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Dielectric silicone elastomers able to respond to an electrical stimulus by amechanical displacement are prepared
through a simple one-pot procedure consisting in cross-linking and simultaneous in situ generation of the filler
functionalized with polar groups, as reinforcing and dielectric permittivity enhancer. One and the same reagent,
(3-chloropropyl)trimethoxysilane (CPTMS), serves as both cross-linker and precursor for the filler. This is incor-
porated in different amounts with dibutyltindilaurate (DBTDL) into polydimethylsiloxane-α,ω-diols having mo-
lecular masses of 34,500 and 125,000 g ⋅mol−1 and left for curing in atmospheric conditions. The Fourier
Transform Infrared (FTIR) spectra show absorption bands characteristic for silsesquioxane (SSQ) structures
formed by converting excess CPTMS, while the Transmission Electron Microscopy (TEM) images reveal biphasic
morphology of the resulting material in which formations which we have assumed to be SSQ are distributed
within the silicone matrix. The structural aspects and supramolecular organization are investigated by Wide
Angle X-Ray Diffraction (WAXD) and Small Angle X-ray Scattering (SAXS) analysis. The influence of the
CPTMS amount over themechanical and dielectric properties of the resultedmaterials are investigated expecting
an improvement of the dielectric permittivity but also a strengthening of material. Lateral strain as a response to
an applied voltage on dielectric films is measured.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Polydimethylsiloxanes (PDMSs), due to characteristics of the silox-
ane bond, offer a unique combination of properties (high flexibility, ex-
tremely low transition temperatures, high temperature and chemical
resistance, hydrophobicity, etc.), which are desirable for many applica-
tions [1,2]. Besides polyurethanes and acrylic elastomers, silicones are
of high interest as dielectric elastomers (DEs) [3] for electromechanical
applications due to their high elasticity, high dielectric strength, low
moisture uptake, the ability to function in a broad temperature range
without significant change in their properties and the capability to be
processed into thin flexible films [4]. However, since the intermolecular
forces in PDMS are extremely weak, in order to obtain a durable elasto-
meric material with dimensional stability, it should be cross-linked. In
general, three curing procedures are commonly used in silicones chem-
istry, eachwith advantages and disadvantages: condensation (moisture
cure), addition (hydrosilylation cure), or radical reaction, which is per-
formednormally at higher temperatures [5–7]. The condensation curing
is one of the most important procedure used to cross-link siloxanes in
commercial applications. Although it requires a longer curing time this
is the simplest and cheapest pathway occurring at room temperature
without involving expensive reagents or catalysts, and affording ther-
mally stable materials [5]. A typical system contains silanol-terminated
PDMS, a cross-linker and a catalyst. Tri- and tetraalkoxysilanes enable
moisture-cure capability upon exposure to air, being themost common-
ly used cross-linkers. The alkoxy functionality is hydrolyzed to form
silanol and the corresponding alcohol. The silanol can then condense
with the SiOH-terminated PDMS and produce a network. Tin carboxyl-
ates are suitable catalysts for this reaction [8]. When a trialkoxysilane is
used as cross-linking agent, the fourth organic group attached to the sil-
icon atom, depending on its nature, can induce or develop certain prop-
erties. When this is a polar group, it may lead, inter alia, to increased
dielectric permittivity of silicones, which is required for electromechan-
ical applications.

Because silicones have the disadvantage of a low dielectric permit-
tivity, a significant research effort has been devoted to improve their di-
electric permittivity. Several approaches are reported in the literature,
mainly consisting in chemical modification of the polysiloxane chains
with polar groups [9–14], interpenetration of silicone networks with
more polar ones [15–18] or incorporation of polar fillers within silicone
matrix [3,9,19–26], eachwith its limits and performance aswere recent-
ly reviewed in ref. [27]. The use of polar cross-linkers is less approached,
although this may present some strength, consisting of a relatively
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Table 1
Feed reagents amounts and estimated polar group contents in the cross-linked films.

