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A new class of elastomers that simultaneously shows sensing, actuation and energy conversion functionalities
is synthesized to meet the current requirements for electroactive materials. These new materials consist of
a silicone network (polydimethylsiloxane-a,m-diol crosslinked through chain ends) semi-interpenetrated
with different percentages (2, 5, and 10 wt%) of polyimide derivatives stepwise modified by different
strategies to improve the compatibility with the silicone core network. By addressing the right chemical
pathway, the resulting semi-interpenetrated structures (S-IPNs) show noticeable dielectric permittivity, eps’
(up to 11), and breakdown strength, Ebd (up to 88 pm V3, improvements as compared with the starting
polymers (silicone with eps’ = 2.9 and Ebd = 38 um V™! and our best polyimide with eps’ = 6.2 and
Ebd = 23 um V71). The S-IPNs with 10 wt% polyimide are able to gain energy up to 132 mJ cm™> at 100%
strain and up to 164 mJ cm™> at maximum strain to develop large actuation strain (up to 8.7%) and show very
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DOI: 10.1039/c6tc05193f good piezo-response (up to 44 pm v, making them highly suitable for cutting-edge electromechanical

applications. For a better evaluation, S-IPNs are compared with one of the commercially available
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Introduction

Dielectric elastomer actuators (DEAs) are able to transform
electrical energy into mechanical displacement, known as
actuation strain." These devices are employed in a wide spec-
trum of applications, such as robotics,” optical systems,*
sensors®” and energy harvesting.®° The simplest DEAs consist
of a thin elastomeric film that is sandwiched between two
compliant electrodes." Siloxanes, polyurethanes, acrylics and
natural rubber represent the main materials that are used as
dielectric elastomers. The electrostatic equation which describes
the actuation strain in the thickness direction, s, = —egoE>/Y
(where ¢ and ¢, are the dielectric permittivity of the dielectric
layer, and of the free space, respectively, while E represents the
applied electric field and Y - Young modulus), reveals very clearly
the main factors that influence the actuation efficiency. In soft
dielectric elastomers, the permittivity may change considerably
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dielectric elastomers, most often used for this purpose.

with the strain as a result of a strain-dependent polarization
response under an imposed electric field. This phenomenon
that generally accompanies the ‘“Maxwell stress” is called
electrostriction and is related to the change in the material
dielectric constant."’* In this sense, many studies were focused
to enhance the polymer’s ability, like dielectric permittivity,>"®
electrical breakdown strength,"”'® energy density'®*° or mechanical
properties, so that they become more suitable for such
applications."** In order to improve these features, most studies
have been focused on using various fillers**** and chemical
modification of the polymer matrix.>>>” However, there are
certain drawbacks for each of these strategies such as increase
of the Young’s modulus by incorporation of different fillers or
decrease of the dielectric strength by adding polar contents.>*>°
Beside these possibilities, interpenetrating polymer networks
represent a new category of materials that can provide high
electromechanical properties. In the literature are reported several
types of interpenetrating polymer networks (IPNs), mainly
based on silicones, acrylics and polyurethanes.*'° IPNs based
on acrylics seem to provide the highest actuation strain, over
300%.%%” However, to reach these results, the acrylic films need
to be prestrained. Moreover, acrylics and polyurethanes exhibit
high plastic deformation when they are subjected to repeated
mechanical stress cycles.”® On the other hand, silicone elasto-
mers possess high elasticity but require a high electric field
to be actuated due to their lower dielectric permittivity.*>

This journal is © The Royal Society of Chemistry 2017
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Therefore, finding new materials with desired properties repre-
sents a big challenge in terms of developing better actuators.
Considering the above and continuing our previous work in the
development of interpenetrated networks derived from silicones
(full silicone®'** or polyurethane-silicone®' interpenetrating
networks), in this paper we used polyimides (PI) as a partner
for polydimethylsiloxane (PDMS). Due to their excellent thermal,
mechanical and dielectric properties, aromatic polyimides attract
particular interest in the development of high temperature piezo-
electric and pyroelectric sensors and microelectromechanical
devices (MEMS).?® Their investigation was mainly motivated
by NASA’s interest for developing high performance piezo-
electric polymers for a variety of aerospace applications.*® For
this purpose, amorphous polyimides containing polar functional
groups (mainly -CN) have been synthesized and investigated at
Virginia Commonwealth University and NASA LaRC for their
potential use as high temperature piezoelectric sensors.*® As a
result, a new class of electroactive polymeric blend materials has
been created that offers both sensing and actuation dual
functionality.”* In principle, these materials consist of an electro-
strictive graft elastomer (a flexible backbone elastomer) grafted
with polymeric polarizable moieties, such as polyvinylidene
difluoride (PVDF) and polarizable crystalline groups, and a
poly(vinylidene fluoride-trifluoroethylene) copolymer.*>*> By
carefully selecting the composition, there is potential to create
a blend system with electromechanical properties that can be
tailored for various conditions and applications.** An actuator
was also built comprising both piezoelectric and electrostrictive
components in a monolithic construction material, useful as
a component in electronic devices with a large and precise
displacement for high reliability applications (precision machining,
micropumps, optics, astronomy, fluid control, etc.).** As it is well
known, piezoelectricity is the ability of some dielectric materials
to change their polarization state when receiving a mechanical
impulse and inversely to mechanically deform when applying an
electric field. Thus, such a material can be used both as a sensor
and as an actuator.>®** A stress applied on a piezoelectric material
alters the separation between the positive and negative charge
sites leading to a net polarization at the crystal surface. Similarly, a
deformation of these materials is effected by placing them under
an electric charge.”” Piezoelectricity in amorphous polymers is
different from that in crystalline polymers or compounds, in that
polarization is not in a steady state, rather in the quasi-stable state
due to freezing molecular dipoles.*®

