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Abstract

Novel graphene nanosheets (GNSs)/poly(dimethylsiloxane) (PDMS) nanocomposites
were fabricated using the non-covalent functionalization method. Their morphological,
mechanical, and dielectric properties were evaluated. Pyrene-PDMS functional groups were
utilized as functionalization agents to homogenously and efficiently disperse GNSs
throughout the PDMS matrix. This non-covalent functionalization facilitated the dispersion
of GNSs in the polymer matrix and also isolated the graphene layers to prevent their
aggregation and formation of conductive pathways through the polymeric matrix. The
dielectric properties of the GNSs/PDMS nanocomposites significantly improved with the
addition of GNSs, which could be explained by the Maxwell-Wagnar-Sillars (MWS) effect
and the microcapacitor model. With the incorporation of GNSs in the PDMS matrix (1.2
wt%), a dielectric constant 155 times larger than that of pure PDMS was obtained at 1 kHz,
while a relatively low dielectric loss was preserved. The effect of the GNSs' concentration
and functionalization ratios on the dielectric and mechanical properties were investigated.
Moreover, the functionalization of GNSs increased the strain-at-break and decreased the
tensile strength of the GNSs/PDMS nanocomposites.

Key Words: Polymer nanocomposite, dielectric elastomer, graphene, dielectric constant,

pyrene—PDMS



1. INTRODUCTION

Polymeric nanocomposites with high dielectric permittivities are promising
candidates for a wide range of applications including sensors for humidity, mechanical strain,
and gases; artificial muscles and actuators; high-K gate dielectrics for flexible electronics;
memory devices; super-capacitors for energy storage devices due to their flexibility; and
light-weight, inexpensive, and convenient manufacturing processes [1-6]. Typical polymers
inherently possess very low dielectric constants. However, their low dielectric constant can
be significantly improved by incorporating various dielectric and conductive fillers [5, 7]
such as ceramics (titanium dioxide (TiO2)) [8], metals (such as silver) [9], high-dielectric-
constant organic nanofillers (copper phthalocyanine oligomer (o-CuPc)) [10, 11] or
conducting polymers (such as polyaniline) [12]. While the dielectric constant of polymers
can be enhanced by these fillers, the increase typically requires high levels of filler loading,
which can potentially lead to an increase in their weight and inferior mechanical and electrical
properties such as significantly reduced flexibility and high dielectric loss [10, 13-17]. In
addition, while conducting polymers can increase the dielectric constant of the insulating
polymers, they may be chemically and thermally unstable due to doping [18-20].

In order to significantly reduce the electrical percolation threshold, and thus the
required filler loading level in the polymer matrix, nanofillers with high aspect and surface-
to-volume ratios are desirable [21]. In recent years, carbon-based nanofillers, such as carbon
nanotubes (CNTSs) and graphene nanosheets (GNSs), have drawn considerable attention due
to their large aspect and surface-to-volume-ratios as well as a unique combination of

mechanical, electrical, and thermal properties [22-26].



GNS is a one-atom-thick planar sheet of sp>-bonded carbon atoms densely packed in
a honeycomb crystal lattice [27]. GNS is the building block for all graphitic forms including
0-D buckeyballs and 1-D CNTs. A number of research groups, including ours, have reported
that the addition of CNT can effectively increase the dielectric constant of CNT/polymer
nanocomposites [6, 28-31]. A number of other studies have also found that graphene can
improve the thermal and electrical conductivity of the polymer matrix [32, 33]. Even at low
filler concentrations (below 2.5 vol%), the presence of GNSs causes significant
improvements in mechanical, thermal, electrical, and dielectric properties of GNSs/polymer
composites, because GNSs have high electrical and thermal conductivities, large aspect

ratios, high surface-to-volume ratios and excellent mechanical properties [25, 26, 34].