Sample/Reactants PDMS, A or B, g DBTDL, g

CPTMS

wt% Clag wt%

A0 3.000 0.053 0.012 0.391 0.068
A5 3.000 0.053 0.165 5.127 0.933
A10 3.000 0.053 0.325 9.621 1.777
A15 3.000 0.053 0.474 13.439 2.519
A50 3.000 0.107 3.000 49.124 10.587
B0 3.000 0.053 0.003 0.098 0.016
B5 3.000 0.053 0.157 4.891 0.887
B10 3.000 0.053 0.311 9.425 1.704
B15 3.000 0.053 0.465 13.218 2.476
B50 3.000 0.107 3.000 49.124 10.586

aDipole content expressed as wt% Cl was estimated assuming the total conversion of
CPTMS to corresponding fully condensed SSQ, Cl(CH2)3SiO1.5. The following formula was
used: wt% Cl = 100[mCPTMS × 35.5 / 198.72]/[mPDMS + mDBTDL + mCPTMS × 129.5 /
198.72], with:mCPTMS, mPDMS, mDBTDL – amounts of CPTMS, PDMS and DBTDL, respective-
ly; 198.72 – molecular weight for CPTMS; 129.5 – molecular weight for fully condensed
silsesquioxane derivative; 35.5 – atomic mass for chlorine.
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uniformdistribution of polar groups, their position in the network being
dictated by the polymer chain length and polydispersity. To increase the
content of polar groups, one can add trialkoxysilane in excess leading to
the in situ formation of silsesquioxane structures, which, besides
contribution to increasing of dielectric permittivity of the material, can
play the role of reinforcing filler for the silicone matrix, as described in
several literature reports [12,28]. Thus, α,ω-bis(H)-polydimethylsilox-
ane of relatively low molecular masses (28,000 and 6000 g/mol) were
cross-linkedbyhydrosilylationwith triallyloxysilanehavingattacheddiffer-
ent sophisticated polar groups and a poly(dimethylmethylvinyl)siloxane as
additional crosslinker. An increase of 20–35% in dielectric permittivity
was reported for low dipol contents [12,28].

In our previous work [29] we used as cross-linkers some easy acces-
sible, commercially available trialkoxysilanes having different stable or-
ganic groups attached to the silicon atom: methyl, 3-chloropropyl, 3-
aminopropyl, 3-cyanopropyl and phenyl in a fixed amount, 1.5 ml for
10 g PDMS, irrespective of the molecular weight of cross-linker and of
PDMS to be cross-linked (34,500 and 125,000 g/mol). Because the
best electromechanical results were obtained for the lower mass
PDMS cross-linked with chloropropyltrialkoxysilane, in this paper, we
proposed to deepen the study of the effect of this cross-linker. The
same polymers were used but varying the cross-linker amounts in a
larger range, between 0.10 to 49.12 wt%, as compared to just
16.35 wt% used in our previous work. The mechanical and dielectric
characteristics of the preparedmaterials were evaluated and electrome-
chanical actuation wasmeasured. We propose here an interdisciplinary
study involving chemistry of some materials designed and optimized
for electromechanical applications (actuation).

2. Experimental

2.1. Materials

Two polydimethylsiloxane-α,ω-diols, PDMSs, having molecular
masses, Mn, 34,500 g ⋅mol−1, PDI = 1.5 (A), and 125,000 g ⋅mol−1,
PDI= 1.38 (B), respectively aswere estimated by Gel Permeation Chro-
matography, were synthesized by cationic ring-opening polymerization
of octamethylcyclotetrasiloxane in the presence of a cation exchanger as
catalyst [30]. A α,ω-bis(trimethylsiloxy)polydimethylsiloxane of a mo-
lecular mass, Mn, 50,000 g ∙mol−1 was prepared by the same proce-
dure as PDMS-α,ω-diols but in presence of hexamethyldisiloxane as
a chain blocking agent. Dibutyltindilaurate, DBTDL, (95%) and (3-
chloropropyl)trimethoxysilane, CPTMS, (≥97%) were purchased
from Sigma Aldrich and used as received.

2.2. Measurements

Fourier Transform Infrared (FTIR) spectrawere recorded on a Bruker
Vertex 70 FTIR spectrometer in the transmission mode in the range
400–4000 cm−1 at room temperature with a resolution of 2 cm−1 and
accumulation of 32 scans.