In our study, we combined all these properties in one highly
sensitive material that was able to develop a large actuation
strain. In a first approach, we used a polyimide functionalized
with polar cyanide groups as a partner for silicone. In order to
improve its compatibility with silicone, we prepared a siloxane-
imide copolymer. For comparison, we also prepared materials by
incorporating a high polar polyamic precursor without siloxane
segments in the silicone matrix. At the other extreme, to ensure a
better compatibility between components, we prepared and incor-
porated within the siloxane matrix a hexafluoroisopropylidene-
containing polyimide-polydimethylsiloxane copolymer. The
obtained materials were studied from morphological, thermal,
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mechanical and dielectric points of view. The electromechanical
behaviour (actuation and piezoelectricity) was evaluated. The
results were compared between them, in correlation with the
material composition and reported to those obtained on a
commercial elastomer, often used as a dielectric elastomer,
Elastosil film produced by Wacker. All samples were measured
under similar conditions. There are few examples of PDMS-PI
interpenetrating networks reported in the literature, but none of
them addresses these materials from this perspective.*®*”

Results and discussion

Starting with one of the current requirements for electroactive
materials (that is to exhibit high piezoelectric strain and large
electric-field induced strain responses, thus conferring sensing
and actuation dual functionality"*?), identified and outlined
in the Introduction, the idea of the authors was to combine
polysiloxane as the dielectric and polyimide, as a piezoelectric
component, in a single elastomer. To this aim, a polydimethyl-
siloxane-o,0-diol (PDMS) having an average molecular weight
M, =230000 g mol " was used as a dielectric component and as
a matrix for the incorporation of the polyimides with different
structures. First, polyamic acid (PAA-1) (Scheme 1a) derived from
4,4"-oxydiphthalic anhydride and 2,6-bis(3-aminophenoxy)benzo-
nitrile in a 1: 1 molar ratio was used to obtain series Si-1 (Table 1).
As expected, the incompatibility of the two components, due to
the large difference of their polarity, led to materials with
mechanical properties inappropriate for future use. Therefore,
in the second approach, a completely condensed derivative was
used. Moreover, for its synthesis, 2,6-bis(3-aminophenoxy)benzo-
nitrile was half replaced with a siloxane diamine (o,®-bis(amino-
propyl)oligodimethylsiloxane with M, = 1120 g mol ") thus
resulting in a polyimide (PICOSI-1) containing long dimethyl-
siloxane sequences to ensure better compatibility with the
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Scheme 1 Chemical structures of: (a) polyamic acid, PAA-1 (b) poly(siloxane-
imide) containing CN groups, PICOSI-1, and (c) poly(siloxane-imide) containing
hexafluoropropylidene groups, PICOSIi-2
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Table 1 Formulations for the prepared polysiloxane—polyimide films

Sample® PDMS, g PAA-1,g PICOSI-1,g PICOSI-2,g TEOS, mL
Si-Blank 1 0 0 0 0.07
Si-1-2% 0.5 0.01 0 0 0.035
Si-1-5% 0.5 0.025 0 0 0.035
Si-1-10% 0.5 0.05 0 0 0.035
Si-2-2% 0.5 0 0.01 0 0.035
Si-2-5% 0.5 0 0.025 0 0.035
Si-2-10% 0.5 0 0.05 0 0.035
Si-3-2% 0.5 0 0 0.01 0.035
Si-3-5% 0.5 0 0 0.025 0.035
Si-3-10% 0.5 0 0 0.05 0.035

“ 25 mL THF was used as a solvent and 0.01 mL of DBTDL as a catalyst.
Meaning of sample codes: Si-X-Y% where, X represents the polyimide type
and Y represents the percentage of polyimide reported to the PDMS weight.

silicone matrix (Scheme 1b). The PICOSI-1 product was used to
build the Si-2 series (Table 1). To go to the other extreme, in the
third approach a polyimide (PICOSI-2) was used for the prepara-
tion of which 4,4’-oxydiphthalic anhydride was replaced with a less
polar one, 4,4’-(hexafluoroisopropylidene)diphthalic anhydride,
and 2,6-bis(3-aminophenoxy)benzonitrile with 4,4’-bis(4-amino-
phenoxy)biphenyl, while the ratio between organic and siloxane
diamine was increased to 3 :2 and the average molecular weight of
the latter fell to 750 g mol " (Scheme 1c). The obtained polyimide
PICOSI-2 was used to prepare the network series Si-3. Each of the
three types of polymers was incorporated in different weight
percentages (2, 5, and 10%) into polydimethylsiloxane, coded as
shown in Table 1, and the mixture was cast as a thin film, which
has been stabilized by curing. This occurs as a result of cross-
linking polydimethylsiloxane-o,o-diol according to a well-known
pathway, with tetraethylorthosilicate (TEOS) as a tetra-functional
crosslinking agent in the presence of dibutyltin dilaurate (DBTDL)
as a catalyst, with simultaneously evaporating the solvent and
alcohol by-product of the condensation-crosslinking reaction. The
latter is a slower process because it is controlled by the diffusion of
the secondary product outside of the film. Therefore, prior to the
investigation, the samples were allowed to age for stabilizing the
properties. During this time, it is assumed that polyimide chains
without groups able to participate in the crosslinking reaction
remain tangled with dimethylsiloxane chains. The aromatic
rings within structure permit their self-assembly by n-r stacking
that can be associated in this case with physical crosslinking.
However, according to the IPN definition, the material cannot be
considered to be an interpenetrating network but rather a semi-
interpenetrating one, S-IPN (Scheme 2).