Like any other type of polymer nanocomposites, in order to fully harness the potential
benefits of graphene/polymer nanocomposites, it is essential to (1) disperse the GNSs
uniformly in the polymer matrix, and (2) form desirable interfacial bonding. Although a
number of graphene/polymer nanocomposites have been investigated, most of these studies
used non-functionalized GNSs, thus limiting their effectiveness in enhancing a variety of
material properties [32, 35, 36]. Poor dispersion can also lead to a higher electrical
percolation threshold [37-40]. To improve their dispersion and interfacial interactions in the
polymer nanocomposites, GNSs can be covalently functionalized. However, covalent
functionalization of GNSs changes GNSs’ electronic structure from sp? to sp* and subsequently
causes a reduction in GNSs’ electrical, thermal, and mechanical properties [41-46]. Therefore, it
is hypothesized that the dielectric constant of the polymeric nanocomposites can be

significantly improved if GNSs are properly functionalized via a non-covalent technique,



which will preserve GNSs’ electronic structure thereby maintaining its excellent intrinsic
electrical, thermal, and mechanical properties while also providing uniform dispersion and
favorable interfacial interactions in the polymer matrix [47, 48]. Pyrene, a large aromatic
compound, has a very similar electronic structure to graphene. In fact, pyrene can be defined
as a cut piece from GNS [49-53]. As such, pyrene can be easily adsorbed onto the GNS and
form remarkably strong interactions through m-stacking [54]. Previously, a number of
pyrene-containing polymers have been prepared and utilized to functionalize CNTSs in order
to facilitate their dispersion in the polymer matrix [49-53]. However, reports on pyrene-
containing polymer functionalized GNSs are still rare [55, 56]. The pyrene—
poly(dimethylsiloxane) PDMS functionalized GNSs will retain the latter’s excellent
electrical conductivity thus effectively increasing the dielectric constant of the FGNS/PDMS
nanocomposites. Moreover, pyrene-PDMS functionalized GNSs may also alleviate the
reduction in the dielectric breakdown strength of the FGNS/PDMS nanocomposites caused
by the incorporation of GNSs because the pyrene-PDMS polymer surfactant can effectively

reduce the agglomeration of the GNSs [57].

In this study, pyrene-terminated poly(dimethylsiloxane) (i.e., pyrene-PDMS) was
chosen to non-covalently functionalize the GNSs. The dielectric and mechanical properties of
functionalized GNSs/PDMS nanocomposites and non-functionalized GNSs/PDMS

nanocomposites were compared.

2. EXPERIMENTAL METHODS

Sylgard 184 PDMS base and curing agent were supplied from Dow Corning

Corporation. Hydrochloric acid (37 wt%), poly(dimethylsiloxane) monohydroxy terminated



(Mn ~4670 g mol™?), 1-pyrenebutyric acid, 4-(dimethylamino)pyridine, and phosphoric acid
(85 wt%) were all obtained from Sigma-Aldrich. Graphite powder, sulfuric acid (98 wt%),
methanol, and hydrazine monohydrate (>98 wt%) were obtained from Fisher Scientific,
USA. Potassium  permanganate, reagent ACS (+99 wt%), and N,N"-
dicyclohexylcarbodiimide (99 wt%) were obtained from Acros Organics. Ethyl acetate
(general use HPLC grade), hexane (general use HPLC grade), and dichloromethane
(anhydrous) were obtained from Pharmco-Aaper. Tetrahydrofuran (ACS grade) was obtained

from VWR. All chemicals were used without further purification.
2.1. Sample Preparation
2.1.1. Preparation of GONSs

In this study, graphene oxide nanosheets (GONSs) were prepared from graphite
powder via an improved Hummer’s method [58]. The improved Hummer’s method possesses
several advantages over the standard Hummer’s method as toxic gases will not be generated
during the reaction and the temperature can be easily controlled [58]. Briefly, 1g of graphite
flakes and 6g of KMnO4 were added into a 120 ml: 13.33 ml mixture of H2SO4/H3PO4 (9:1
volume ratio). The resulting mixture was stirred at 50°C for 12 h. Afterward, the mixture was
cooled down to RT and then poured onto a mixture of 150 ml ice and 1 ml 30% H>O,. After
filtration, the resulting solid was gradually washed and centrifuged with water, HCI, and
ethanol, and the supernatant was decanted. Then, the resulting solid was washed several
times with DI water until the solution pH was about 7. Finally, concentrated GONSs solution

was frozen in liquid nitrogen and freeze-dried in a lyophilizer at a condenser temperature of—



87.0 °C under vacuum (0.0014). The resulting low density graphene oxide powder was

obtained after 5 days, then stored in a desiccator.