Stress–strain measurements were performed on a Zwick Z010 ten-
sile test machine with a crosshead speed of 200 mm min−1. Tensile
test specimens with a gauge width of 2 mm and a gauge length of
18 mm were prepared by die cutting. The strain was determined
using a traverse moving sensor. The curves were averaged from three
independent experiments. The tensile modulus was determined from
the slope of the stress-strain curves using a linear fit to the data points
within 10% strain.

Transmission electron microscopy (TEM) analysis have been per-
formed with a HT7700 HITACHI microscope operated in high contrast
mode at 100 kV accelerating voltage. The samples were prepared by di-
rect deposition of solid gels particles on 300 mesh holey carbon grids
(Ted Pella).

Wide Angle X-Ray Diffraction (WAXD) was performed on a D8 AD-
VANCE Diffractometer (Bruker AXS, Germany), using the Cu-Kα
radiation (λ=0.1541 nm), a parallel beamwith Gobelmirror and a Dy-
namic Scintillation detector. The working conditions were 40 kV and
30 mA, 2 s/step, 0.02°/step. All the diffractograms were investigated in
the range 3–50°, 2 theta degrees, at room temperature.

X-ray scattering was performed using the Nanostar U-Bruker sys-
tem. The instrument is equipped with a X-ray IμS microsource and a
Vantec 2000 detector (diameter of 200mm). The wavelength of the in-
cident X-ray beam is λ=1.54 Å (Cu Kα) and the beam is collimated by
three pinholes. The sample-to-detector distance was 107 cm allowing
measurements with the q values between 0.01 Å−1 and 0.15 Å−1. The
angular scale was calibrated by the scattering peaks of a silver behenate
standard. The samples were measured under vacuum at constant tem-
perature, 25 °C for 4000 s. The empty beam background was subtracted
from the original intensity profiles. The data analysiswas doneusing the
software SAXS-NT [Bruker AXS software].

The dielectric constant measurements were conducted on a
Novocontrol Alpha-A Frequency Analyzer using a Hewlett Packard
16451B Dielectric test fixture as electrodes. Shielded electrodes with a
diameter of 10 mm were used and the sample thickness was deter-
mined using the built in micrometer screw.

Actuation tests were performed using circular film actuators, for
which the films were fixed between two circular frames of 25 mm. Cir-
cular electrodes (8mmdiameter) of carbon black powder, were applied
to each side of thefilm. A FUGHCL-35-12500high voltage source served
as power supply for actuator tests. The voltage was increased by 100 V
every 2 s. The actuation strain was measured optically as the extension
of the diameter of the electrode area via a digital camera, using an edge
detection tool of a LabView program to detect the boundary between
the black electrode area and brighter film.

2.3. Preparation of silicone elastomers: A and B series

PDMS (typically 3 g) was dissolved in 5 ml toluene, then cross-
linking agent ((3-chloropropyl)trimethoxysilane) and the catalyst
(DBTDL) were sequentially added in amounts shown in Table 1, with
vigorous stirring for about 5 min after each addition. The viscous solu-
tion was cast on Teflon substrate by doctor blade technique and main-
tained at 25 °C and atmospheric humidity (around 60%). After 24 h,
thefilmswere easily removed from the substrate, and kept in laboratory
environment for two weeks before measurements were done.

2.4. Preparation of model samples A5-G, A15-G and A50-G

The as obtained cross-linked materials were not suitable for certain
investigations, such as TEM or FTIR in the transmission mode. In order
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to get model systems as close as possible to the silicone elastomers
under study, we prepared three samples with similar composition as
A5, A15 and A50, but using a trimethylsiloxy-ended PDMS, α,ω-
bis(trimethylsiloxy)polydimethylsiloxane, instead of OH-terminated
PDMS, polydimethylsiloxane-α,ω-diols. Thus, the cross-linking is not
possible, while the amounts of cross-linker and catalyst are the same
as in the corresponding cured materials. These samples were labelled
as A5-G, A10-G and A50-G, respectively.
3. Results and discussions