S
PAA-1 ‘ oy iy
PICOSI-1| + Ho—éi{o—éi OH = LA /1
| | TEOS / , U
PICOSI-2 oy f

PDMS Polyimides ~~/"=

Scheme 2 Schematic representation of S-IPN formation.
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Morphological and thermal characterization

The prepared films were investigated morphologically using
scanning electron microscopy (SEM). The images indicate some
structuring in the mixed network compared to the pure PDMS
network, being more pronounced in samples of the series Si-1
(Fig. S1, ESIt). In fact, the network obtained by adding 10% of
PAA-1 formed very frail films unable to be peeled off nicely from
the substrate. This can be explained by the higher polarity of
the polyamic acid compared with the other two polyimides.
However, additional techniques do not highlight a real phase
separation. Thus, energy-dispersive X-ray spectroscopy (EDX)
analysis reveals a relatively uniform distribution of elements in
the section (Fig. S2, ESI{), while the atomic force microscopy
(AFM) phase contrast images (Fig. S3, ESIT) shows a variation
of contrast (i.e., 1° for Si-2-10% and 4° for Si-3-10%) well below
10 degrees beyond which phase separation is considered.*®

For a better evaluation of this phenomenon, the samples were
investigated using DSC, a useful analytical tool in assessing solid
state interactions. In Fig. 1 are shown the second heating curves of
individual linear components (Fig. 1a) and those of the network
sets (Fig. 1b-d). On the first heating runs (not shown), the thermal
history was removed (i.e. physical dehydration and thermal
cyclization for PAA-1, endotherm at 192 °C).*° From Fig. 1a may
be observed two glass transition temperature domains (7y) for the
copolymer PICOSI-1, one at —115 °C, corresponding to PDMS
moieties, and the other one at 100 °C, describing the polyimide
phase (Fig. 1a). In general, the latter is significantly lower than
that of a polyimide, due to the presence of the highest PDMS
block content. The increase in the T, value of PDMS from —122 °C
to —115 °C (Fig. 1b), as a block in the copolymer PICOSI-1,
is explained by partial phase mixing.’® This effect is more
pronounced in the case of PICOSI-2 with shorter silicone blocks
and a different organic imide, when the T, value of the former
increases from —115 °C to —100 °C (Fig. 1a), this being in good
agreement with reported literature data.>" Sample PAA-1 exhibited
a T, value of 212 °C, close to that previously reported for the
corresponding imide structure.*’
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Fig. 1 DSC curves of the polyimides and prepared S-IPNs.
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DSC measurements on polyimide derivatives revealed neither
melting nor crystallization transitions, demonstrating an amor-
phous morphology. The DSC curves of the networks indicate
only a weak T value in the range —125 to —122 °C, and a melting
endotherm around —45 °C, which describes the PDMS compo-
nent of the films (Fig. 1b-d).

The presence of a single T, domain could be due to the low
content of polyimide within the network but also to the good
miscibility between individual comprising components,**~>*
similar to that was found for highly miscible S-IPNs based on
linear aromatic polyurethane and crosslinked epoxy resin.>
It is also known that during the synthesis of such network
types there occurs a synergism of the individual component’s
properties through a forced phase compatibilization,> hence
the improved properties of the films are also described by
means of other characterization methods depicted in this
article. The glass transition is particularly important for the
thermal and dynamic properties of polymers® and establishes
the polarization process conditions.*® Piezoelectric response is
determined by the orientation of molecular dipoles. The main
factors influencing the piezoelectric response on such materials
are: glass transition temperature, which determines the polariza-
tion process conditions, dipole concentration, their ability to
orient and stability of their orientation.*® Therefore, it is important
to identify this parameter by adequate sensitive techniques.
Among the techniques suitable for this purpose, although DSC
is the most commonly used method, dynamic mechanical analysis
(DMA) is considered to be the most sensitive, while dielectric
analysis (DEA) is less sensitive.>” In general, the values determined
by different methods differ slightly.”® These values determined
through DSC, DMA and DEA are, for example, —122, —120 and
—115 °C, respectively (for the Si-Blank sample), and —125, —123
and —120 °C, respectively, for sample Si-2-5% (Fig. S4-S7, ESIT),
these suggesting that in our case the values determined by DSC
are quite close to those determined by DMA.