2.1.2. Preparation of GNSs

Hydrazine monohydrate was used as reducing agents for GONSs [59]. GONSs (400
mg) was loaded into a 50 ml centrifuge tube containing DI water (40 ml), and the
concentrated mixture was sonicated (UP400S, hielscher USA) at 80% amplitude using a 3
mm probe in an ice-bath for 30 min. The concentrated mixture was decanted into a round
bottom flask and DI water (360 ml) was added. After the mixture was additionally shaken,
hydrazine monohydrate (4 ml, 98%, Aldrich) was subsequently added to the suspension and
stirred with a stirring bar in an oil bath at 90 °C under a water-cooled condenser for 24 h.
After the reaction was completed, the solution was cooled down to room temperature and the
final black solid product was washed with water (5x200 ml), methanol (5x200ml) and THF

(3x100 ml). The GNSs were later stored in THF.

2.1.3. Synthesis of Pyrene-PDMS

Figure 1 shows the synthesis scheme of pyrene-PDMS. First, 1-pyrenebutyric acid
powder was dissolved in dichloromethane (DCM) and then mixed with monohydroxy-
terminated poly(dimethyl-siloxane) (PDMS—-OH, molecular weight 5000 Da) at a 1:1 molar
ratio in the presence of 4-dimethyl-aminopyridine (DMAP) and N,N'-Dicyclohexyl-
carbodiimide (DCC). The reaction mixture was stirred for 24 h, and the solid product was
filtered. The filtrate was evaporated under reduced pressure. Subsequently, the residue was

purified via silica gel column chromatography using ethyl acetate/hexane (1:9). The resultant



product was placed in a vacuum oven for drying at 30° C for 48 h. The chemical structure of
pyrene—PDMS was characterized by nuclear magnetic resonance (NMR) and shown in Fig. 2.
Peaks at 7.8 to 8.3 ppm were observed due to the protons on the aromatic ring of pyrene. The
peaks at ~0.1 ppm were assigned to the methyl groups of PDMS. Ultimately, pyrene-PDMS

provided better dispersion and favorable interfacial interactions in the silicone matrix [49-53].

2.1.4. Non-Covalent Functionalization of GNSs Using Pyrene—-PDMS

Tetrahydrofuran (THF) was used as a polar solvent to prepare the non-functionalized
GNSs/PDMS and functionalized GNSs/PDMS nanocomposites. First, a pyrene-PDMS/THF
solution was prepared. GNSs were added to this solution and soaked overnight. The resulting
pyrene—-PDMS/GNSs/THF solution was sonicated for 80 min to allow pyrene-PDMS

adsorption on the surfaces of the GNSs via n—r interaction.

2.1.5. Fabrication of Non-Functionalized and Pyrene-PDMS Functionalized

GNSs/Silicone Nanocomposite Films

Dow Corning® Sylgard® 184 Silicone Elastomer Kit, a two-part silicone, was used
as the polymer matrix in this study. Graphene suspension in THF was sonicated with a probe
sonicator for 80 min.; then PDMS base was added to the suspension, and the resulting
solution (PDMS/THF ratio 1 g:2 ml) was sonicated for 20 min. The curing agent (PDMS
base/curing agent weight ratio 10:1) was added and the final solution was mixed by stirring.
After the GNSs/silicone/THF solution was degassed under reduced pressure, non-
functionalized GNSs/silicone nanocomposite films was prepared using the solution casting

method as illustrated in Scheme 1 [60].