Two polydimethylsiloxane-α,ω-diols, PDMSs, of different molecular
weights, Mn (34,500 g ⋅mol−1 and 125,000 g ⋅mol−1, respectively)
were cross-linked with (3-chloropropyl)trimethoxysilane, CPTMS.
Thiswas incorporated into the polymer in amounts close to those calcu-
lated according to the stoichiometry of the crosslinking reaction (sam-
ples A0 and B0) or in increasing weight percentages of around 5, 10,
15 and 50 wt% reported to the mixture weight (samples A5–A50 and
B5–B50). In the first phase, the CH3O-Si groups of CPTMS condense
with the Si-OH chain ends of the PDMS in the presence of DBTDL cata-
lyst producing polymer cross-linking. Over time, as the air moisture dif-
fuses inside the polymeric film, the CH3O-Si groups of excess CPTMS
hydrolyze. The resulted triol is instable and it will undergo rapid
condensation reactions with itself or with methoxysilane groups.
The resulted products are silsesquioxanes, which can have
totally or partially condensed skeletal structures: closed (POSS) or
open (OPOSS) polyhedral oligomeric silsesquioxane cage, ladder
(LSSQ) or random (RSSQ) [31]. These structures will have polar
chloropropyl groups, with a dipole moment of 2.86 D (estimated
using HyperChem TM), attached to the silicon atoms. Simultaneous
occurrence of the two processes that lead to connecting PDMS chains
to the silsesquioxane structures acting as cross-linking nodes is also
possible. The presumed chemical processes are schematically shown
in Scheme 1.
Scheme 1. Reaction leading to PDMSs cross-linking and their in situ filling with a polar compon
(LSSQ) or random (RSSQ) structures [31]; excepting the first one, all of them possess Si-OH gr
3.1. FTIR analysis

Since it is difficult to register IR spectra for cross-linked siliconefilms
in transmissionmode,while ATR spectra showonly characteristic bands
for PDMS,model samples A5-G and A50-Gwere analyzed (Fig. 1a and b).
Thus, IR spectra of the two samples reveal large bands in the range
1225–930 cm−1 consisting in several overlapping bands [32,33]. The
main two bands are those at 1022 and 1094 cm−1 (Fig. 1a) or 1018
and 1097 cm−1 (Fig. 1b) specific for siloxane bond from long chains of
α,ω-bis(trimethylsiloxy)polydimethylsiloxane, which is the major
component in the mixture. However, a careful analysis of the spectrum
from Fig. 1b permits to identify a series of bands that could be assigned
to SSQ species: closed (POSS) or open (OPOSS) cages, ladder (LSSQ) or
random (RSSQ) structures. According to established data in literature
[34,35], in tetrahedral SiO2, the Si-O-Si bond angle is 144°, and the
Si-O asymmetric stretch band position is at 1080 cm−1. In ordered
LSSQ structures, the band is shifted to around 1150 cm−1, while in
more cage-like structures, the Si-O-Si bond angles open to 150° or great-
er, and the Si-O-Si band position shifts to higher frequency, sometimes
as high as ~1180 cm−1. In more network-like structures, the bond
angle reduces to b144° and the Si-O peak position shifts downward in
energy, to ~1030 cm−1 [33,36]. In our case, it seems that most of
these species co-exist proved by the absorption bands at 1145 cm−1

(LSSQ), 1167 cm−1 (OPOSS) and 1190 cm−1 (POSS), that are more or
less displaced from those indicated in the literature by various authors.
The strong band at 480 cm−1 is assigned to Si-O-Si symmetric bending.
All these indicate formation of silsesquioxane structures within the
polydimethylsiloxane matrix. The hydrogen-bonded silanol groups
that could belong to OPOSS, LSSQ or RSSQ are observed at 3416, 3478
and 3557 cm−1, while a band at 912 cm−1 is assigned to Si-OHbending.
The Si-CH3 bending is at 1263 cm−1 while Si-C stretching is at
800 cm−1. The bands around 1400 (1410 and 1443 cm−1) come from
asymmetric deformations of C-H in propyl group [33]. The band at
644 is assigned to CH2-Cl [37]. In the spectrum of A5-G sample where,
as would be expected according to the amount of added CPTMS,
ent, Cl-propyl-SSQ; (Cl-propyl-SSQ could be closed (POSS) or open (OPOSS) cages, ladder
oups.