Mechanical and dielectric behaviour

The effects of the polyimide incorporation within a silicone
matrix on the mechanical properties of the resulting IPNs were
investigated by stress-strain measurements (Fig. 2 and Table 2).
Due to the rigid nature of the polyimides, an increase in the
modulus and a decrease in the elongation would have been
expected.>® Overall, these trends take shape although in our case
there are several parameters related to polyimide structure (nature
of the anhydride and diamine monomers, presence/absence of
siloxane segments, their proportion and length) that can influence
the material properties, including mechanical ones. Thus, the
three series of samples have in common the silicone matrix and
differ in polyimide structure, whose polarity appears to decrease
from PAA-1, a polyamic acid derived from 4,4’-oxydiphthalic
anhydride and 2,6-bis(3-aminophenoxy)benzonitrile to PICOSI-1
due to polyamic acid cyclization and partial replacement of
polar diamine, 2,6-bis(3-aminophenoxy)benzonitrile, with long,
flexible, non-polar siloxane diamine and then to PICOSI-2 by
further replacing 4,4’-oxydiphthalic anhydride with less polar
anhydride, 4,4’-(hexafluoroisopropylidene)diphthalic anhydride.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Stress—strain curves of: (a) Elastosil; (b) PAA-1 series; (c) PICOSI-1
series and (d) PICOSI-2 series.
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From another perspective, the three polyimides differ by
flexibility growing in the order PAA-1 < PICOSI-2 < PICOSI-1
as a result of the incorporation of siloxane diamine which is
the longest and is introduced in the highest percentage in
polyimide PICOSI-1. The values found for the mechanical
properties (elongation at break and Young’s modulus) for the
prepared samples could be logically interpreted as follows. In
all three series, by incorporating 2 wt% polyimide, the modulus
does not change (0.3 MPa in Si-2-2% and Si-3-2%) or change
insignificantly (0.4 MPa in Si-1-2%) as compared to the Si-Blank
sample (0.3 MPa), while elongation increases slightly in the first
two series (1129% for Si-1-2% and 1106% for Si-2-2%) and
significantly decreased (723%) in series Si-3.

This means that due to the incompatibility of the two compo-
nents and low polyimide content, intermolecular interactions are
lacking so that polyimide acts much like a plasticizer. Due to its
less polar nature, polyimide PICOSI-2 is more compatible with
silicones, its presence leading to lower elongation. Increasing
the polyimide content to 5 wt% increases the possibility of
the polyimide to form extensive physical intermolecular self-
interactions which increase the modulus (0.5, 0.6 and 0.8 MPa
for Si-1-5%, Si-2-5% and Si-3-5%, respectively) and elongation
decreases dramatically (623% for Si-1-5% and 313% for Si-3-5%).
The exception is the sample Si-2-5% for which elongation becomes
higher (1176%). Responsible for this are the densely and long,
flexible siloxane segments within the copolymer PICOSI-1, which
allow easy sliding of chains to each other. Upon adding 10 wt%
polyimide, the appropriate sample belonging to the series Si-1
becomes friable, unable to form freestanding films, while in the
series Si-2 and Si-3 significant decreases in elongation are recorded
(487% for Si-2 and 277% for Si-3). This is due to a structuring
of the material as shown by SEM images. Overall, the obtained
S-IPNs meet all mechanical requirements of a dielectric elastomer
designed for actuation devices. When comparing with the
commercial silicone sample (Elastosil), the Young’s modulus
of the prepared films is lower, while almost all samples show
higher elongation values (Fig. 2 and Table 2).
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Table 2 Main mechanical, dielectric and electromechanical parameters of the prepared elastomers as compared to those for Elastosil

Sample  Young’s modulus, MPa® Strain@break, % eps’@10°, Hz eps'@10’, Hz p’,KPa s, % s.% % Ebd’, Vum™' Ebd/,Vvum™
Elastosil 1 314 2.6 2.6 5.1 0.3 22.5 75 105

Si-Blank 0.3 1052 2.9 2.8 5.7 1.1 3.2 25 38

PAA-1 — — 4.2 3.9 — — — — 19

PICOSI-1 — — 2.4 2.3 — — — — 20

PICOSI-2 — — 6.2 3.8 — — — — 23

Si-1-2% 0.4 1129 4.4 3.4 8.8 — 0.4 5 38

Si-1-5% 0.5 623 10.2 4.2 20.3 — 0.2 3 34

Si-1-10% — — 9.6 6.8 — — — — 33

Si-2-2% 0.3 1106 3.1 2.7 6.2 1.4 4.4 35 54

Si-2-5% 0.6 1176 3.3 2.3 6.6 1.4 5.5 40 71

Si-2-10% 0.6 487 3.9 2.6 7.8 1.7 8.7 50 88

Si-3-2% 0.3 725 4.6 3.1 9.2 1.6 1.6 15 48

Si-3-5% 0.8 313 6.5 2.5 12.9 2 2 15 53

Si-3-10% 0.8 277 11.1 4.1 22.1 2.2 4.3 25 60

“ @20% strain. ® Maxwell pressure@15 V pm™". ¢

Lateral actuation strain@15 V pm

~1, 4 Lateral actuation strain@maximum electric field.

¢ Electrical breakdown from actuation.  Electrical breakdown in the static regime.

Because the dielectric properties of the elastomers represent
also an important aspect for electromechanical applications,
the prepared films were investigated using dielectric spectro-
scopy. To get a complete picture of the influence of the
polyimides on the dielectric properties, first the three deriva-
tives PAA-1, PICOSI-1 and PICOSI-2 were analysed after being
pressed in the pellet form (Fig. S8, ESIt). The lowest value of the
dielectric permittivity, around 2.5, similar to the commercial
silicone (Table 2), found in the case of PICOSI-1, is mainly
attributed to the presence of high siloxane moieties from the
polyimide backbone (Fig. 3a).