To prepare functionalized GNSs/silicone nanocomposite films, the silicone base was
mixed directly into the homogenous pyrene-PDMS functionalized GNSs/THF solution by
stirring and was sonicated for 20 min. The curing agent was added to the resulting
GNSs/silicone/THF  solution under vigorous stirring to produce a homogeneous
GNSs/silicone/curing agent/THF solution. After degassing the resulting solution under
reduced pressure, functionalized GNSs/silicone nanocomposite films were prepared using the
solution casting method [60]. To study the effects of GNSs on the various material properties
of FGNS/silicone nanocomposites films, loading levels ranging from 0 to 1.2 weight % were

prepared.
2.2. Characterization

For each type of characterization described below, at least three specimens were
measured for each sample and the average results were reported. Chemical structures of the
GONS and GNS were characterized by a Bruker TENSOR series FTIR spectrometer and
Thermo Scientific DXR Raman Microscope at a 532 nm laser excitation level at room
temperature. The chemical structure of pyrene-PDMS was characterized by a Varian
Mercury Plus 300 *H-NMR (300 HZ, DMSO-ds). The microstructures of GNSs/PDMS film
structures were investigated via a scanning electron microscope (SEM, LEO GEMINI 1530)
with a field emission electron gun. The dielectric properties of the GNSs/PDMS
nanocomposites were measured using an Agilent E4980A LCR meter at room temperature
with an Agilent 16451B dielectric test fixture. The mechanical properties of these
nanocomposites were characterized according to the ASTM standard for polymeric thin films

(ASTM D882).



The breakdown voltages of the GNSs/PDMS nanocomposite films were measured
using a Matsusada AMS-10B2 high voltage amplifier. At least three specimens were
measured for each GNSs/PDMS nanocomposite film with varying GNS loading levels and
varying functionalization ratios; the average results were reported. The bottom side of the
nanocomposite film was electrically activated with carbon paste electrodes (CPEs) and the
small region on the top side of the sample was activated. The electric field was applied to the

system and the breakdown voltages were measured.
3. RESULTS AND DISCUSSION
3.1. Surface Chemistry of GNSs

Figure 3 shows the FT-IR spectrum of GONSs and GNSs. The characteristic features in
the FT-IR spectrum of GONSs are the adsorption bands corresponding to the C=0 (carboxylic
acid) peak stretching from 1700 to 1740 cm™ and the broad O—H peak stretching from 2500 to
3300 cm™ [43]. After chemical reduction, these peaks decreased or disappeared which proves

that the chemical structure of graphene was successfully restored by hydrazine hydrate.

Raman spectra (Fig. 4) of graphite, GONSs and GNSs significantly changed during
the oxidation and chemical reduction process. The in-phase vibration of the graphite lattice
(G band) at 1575 cm™ and the (weak) disorder band caused by the graphite edges (D band) at
approximately 1347 cm™ were observed [61, 62]. Raman spectra of GONSs showed larger
and wider D and G band (at 1345 cm™ at 1583 cm™) and the G band shifted towards higher
frequency due to the extensive oxidization [59] . The increase of the disorder degree in the

graphite intercalation cause a broader G and D band [63]. The grain size of graphite
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crystallite is inversely proportional to the D band intensity [63]. As shown in Fig. 4, when the
G band of GONSs widens and the peak intensity decreases, the D band increase. This
indicates that the oxidation process caused an increase in the number of oxygenated
functional groups, which increased a number of defects and transitions of sp? carbon hybrid
to sp® carbon hybrid [63]. Chemical reduction of GONSs resulted in reduced peak
intensities for both D and G bands. Also the D/G intensity ratio increased compared to that
of GONSs. This was the average scale of sp? hybrid is smaller than that of graphene oxide
[59, 61]. Also new graphitic domains were created might be smaller in the size than ones
present in GONS [59]. Both FTIR and Raman data confirmed that GONSs and GNSs

successfully synthesized.
3.2. Morphological Properties of GNSs/PDMS Nanocomposites

The quality of GNS dispersion in the PDMS matrix directly correlates to the
effectiveness of improving mechanical and dielectric properties of the GNSs/PDMS
nanocomposites. The properties of composites are also intimately linked to the aspect ratios
and surface-to volume ratios of the GNSs. As shown in Figure 5(a), the GNSs are dispersed
homogeneously in the PDMS matrix. From Figure 5(b) it can be seen that the average lateral
dimensions of the GNS appears to be higher than 1 pm, which is promising owing to the high
aspect ratios of the sheets. Moreover, the GNSs dispersed in the composites appear to be
crumpled and wrinkled which significantly affects the mechanical properties of the resulting

nanocomposites as will be discussed later (c.f. Figure 2(b)).