Fig. 1. IR spectra exemplified for the samples A5-G (a) and A50-G (b); insets are details for the spectral region 1225–930 cm−1 with the overlapped SSQ bands indicated by arrows.
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silsesquioxane species are in smaller quantities, these shoulders or
bands cannot be identified they being almost completely covered by
the bands of the silicone matrix (Fig. 1a).

3.2. TEM analysis

Model samples, A5-G, A15-G and A50-G consisting in mixtures based
on polydimethylsiloxane end-blocked with trimethylsiloxy groups, in-
stead of crosslinkable polydimethylsiloxane-α,ω-diols, and hydrolysis-
condensation products of 5, 15 and 50 wt% added CPTMS, processed
Fig. 2. TEM images of model samples A15-G (a, b) a
in similar conditions (exposure to atmospheric humidity, catalyst) to
A series, have been prepared for TEM imaging. This approach was se-
lected since it provides the best solution to get to the internal morphol-
ogy of the material. Tentative to cut the solid films produced artefacts
that obscured the real arrangements of the SSQ nanoparticles within
the soft polysiloxane matrix. The obtained mixtures, with consistence
between fluid and solid, can be easily transferred onto the TEM grids
without affecting their internal morphology. For a certain concentration
of the components, the structure is stable enough to draw conclusions
concerning interactions of the components and evolution of the system
nd A50-G (c, d) showing the presence of filler.



Fig. 3. NormalizedWAXD spectra of silicone oil-CPTMS samples, A5-G, A10-G and A50-G as
well as of the crosslinked film, A50.
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toward their particular distribution or spatial arrangements. Thus, as
can be observed in Fig. 2, nanostructures of a few tens nanometer
(20–50 nm) size are embedded within the soft matrix, and these are
the more frequent as the amount of added CPTMS is higher (sample
A50-G). These nanostructures possess a sphere-like shape probably
adopted to minimize the contact surface between polar chloropropyl-
silsesquioxane structures and nonpolar dimethylsiloxane matrix.

3.3. X-ray analysis

TheWAXD spectra recorded for some of our samples, both in model
mixtures and cross-linked films are comparatively presented in Fig. 3.
Two characteristic diffraction peaks were reported for ladder
phenylsilsesquioxane (Phenyl-LSSQ), a sharp one at 7.3° and a diffuse
one at 18.8°, assigned to the intramolecular periodic chain-to-chain dis-
tance (12.1 Å) and the average thickness of the amorphous LSSQ, re-
spectively (4.7 Å) [38]. The diffractograms obtained for our samples
indicate semi-crystalline materials, with a diffraction peak around 12°
(2θ), corresponding to d spacing values (chain-to-chain distance) of
around 7.3 Å and an amorphous halo centered at around 22° (2θ),
which would correspond to a LSSQ thickness of around 4 Å. Based on
molecular modelling, the average distance between the siloxane chains
in a LSSQ is indeed around 4 Å, while the lengths of the lateral
chloropropyl substituent is 5.5 Å (Fig. S1). Due to the polar nature of
Fig. 4. SAXS results for A50 sample: a — Scattering curve (log-log plot) showing
the Cl groups, the periodic chain-to-chain distance should be less than
double this value (interdigitated assembling), thus the found distance
of 7.3 Å is reasonable. We did not find data for chloropropyl-LSSQ, but
based on the presence of similar diffraction pattern, we presume that
ladder-like structures are mainly formed. This would be in agreement
with IR results, where the most intense “SSQ” band was at 1145 cm−1,
assigned to LSSQ. However, based on WAXD we cannot exclude the
presence of other species with diffraction maxima enveloped under
the amorphous halo.

Further investigations have been performed with the purpose to ev-
idence nanostructured SSQphase in crosslinked silicone thin film A50 by
SAXS technique. SAXS analysis of the simple silicone thin film was used
to obtain thebackground thatwas further subtracted to correct thedata.
The scattering curve in log-log plot (Fig. 4a) shows the correlation peak
located within the low q values range. This confirms the presence of
strong physico-chemical interactions between the nanostructureswith-
in the siliconmatrix. The Lorentz-corrected scattering curve (Fig. 4b) in-
dicates that these are long distance interactions having the long period
L = 22 nm. Analysis of the polymeric matrix (polydimethylsiloxane-
α,ω-diols) as a reference sample prepared without addition of SSQ pre-
cursor did not show any characteristic peaks within the measured q
range. Therefore, it is obvious that the presence of the nanostructured
SSQ phase is themain cause. The long range period represents the aver-
age thickness of the layer where both the crystalline and amorphous
phases coexist. Such a nanostructuration of the material could be the
result of a lamellar morphology that occurs by SSQ particles self-
assembling into the amorphous PDMS matrix. Lack of the higher order
reflections should be a consequence of aggregates dispersion within
the matrix. However, the ordering degree found in non-crosslinked
samples, A5 and A15-G, is higher (Figs. S2 and S3) due to the highmobil-
ity of phases, which allows the aggregation of the SSQ nanostructures
with lower long range periods (L).