The dielectric permittivity of the imidic copolymers decreases
as the number of siloxane units increases. In addition, due to
their relatively high mobility, the siloxane chains can increase
the free volume, thus decreasing the dielectric permittivity.®%®*
On the other side, the higher permittivity of the PICOSI-2
copolymer can be related to the reduced amount of siloxane
from the main chain compared to the PICOSI-1 copolymer. In
the cases of PICOSI-1, Elastosil and Si-Blank, due to their low
polarity, the dielectric permittivity is constant over the entire

a —¥— Elastosil b —#— Si-Blank
6 —O— PAA-1 10 —O—Si-1-2%
—o—PICOSI-1 —O— Si-1-5%

—»—PICOSI-2 —A—Si-1-10%

10" 10° 10" 10* 10® 10* 10° 10°
Frequency, Hz

2 e ——e
10" 10° 10" 10° 10° 10* 10° 10°
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4.0 L C —%— Si-Blank 124 —#— Si-Blank
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——Si-210% —A—Si-3-10%
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Frequency, Hz

Fig. 3 Dielectric permittivity dependence on the frequency of: (a) Elastosil;
(b) PAA-1 series; (c) PICOSI-1 series and (d) PICOSI-2 series.
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range of frequency, these being only electronically polarized. In
contrast, all the prepared S-IPNs show an increasing permittivity
in the low frequency range suggesting dipole polarization
(Fig. 3). The presence of the COOH and CF; groups in S-IPNs
with PAA-1 and PICOSI-2, respectively, increases the polarity,
thus leading to an increase of dielectric permittivity in the low
frequency range from 4.2 for PAA-1 to 9.6 for Si-1-10% and from
6.2 for PICOSI-2 to 11.1 for Si-3-10% (Fig. 3b and d). As expected,
due to the low content of the polar component within PICOSI-1,
the resulting IPNs show a very slight increase of permittivity,
from 2.4 for PICOSI-1 to 3.9 for the derived network Si-2-10%.
Dielectric losses of IPNs follow the same trend as the dielectric
permittivity increases with increasing amounts of polyamic acid/
polyimide (Fig. S9, ESIT). Excepting the S-IPNs that contain
PICOSI-2, where the dielectric losses are up to 10 even at low
concentrations of polyimide, in the other IPNs the dielectric
losses are generally below 1. By interpenetrating the Si-Blank
network with the three types of polymers (PAA-1, PICOSI-1 and
PICOSI-2) we obtained an improvement of the dielectric
features in almost all S-IPNs.

Electromechanical behaviour

Beyond mechanical and dielectric aspects, the prepared samples
were electromechanically tested. Both electrical breakdown and
actuation measurements were undertaken in accordance with the
standards established by the EuroEAP society.”> The breakdown
tests reveal that sample PAA-1 has the lowest breakdown value,
19V um ', while the two polyimides, PICOSI-1 and PICOSI-2, show
slightly higher values of 23 V um ™" and 20 V um ™, respectively
(Fig. 4). Moreover, the breakdown strength values of the S-IPNs
based on PDMS-PAA-1 decrease with the increasing amount of
polyamic acid. By contrast, the electrical breakdown of S-IPN
series based on PDMS-PICOSI-1 and PDMS-PICOSI-2 increases
with the amount of polyimide starting from 54 V um™" for
Si-2-2% to 88 V um ! for Si-2-10% and from 48 V um " for Si-3-2%
to 60 V um ™! for Si-3-10%, respectively.

Furthermore, the breakdown values of these S-IPNs are
higher than of PDMS network and polyimide, suggesting that
there is a synergistic effect between the IPN components, as was

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Comparative electrical breakdown values of the prepared samples.

also found in the case of the previously discussed thermal
behaviour. The breakdown values determined during actuation
measurements follow a similar trend as in the case of static
measurements, increasing by enriching the polyimide content
(Table 2).

The decrease in thickness during actuation measurements
because of electrostatic attraction between electrodes leads
to lower values for dielectric breakdown. By interpenetrating
a PDMS network with 10% of polyimide based on a 1:1 molar
ratio between organic and siloxane diamine (PCOSI-1) the
dielectric strength was enhanced by more than 130%.

Further, all the obtained IPNs were evaluated in actuation
tests. The electromechanical actuation measurements were per-
formed on circular films 20% equiaxial prestrained by applying a
symmetric rectangular signal and kept at the required voltage
for 2 s (Fig. S10, ESIt). An AFG300 wave generator and a Trek
20/20C-HS power supply were used to provide the voltage signal
and the high voltage needed for the actuation measurements.
The voltage was stepwise increased to the required actuation
voltage until the breakdown occurred (Fig. S11, ESIt).

The S-IPN based on PDMS-PAA-1 being very frail showed poor
actuation displacement, the breakdown occurring at very low
voltages (Fig. 5b). The commercial film Elastosil has the highest
lateral strain of about 22%, but a very high electric field, nearly
80 V um™ ', was required to reach this value (Fig. 5a). Instead,
although the actuation strain values of siloxane-polyimide semi-
interpenetrating networks are lower, the electric field required to
be actuated is much lower (Fig. 5¢ and d). For instance, at an
electric field of 15 V um™", the lateral strain of the commercial
film Elastosil is 0.3%, while for all S-IPNs the lateral strain is
higher than 1% and even higher than 2% for sample Si-3-10%
(Table 2). Likewise, the calculated electrostatic pressure, p, con-
firms the actuation results, having a similar tendency, to increase
with the increasing amount of polyimide within IPNs (Table 2).