Figure 6 (a-b) shows the microstructure of GNSs/PDMS nanocomposites before and

after functionalization of GNSs. As can be seen in the images, the GNSs are homogeneously
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dispersed in polymer matrices for both functionalized and non-functionalized GNSs/PDMS

nanocomposites.
3.3. Dielectric Properties of GNSs/PDMS Nanocomposites

The dielectric properties of polymer nanocomposites are strongly affected by the type
of polymer matrix, the nanoparticle characteristics (such as aspect ratio, surface-to-volume
ratio, electrical conductivity, and loading level), the fabrication method, and the degree of
nanoparticle dispersion in the polymer matrix [33, 64-68]. In this study,
poly(dimethylsiloxane) (PDMS) was used as a polymer matrix with a very low dielectric
constant of around 3, which is almost independent of frequency level. However, PDMS’s low
dielectric constant can be significantly improved by adding highly conductive nanoparticles

such as GNSs, CNTSs, etc.

For an electrically conductive filler/polymer composite, assuming the concentration
of the conductive filler is f, the effective dielectric constant of the composite has been

predicted to follow a critical pattern of behavior,

SN AAN @

where &n is the dielectric constant of the insulating matrix, q is a critical exponent (~1 for a
three-dimensional composite), and fc is the electrical percolation threshold [8, 9, 69]. A
dramatic increase in dielectric constant can be obtained as the concentration of conductive
fillers approaches the percolation threshold. Physically, this phenomenon can be explained as

follows. When the concentration of the conductive filler is close to the percolation threshold, a
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large number of conductive GNSs are isolated by very thin insulating polymer layers within the
nanocomposites, forming a network of nano/micro-capacitors, thereby dramatically increasing
the dielectric constant of the nanocomposites [9]. In addition, Maxwell-Wagner-Sillars
(MWS) polarization for heterogeneous systems also plays a very important role in enhancing
the dielectric constant [5, 70, 71]. The MWS effect is associated with the entrapment of free
charges at the interface of the insulating polymer and the conductive filler [5, 70, 71].
Therefore another way to increase dielectric constant at the same filler concentration is by
obtaining a better conductive nanoparticle dispersion in the polymer matrix which increases
interfacial areas [33]. Also, nanocomposites display a much higher dielectric constant at a

lower frequency due to MWS polarization for heterogeneous systems [72].

The dielectric properties of pure PDMS and GNSs/PDMS nanocomposites at various
frequencies ranging from 1 kHz to 2 GHz are shown in Figure 7. The dielectric constant was
significantly increased by the addition of GNSs. For instance, with the addition of 1.2 wt%
GNSs to the PDMS matrix, the dielectric constants of the GNSs/PDMS nanocomposites were
512 and 71 at 1 kHz and 100 kHz, respectively, which were 158 and 22.3 times higher than
those of pure PDMS, respectively. These improvements are significantly higher than those
previously reported for hydroxylated MWCNT/PDMS nanocomposites [6]. In the afore
mentioned study, pristine and hydroxylated MWCNT was used as a filler for the PDMS
matrix; the electrical and dielectrical properties of the 6 wt% MWOCNT pristine COMpOSites were
~1554 and ~875 at 1 kHz and 10 kHz frequencies, respectively [6]. However, the dielectric
loss also dramatically increased from ~0.003 for the pure PDMS to ~1.12 for the 1.2 wt%

GNSs/PDMS nanocomposite (Fig. 8) at 1 kHz frequency.
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Figure 9 and 10 show the dielectric properties of the GNSs/PDMS nanocomposites as
a function of GNSs concentration (weight%) in PDMS from 0 to 1.2%. As the figures show,
the dielectric constant and dielectric loss strongly depended on the GNSs concentration. The
dielectric constant increased slightly until 0.2 wt% GNSs, and dramatically increased at the
0.5 wt% GNSs concentration. The addition of GNSs to the composite increased both the
dielectric constant (Fig. 9) and the dielectric loss (Fig. 10). The dramatic increase in the
dielectric constant at 0.5 wt% can be explained by the percolation theory as per Eq. (1).

