parameters of the IL-elastomers as an actuator, was
used to evaluate their theoretical actuation performance.39 As
shown in Figure 6b, all IL-elastomers have Fom* values above 1,
and thus, all investigated IL-elastomers present a better
actuation performance than that of the reference elastomer,
albeit their EBD values are around half of that of the reference
elastomer. In addition, the Fom* decreases with increasing wbis‑IL.
The highest Fom* (10.7) was achieved by IL-elastomer 2 with
the lowest bis-IL content (7.5%) among the IL-elastomers. IL-
elastomers with a bis-IL content below 7.5% were not
evaluated due to their low crosslinking densities, so they are
not viable actuators. Summing up, the optimal actuation

performance of the investigated IL-elastomers is governed by
the lower limit for network structure integrity and the effect of
increased dielectric permittivity plays a less significant role.
Figure 7a summarizes the results obtained in the actuation

tests. All investigated IL-elastomers actuate with the increased

driving voltage before undergoing dielectric breakdown. A
maximum area strain of 20% was achieved at 6.5 kV for IL-
elastomer 2 with 7.5 wt % bis-IL. However, with increasing bis-
IL content in the elastomer matrices, IL-elastomer 3 (8.9 wt %
bis-IL) shows a maximum strain of 18% at 6.5 kV, and IL-
elastomers 4 (10.3 wt % bis-IL) and 5 (11.7 wt % bis-IL) show
maximum strains of 11 and 9% at 7 kV, respectively. This trend
was also predicted from the normalized figures of merit (Figure
6b). The reduction of the actuation strain for the IL-elastomer
with a high bis-IL content is attributed to the increased Y
(Figure 3b), although the elastomer presents increased εr and
EBD. Therefore, IL-elastomer 2 shows the best actuation
performance in both theory and experiment. Its actuation was
recorded and is illustrated in Video S1 (Supporting
Information). Furthermore, as shown in Figure S7, the area
strain of the IL-elastomer 2 decreases from 14.5 to 8.5% at 5.5
kV with increased frequency of the electric field from 0.1 to
100 Hz. This is in agreement with the decreased relative
permittivity with increasing frequency. Figure S8 shows the
long-term actuation performance of the actuator based on IL-
elastomer 2, where it is shown that the actuator endures 870
cyclic actuations under a continuously sinusoidal voltage of 6.0
kV at a frequency of 0.1 Hz.
An area strain comparison of IL-elastomer 2 and previously

reported dielectric elastomers was performed. As shown in
Figure 7b and Table S6, IL-elastomer 2 undergoes a higher
area strain in a relatively low electric field (<30 V/μm) than
the commercial elastomer Sylgard 184 and most filler-modified
and chemically modified PDMS elastomers.11,15,16,24,27,52−59

Interestingly, IL-elastomer 2 achieved the 3 times higher

Figure 6. (a) Actual electric breakdown strength (EBD) of IL-elastomers 2−5 determined from actuation tests and (b) normalized figure of merit
(Fom* ) of IL-elastomers 2−5.

Figure 7. (a) Area strain of IL-elastomers 2−5 as a function of the
voltage and (b) comparison of area actuation strains for differently
modified silicone-based dielectric elastomers.
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actuation strain than the PDMS elastomer modified with
polyaniline in a similar electric field. The high actuation strain
of the novel IL-elastomer highlights the potential of the
proposed strategy to prepare a high-performance actuator with
difunctional IL.

4. CONCLUSIONS
A novel approach to prepare PDMS elastomers via the
crosslinking of synthesized multifunctional imidazole-grafted
PDMS has been developed. The DEA with a bis-IL content of
7.5% presented a high area strain of 20% for an electrical field
of as little as 15 V/μm. The actuation performance is achieved
from a combination of excellent mechanical and dielectric
properties of the IL-elastomer but mainly due to the excellent
mechanical integrity of the elastomer at low crosslinking
density. Due to the strategy of covalently incorporating of IL,
the prepared IL-elastomer has a uniform dispersion of IL and
presents stable mechanical and dielectric properties. The IL-
elastomer presents an εr of 7.5, which is double that of the
mercaptopropyl silicone. In terms of mechanical properties,
this IL-elastomer has a relatively low Y (0.04 MPa) and high
strain at break (182%). A normalized figure of merit of 10.7
compared to that of the reference pure PDMS elastomer was
achieved despite the relatively low EBD (∼17 V/μm) of the
elastomer. The exceptional actuation performance of this
dielectric elastomer material suggests a promise for use in
electroactive devices.
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