Beside the electrical breakdown improvements, by inter-
penetrating the siloxane network with the two polyimides,
PICOSI-1 and PICOSI-2, an improvement in actuation displace-
ment was achieved as compared with the pure crosslinked
PDMS used as a reference sample.
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Fig. 5 Lateral actuation strain of: (a) Elastosil; (b) PAA-1 series; (c) PICOSI-1
series and (d) PICOSI-2 series.

Considering that the dielectric elastomers can also be used
as generators, by converting the mechanical work into electrical
energy, the gain energy over a cycle of operation was calculated
using eqn (1), assuming a linear deformation (Fig. 6).°>°* The
maximum energy, AW .y, that can be converted is limited by
the electrical breakdown Ebd? and the maximum strain Spax.

1
=0.5e0Ebd?*[ 1 - ——— 1
) ( - 1)2> )

The calculated values of the energy gain at maximum strain
compared with 100% strain are presented in Table S1 (ESIY),
and it can be observed that the gained energy increases by
increasing the amount of polyimide within the S-IPN. Samples
containing 10% PICOSI-1 and PICOSI-2, Si-2-10% and Si-3-10%
show the highest energy gain values, 129.8 mJ cm * and
164.5 m] cm >, respectively, compared with the values of
119.5 mJ ecm > and 18.4 mJ cm 3, found for Elastosil and
Si-Blank, respectively (Fig. 7).

A Wmax
Vol

Piezoelectric measurements

As is known, the electromechanical responses of the two
components on which the new dielectric elastomers were built
are based on different phenomena, electrostatic in the case of
silicone, while the polyimides meet the conditions for piezo-
electric (non-symmetric, polar and insulating).®>*° It has been
demonstrated by modelling and experimentally that the dipole
moment of the polar (e.g., nitrile) substituent as well as the

Z AcA A=
) }‘=Xi,1/ Xio

xv

Fig. 6 Dielectric elastomer uniaxially stretched.
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Fig. 8 Piezoelectric force microscopy images of Si-Blank, Si-2-10% and
Si-3-10%.

dianhydride contribute significantly to the polarization and
piezoelectric response of the polyimide.* Thus, one can assume
that the total strain response of the system is cumulative one
being mainly due to the electrostatic compression (Maxwell
stress effect) of the silicone network attributed to the force
generated by the accumulated charges on the opposing surfaces
of the film under an applied electric field but also to the
piezoelectric effect. The surface topography and piezoelectricity
were evaluated by piezoelectric force microscopy (PFM) measure-
ments for the sample films Si-2-10% and Si-3-10% having the
highest polyimide content (10 wt%) and compared with pure
crosslinked silicone as a reference (Si-Blank), the results being
presented in Fig. 8.

In the case of pure crosslinked silicone, no noticeable piezo-
response and phase contrast were found, while the magnitude
and phase images of polysiloxane-polyimide film show a variety
of contrasts implying widespread local d;; values and allow
identifying domain structures with different orientations of
polarization. The surface roughness as root mean square rough-
ness, Rpms, Was estimated from topography images and was
found to be in the range of 100 to 240 nm. The dependence
of the piezo-response (amplitude signal) versus the applied
alternating current (AC) bias voltage was plotted for each of
the three samples in 100 different points placed equidistantly
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on the surface of the film with an area of 20 x 20 pm?. From the
slopes of the piezo-response curves, the average piezoelectric
constant (ds3) values were estimated.®”

The polysiloxane-polyimide film Si-2-10% shows a piezo-
electric constant of up to 30 pm V' with an average value of
17 £ 0.3 pm V', while the Si-3-10% sample shows a piezo-
electric constant of up to 44 pm V' with an average value of
26 4+ 0.6 pm V' (Fig. 8).

As can be seen, the average piezoelectric coefficient of S-IPNs
increases drastically with the polyimide content from almost
0 pm V! for Si-Blank up to 44 pm V' for the S-IPN based on
the polyimide poorest in siloxane and containing hexafluoro-
propylidene sequences, Si-3-10%. These values are lower than
those reported for a highly pure piezoelectric such as PbZr,Ti; ,O3
(PZT) (360 to 500 pm V 1),°® similar to a PC/PVDF/PZT (portland
cement/polyvinylidene fluoride/lead zirconate titanate) composite
(up to 24 pm V)* and much larger (about 7.5 times) than
values found in the case of Parylene C films.”°

Experimental section
Materials

Polydimethylsiloxane-o,0-diol (PDMS) having a molecular
weight M,, = 230000 g mol " was synthesized through cation
ring-opening polymerization of octamethylcyclotetrasiloxane in
the presence of sulfuric acid according to ref. 71. Tetraethyl-
orthosilicate (TEOS) was purchased from Merck, dibutyltin
dilaurate (DBTDL) from Sigma-Aldrich, while the Elastosil film
having 100 pm thickness was acquired from Wacker.