3.4. Stress-strain measurements

After aging, the mechanical behavior of the cross-linked films was
evaluated by tensile testing. As the stress-strain curves indicate
(Fig. 5), in situ generated, partially or totally condensed cage-like struc-
tures or networks act as fillers for polydimethylsiloxane matrix. The
Young's modulus slightly increased in both series with the amount of
CPTMS added. However, all samples have modulus values below
1 MPa, except A50 and B50 with 2.54 and 1.83 MPa, respectively (Table
2). The effect of this filler is emphasized by the shape of the stress-strain
curves. As a general trend, the tensile strength increased with the
amount of CPTMS added, while themaximumstrain decreased. Howev-
er, in both series, the strain registered a minimum for about 5% and a
maximum at about 15% CPTMS added. The reason for this might be
the presence of a correlation peak; b — Lorentz-corrected scattering curve.



Fig. 5. Uniaxial stress-strain curves for A and B series.

Table 2
The main mechanical and dielectric characteristics.

Sample Tnm,a MPa Sm,b %
Y,c

MPa ε′,d 1 Hz
ε″,e

1 Hz ɛ′,d 100 Hz ε″,e 100 Hz
Ebsf,
V/μm

Se,g

%

A0 0.44 218 0.32 3.94 11.27 3.17 0.14 55.57 5.96
A5 0.23 51 0.41 9.01 67.06 3.21 0.77 44.19 3.70
A10 0.64 122 0.51 6.56 46.37 3.36 0.53 62.16 5.43
A15 2.39 236 0.55 4.92 18.95 3.71 0.21 56.00 7.08
A50 5.05 97 2.54 4.31 25.25 3.48 0.26 35.17 1.39
B0 0.26 835 0.19 7.06 19.50 2.75 0.28 35.71 4.17
B5 0.31 395 0.18 5.79 31.30 3.35 0.36 48.98 7.29
B10 0.44 566 0.23 4.00 9.90 3.15 0.12 44.74 5.96
B15 0.49 716 0.21 4.06 4.63 3.47 0.05 40.00 5.30
B50 3.42 169 1.83 4.50 15.66 3.52 0.18 46.67 2.08

a –mechanical stress, nominal; b –mechanical strain; c – Young's modulus (at 10% strain); d – dielectric permittivity; e – dielectric loss; f –electrical breakdown strength in actuator; g –
maximummeasured actuation strain.
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the different shape of the SSQ aggregates/particles formed, besides their
amount and possible different condensation degree within the cross-
linked matrix. A very large amount (~50%) of CPTMS leads to increased
stiffness of the resulted films. Comparing the two series, it is obvious
that series B provided materials with much better mechanical proper-
ties. The maximum strain decreased in B series from 835% for B0 to
395% for B5, and down to 169% for B50. The same trend is observed for
A series but, due to the lower molecular weight of the PDMS matrix,
the maximum strain for A0 was only 218%, and decreases with addition
of CPTMS, down to 51% for A5 and to 97% for A50. As mentioned before,
the best mechanical properties were obtained by addition of around
15% CPTMS, i.e. maximum strains of 716% for B15 and 236% for A15 and
low Young modulus.
Fig. 6. Variation of the dielectric permittivity, ε′, in dependence on frequency for the two
series of samples.
3.5. Dielectric measurements

The dielectric spectra of the samples were recorded in the range of
1 Hz–1 MHz (Figs. 6 and 7). High ε′and ε″ values are observed for
both series at low frequencies and surprisingly, there is not a direct cor-
relation between them and samples composition. As it is well known,
this increase is attributed to interfacial polarization, due to the accumu-
lation of charges at interfaces with different conductivities. As TEM and
X-ray analyses showed, the samples present complex multiphase mor-
phology consisting of amorphous and crystalline domains, the last being
different inorganic SSQ nanostructurs. Consequently, there is an interfa-
cial polarization due to multiphase morphology besides polarization at
the electrode – polymer interface. However, when we compare the
data for frequencies higher than about 100 Hz, where the dipolar polar-
ization prevails, there is a good correlation between the increase of di-
electric constant and the estimated amount of polar groups (Table 1).
Thus, as expected, the permittivity increases with the amount of
CPTMS added, from 3.17 and 2.75 (at 100 Hz) for reference samples,
A0 and B0, up to 3.48 and 3.52 for corresponding samples with around
50% CPTMS added, at the same frequency (Table 2). The difference be-
tween the two samples can be explained by the different cross-linking
density. Because the cross-linking used is condensative one, which is
made by linking the polysiloxane chain ends with a trifunctional
agent, the crosslinking density is lower when the chains are longer, as
in series B. As a result, the free volume is higher leading to a low value
of the dielectric permittivity in the case of sample B0 as compared
with sample A0 having lower molecular weight. On the other hand,
we have to keep in mind that the samples are cross-linked with the
polar silane, thus the smaller the chains are, the higher is the proportion
of Cl into themass unit, for example, sample A0 contains 4 timesmore Cl



Fig. 7.Variation of thedielectric losses, ε″, depending on the frequency for the two series of
samples.
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than sample B0, which is reflected in the increased ε′. All values for di-
electric loss generally remain low at high frequency (Fig. 7). The dipole
content was calculated reported to the total weight, assuming complete
conversion of CPTMS. The ε′ value at 100 Hz increases only slightly with
raising the chloro content up to around 10.587, while the Young's mod-
ulus significantly increases (Table 2, Fig. S4). Compared with literature
[39], when the same dipole was used but attached on the backbone of
PDMS (29,000 g ∙mol−1), for almost the same amounts of dipole
(roughly 1.35 and 2.70 wt% Cl), our samples A10, A15 containing 1.78
and 2.52 wt% Cl and B10, B15 with 1.70 and 2.48 wt% Cl show lower ε′
values (3.36/3.71 and 3.15/3.47 compared with 3.9 and 4.4 at 100 Hz)
but also lower Young's modulus values (0.23 and 0.21 compared with
2.8 and 1.5 MPa), which could be an advantage regarding their use for
actuation. These differences occur because different cross-linking path-
ways were used. On the other hand, higher ε′ obtained in the case of
chloropropyl-modified polysiloxanes could be due to more freedom in
dipole orientation in the electric field, compared to limited mobility in
SSQ clusters. The sample A0 with a dense network, and as a result a
low free volume, shows higher value for electrical breakdown strength,
Ebs (55.57 V/μm), as compared with value recorded for low cross-
linked B0 sample (35.71 V/μm) (Table 2, Fig. S4). Instead, it is difficult
to identify a pattern of variation of this feature in the two serieswith in-
creasing the amount of CPTMS added. This is due to complication of
system as a result of the formation of silsesquioxane structures
with varying degrees of condensation and their involvement in the
crosslinking process. However, these values remain reasonable in prac-
tical terms.
Fig. 8. Actuation strain curves fo
3.6. Electromechanical measurements