Polyamic acid, PAA-1 (Scheme 1a), was prepared according to
the already reported procedure’” consisting in a polycondensa-
tion reaction of 2,6-bis(3-aminophenoxy)benzonitrile with
4,4'-oxydiphthalic anhydride in a 1:1 molar ratio, in solution
(in N-methyl-2-pyrrolidone) at room temperature (Scheme S1,
ESIT). The nitrile-containing polyimide-polydimethylsiloxane
copolymer, PICOSI-1 (Scheme 1b), was prepared by the poly-
condensation reaction of 4,4’-oxydiphthalic anhydride with a
mixture of an aromatic diamine, 2,6-bis(3-aminophenoxy)benzo-
nitrile, and o,w-bis(aminopropyl)oligodimethylsiloxane of mole-
cular weight 1120 ¢ mol %, in a 1:0.5:0.5 molar ratio. The
reaction was carried out in two stages, first in a tetrahydrofuran
(THF)/N-methyl-2-pyrrolidone (NMP) mixture at room tempera-
ture when the polyamic acid is formed, and the second in a
mixture of m-xylene/NMP at reflux when the cyclization of
polyamic acid occurs with the formation of the appropriate
polyimide (Scheme S2, ESIf).* The hexafluoroisopropylidene-
containing polyimide-polydimethylsiloxane copolymer, PICOSI-2
(Scheme 1c), was prepared by the reaction between 4,4’-(hexa-
fluoroisopropylidene)diphthalic anhydride and 4,4’-bis(4-amino-
phenoxy)biphenyl and o,®-bis(aminopropyl)oligodimethylsiloxane,
in a 1:0.6:0.4 molar ratio, in solvent, temperature and time
conditions similar to those in the case of the sample PICOSI-1,
excepting the adding reactants algorithm that is described in
ref. 50 (Scheme S3, ESIt). The molecular weight of the siloxane
diamine was 750 g mol .

This journal is © The Royal Society of Chemistry 2017
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The three reaction products were isolated by precipitation in
water and their structures were verified by IR (Fig. S12, ESIt)
and "H-NMR (Fig. S13-S15, ESI{) spectral analysis.

The specific IR absorption bands (KBr, cm ™ ): PAA-1 (3200~
3700m (OH and NH from COOH and CONH stretching vibra-
tion), 1668s (amide I, C—=0 from CONH stretching vibration),
1543s (amide II, C-NH), 2231m (CN from the nitrile group));
PICOSI-1 (1778w (C—=O asymmetric stretching), 1720vs (C—0
symmetric stretching), 1371s (C-N stretching of imide),
744m (C=O bending), 2962m (C-H from Si-CH; asymmetric
stretching), 1261vs (C-H deformation in Si-CHj), 1095-1026s
(Si-O-Si stretching), 798vs (C-H from Si-CHj; stretching),
2233w (C=N from the nitrile group)) and PICOSI-2 (1782m
(C—=0 asymmetric stretching), 1726vs (C—0 symmetric stretching),
1379s (C-N stretching of imide), 746m (C—O0 bending), 2962m
(C-H from Si-CHj; asymmetric stretching), 1257vs (CH; defor-
mation in Si-CHj3), 1095-1014s (Si-O-Si stretching), 800vs
(CH;3 from Si-CHj stretching), 1211vs and 1164s (C-F from
the CF; group)).”*”°

'H-NMR (DMSO-ds, ppm) of PAA-1 13.0 (COOH), 10.6
(CONH), and the signals between 6.3 and 8.0 (aromatic protons);
PICOSI-1 6.8-8.0 (aromatic protons), 3.5 (-CH,-CH,-CH,-Si-),
1.6 (~-CH,-CH,~CH,-Si-), 0.5 (-CH,~CH,~CH,~Si-), 0 (CH;-Si);
PICOSI-2 6.6-8.2 (aromatic protons), 3.54 (—-CH,~CH,-CH,-Si-),
1.6 (-CH,~CH,~CH,~Si-), 0.5 (-CH,~CH,~CH,~Si-), 0.0 (CH;-Si).