The deformation (thickness reduction and area expansion) capacity
of the dielectric films under the action of the electric field, known as
electrical actuation, was measured by applying a voltage with an in-
creasing rate of 100 V every 2 s on the film samples. The lateral strain
curves are showed in Fig. 8, while themaximum lateral strain, Se, values
are centralized in Table 2. Two of the main material characteristics that
determine this function are dielectric permittivity and Young modulus
[40,41], which we have tried to manipulate through this approach. As
can be seen, the sample A0 shows higher lateral strain value (5.96%) as
compared with B0 (4.17%). By incorporating ascending amounts of
CPTMS, which generates polar filler within polysiloxane matrix having
different molecular masses, modifications of this characteristic are re-
corded in dependence on the balance between values of the two param-
eters, antagonistically acting on it (Fig. S4). So, while dielectric
permittivity should be high, the modulus should be rather lower one.
In our case, on the one hand, the amount of SSQ filler in situ formed
should increase both modulus by reinforcing and the dielectric permit-
tivity due to polar groups brought with it. On the other hand,
crosslinking density, dictated by the chains length of the matrix poly-
mer, when these are short, should result in a dense networkwith higher
modulus and as a consequence in increased dielectric permittivity due
to low free volume and high density of dipoles in the cross-linking
knots. Given the complexity of this dependency, it requires an optimiza-
tion study which we hope to make the subject of our future work. In
both series, the lowest values for the actuation strain, even smaller
than the reference samples, were obtained for samples with around
50 wt% added CPTMS, 1.39 and 2.08% for the samples A50 and B50, re-
spectively, due to much higher Young's modulus which is not compen-
sated by the small increase of ɛ’. The best values for lateral strain were
recorded on the samples A15 (7.08%) and B5 (7.29%).

In Fig. 9, the measured actuation values are presented in parallel
with those of electromechanical sensitivity, the latter being calculated
based on both parameters of interest for electromechanical response,
ε′ and Young's modulus. For a better comparison between samples,
the actuation values were read on the curve at a voltage of 33 V/μm,
which is the highest voltage that all samples withstand. In both series,
the trends for the two parameters are roughly the same except for the
sample B5; although it has the highest value for electromechanical sen-
sitivity, the actuation value at 33 V/μm is slightly smaller even than the
sample B0. Note however that this sample has the lowest value for the
Young's modulus, 0.18 MPa, and the highest value for actuation at its
breakdown, 7.29% at 48.98 V/μm (Table 2). As expected, series B
r: a – A series; b – B series.



Fig. 9. Comparative presentation of measured actuation strain values at 33 V/μm and
theoretical estimated electromechanical sensitivities, β (MPa−1), calculated as a ratio
between ε′ and Young's modulus at 10% strain.
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samples show higher values compared to series A, both for sensitivity
and electromechanical actuation. The maximum actuation has an in-
creasing trend versus the electromechanical sensitivity (Fig. S5).

One of the two sampleswith around 15% added CPTESwhich proved
to have good values both for dielectric strength (56 kV/μm) and actua-
tion (7.08%), namely A15was chosen for the study of electro-mechanical
fatigue resistance, by cyclic tests applying a voltage of 5600 V. The re-
sults are presented in comparison with those obtained in the same ref-
erence sample A0 (Fig. 10). None of the two elastomers was damaged
after 100 cycles.

4. Conclusions

Two series of silicone films based on two PDMSs with different mo-
lecular masses were prepared by condensative cross-linking with
CPTMS incorporated in stoichiometric amounts (samples A0 and B0) or
Fig. 10. Illustrative representation of electro-mechanical fatigue resistance for sam
in increasingweight percentages of around 5, 10, 15 and 50wt% report-
ed to the mixture weight (samples A5–A50 and B5–B50). The conversion
of the CPTMS excess in silsesquioxane structures was emphasized by
FTIR by the presence of characteristic absorption bands, while their or-
dering and aggregation within the silicone matrix was emphasized by
TEM, WAXD and SAXS. The effects of the dipole content brought by
CPTMS addition as well as the molecular weight of host matrix were
evaluated in terms of mechanical, dielectric and electro-mechanical
characteristics. The results have shown that with increasing the content
in polar groups (in line with CPTMS amount used), a slight increase in
dielectric permittivity (3.17–3.48 in A series and 2.75–3.52 in B series)
and a more pronounced increase of the Young's modulus (0.32–2.54
in A0–A50 series and 0.19–1.83 in B0–B50 series)were registered. The in-
crease of molecular weight of the used PDMSmainly results in lowering
the Young's modulus. The dielectric strength randomly ranged between
35.17–62.16 V/μm, the highest values being within A series, while the
lateral strain value varied between 1.39–7.29%, the highest values
being recorded on the samples A15 (7.08%) and B5 (7.29%). Although
these values are not spectacular, it can be appreciated that by using
CPTMS as both cross-linker and precursor for polar filler the electrome-
chanical performance of the polydimethylsiloxane is easily improved,
without involving a complex chemistry.
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