Measurements

Infrared spectra were recorded on a FTIR Bruker Vertex
70 apparatus in transmission mode on KBr pellets at room
temperature. "H-NMR measurements were conducted in DMSO
on a Bruker AVANCE III 400 MHz spectrometer. The molecular
masses of the polymers were determined through gel permeation
chromatography (GPC) on a PL-EMD 950 apparatus. SEM images
were taken using a Quanta 200 scanning electron microscope in a
low vacuum mode, while the energy-dispersive X-ray spectroscopy
(EDX) system available on the equipment was used for elemental
mapping. The surface morphology of the films was studied
by atomic force microscopy (AFM) using a Scanning Probe
Microscopy Solver PRO-M, NT-MDT equipment (Russia), in
semi-contact mode. Differential scanning calorimetry (DSC)
measurements were conducted on a DSC 200 F3 Maia device
(Netzsch, Germany). 6 mg of each sample was heated in
aluminum crucibles with pierced and shut lids. A heating rate
of 10 °C min~" was applied and nitrogen was used as an inert
atmosphere (flow rate 50 mL min~"). The device was calibrated
with indium, according to standard procedures. Dynamic
mechanical analysis (DMA) measurements were conducted in
tension mode under a nitrogen atmosphere, with a heating rate
of 2 °C min~" at 1 Hz, on a PerkinElmer apparatus. The size of
the measured samples was 12 mm in length, 10 mm in width
and 0.27 mm thickness for the PDMS sample and 11 mm in
length, 0.96 mm in width and 0.06 mm thickness for Si-2-5%.
Dielectric analysis (DEA) was performed on a Novocontrol setup
operating in the frequency range of 10~'-10° Hz (Concept
40 GmbH) with an ALPHA analyzer and a Quatro temperature
controller. The temperature effect over the dielectric properties
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was obtained using a heating rate of 5 °C min~" between
—150 and 150 °C. The mechanical stress-strain tests were
conducted on a TIRA test 2161 instrument, Maschinenbau
GmbH Ravenstein at an extension rate of 20 mm min ' at
ambient temperature. The breakdown voltage tests were per-
formed on a home-made setup based on international stan-
dards. The polymer films were placed between two electrodes, a
spherical electrode of 5 mm in diameter and a planar electrode
(ground) of 150 mm in diameter (Image S1, ESIF).”" The applied
voltage was stepwise increased with 500 V s~ " until breakdown
occurs. Actuation measurements were made on circular films of
50 mm in diameter, 20% equiaxially prestrained (Image S2, ESIT),
and fixed between two circular frames. Circular electrodes of
carbon black powder (8 mm in diameter) were deposited con-
centrically on both sides of the polymeric film. The lateral
actuation displacement was optically measured using a digital
camera and a software in order to evaluate the electrode
extension.>>”® Piezoelectric force microscopy (PFM) was employed
to investigate the local electromechanical (piezoelectric) proper-
ties of the polysiloxane-polyimide films using a multimode AFM
setup (NT-MDT SolvePro). Essentially, PFM technique is based
on the detection of the local electromechanical vibration of the
sample caused by an external alternating current (AC) voltage.
The voltage is applied to a conductive (platinum covered) AFM
probing tip, which is used as a movable top electrode. The external
driving voltage with frequency v generates a sample surface vibra-
tion with the same frequency due to the converse piezoelectric
effect. The modulated deflection signal from the cantilever, which
oscillates together with the sample, is detected using the lock-in
technique. The amplitude of the first harmonic signal from the lock-
in amplifier is a function of the magnitude of piezoelectric displace-
ment and phase shift between the AC electric field and the
cantilever displacement. Thus, during AFM scanning of the sample
surface the magnitude of the AFM tip displacement is recorded
simultaneously with the phase of the displacement (orientation of
the piezoelectric response). This means that regions with opposite
piezoelectric orientation will vibrate in the counter phase with
respect to each other under the applied electric field. The amplitude
of displacement allows estimating the magnitude of the piezo-
electric response, while the phase image gives information on the
sequence of the mechanical oscillation that is related to the
orientation of the polarization, allowing the identification of
domain structures. In this work, all images were taken during one
imaging session with the same cantilever (nominal spring constant
0.1 N m ' and free resonant frequency of 245.9 kHz) and laser
position in order to allow for quantitative comparison across the
samples investigated. PFM images (surface topography, magni-
tude and phase) were obtained in contact mode at a vertical
deflection setpoint of 2 nm, drive voltage of 1 V, scan rate of
0.5 Hz, and surface area of 20 x 20 pm?.

S-IPN preparation procedure

0.5 g of PDMS and the specific amount of polyimide were
dissolved together in 25 mL THF and stirred approximately
for 10 hours, enabling a complete dissolution of the polymers.
Afterwards, 0.035 mL of TEOS and 0.01 mL of DBTDL were
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added and the obtained solutions were again mixed thoroughly
for another 10 min and then cast as thin films. The formed
films were left for 24 hours under normal conditions to allow
the curing process. A reference sample based only on cross-
linked PDMS was also prepared. All samples were left for one
month under normal conditions before being analysed.

Conclusions

The interpenetration of the flexible polysiloxane with more rigid
polyimide chains, the latter modified appropriately to minimize the
known incompatibility between the two polymer classes, lead in all
cases, when percent greater than 2% PI was incorporated, to
increasing Young’s modulus in the resulting products as compared
with pure polysiloxane but remained in reasonable limits. Elonga-
tion is generally maintained at high or reasonably high values
depending on the polyimide content. In almost all cases, significant
improvements in dielectric properties (high permittivity and dielec-
tric loss) of the mixed networks relative to those of the Si-Blank
network were obtained. The breakdown values of the S-IPNs are
much higher than both the PDMS network and cyclized polyimides,
suggesting that there is a synergetic effect between the S-IPN
components, as was also found in the case of thermal behaviour.
A substantial improvement in actuation displacement of the S-IPNs
films was also achieved as compared with the pure crosslinked
PDMS used as the reference sample. These materials have also
potential application as generators, calculated values for the energy
increasing with the content of polyimide so at 10 wt% polyimide
content these are higher than those for Elastosil, one of the preferred
materials at this time for such applications. Besides the large
deformation, up to 8.7%, mainly given by a flexible dielectric silicone
component, the presence of the imide component confers the
piezoelectric effect, as has been revealed and measured by
piezoelectric force microscopy, the average values obtained
(17-26 pm V') being of high interest. The characteristics
obtained for the developed materials recommend them as
active elements in sensors, actuators or combined functions
for medical devices (i.e., controlling and stimulating functions
of certain organs). The presence of PDMS with its high surface
activity as the major component in these materials guarantees
the biocompatibility of the material.
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