When f approaches f, in Eq. (1), the dielectric constant becomes abnormally high.

The microcapacitor model accounts for the dramatic increase in the dielectric
constant at the percolation threshold. This model describes how the conductive graphene
layers act as two electrodes, while the thin PDMS layer in-between acts as a dielectric. GNSs'
morphology and high surface-to-volume ratio, as well as its uniform dispersion in the PDMS
matrix, play an important role in improving the dielectric performance of the microcapacitor
networks [33, 73]. Moreover, previous research has reported that the dielectric properties can

be improved by optimizing the fabrication methods of the nanocomposite films [64, 74].

As mentioned before, the functionalization of GNSs helps the dispersion of GNSs in
the polymer matrix and also isolates the graphene layers to prevent a conductive path from
forming. Moreover, one of the important advantages of the non-covalent functionalization of
GNSs is that it does not change the electronic structure of the GNSs [75-77]. Pyrene, which
resembles a piece cut from a graphene sheet, is electronically similar to graphene. Therefore,
the interaction between graphene and pyrene is very similar to the interaction between two

graphene layers [51]. Thus PDMS with pyrene anchor units was used as a non-covalent
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functionalizer for GNSs. When non-conductive pyrene—PDMS surrounded each graphene
layer, it helped the dispersion of GNSs but also decreased the conductivity of each GNSs in
the PDMS matrix. 0.8 wt% GNSs were chosen as a model and functionalized with different
pyrene-PDMS/GNSs weight ratio. As shown in Fig. 11 and 12, the functionalization of GNSs
decreased the dielectric constant of the nanocomposite and also decreased the dielectric loss.
For instance, when comparing non-functionalized and 1:4 pyrene-PDMS functionalized
samples, the dielectric constant decreased from 411 to 306 at 1 kHz, respectively. Also the
dielectric loss decreased from 1.31 to 0.95 for the same samples. The functionalization ratio

effect on the dielectric constant and dielectric loss can be clearly seen in Figs. 13 and 14.

Dielectric strength is one of the most important dielectric properties [78]. The
dielectric strengths of the nanocomposites for different GNSs concentrations and different
functionalization ratios at room temperature are shown in Figs. 15 and 16. While the
presence of the GNSs in the polymer matrix decreased the dielectric breakdown strength of
the nanocomposite, the increase in functionalization ratio improved the dielectric breakdown
strength. For example, as shown in Fig. 15, the dielectric breakdown strength of pure PDMS
was around 70 MV/m, which was reduced to 12.5 MV/m for 0.8 wt% GNSs/PDMS
nanocomposites due to the possible formation of conductive paths and the presence of a large
leakage current [57, 72]. The occurrence of conductive GNSs in the PDMS matrix was the
main reason for the reduction of the dielectric breakdown strength [79]. Also, possible
defects and impurities (including residual solvent and trapped air bubbles in the hybrid films)
might have caused the deterioration of the dielectric breakdown strength [79]. As shown in

Fig. 16, the functionalization ratios of GNSs, and the dielectric breakdown strengths of the
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nanocomposites, were directly proportional. For example, the 0.8 wt% non-functionalized
sample's dielectric breakdown strength was 12.5 MV/m, but increased to 14.16 MV/m and
26.88 MV/m for 1:4 functionalized and 1:8 functionalized samples, respectively. The
presence of the insulator pyrene—-PDMS, which surrounded the conductive GNSs, as well as
the non-covalent functionalization of the GNSs, possibly impeded the formation of

conductive paths between GNSs and the subsequent current leakage [57, 72].

3.4. Mechanical Properties of GNSs/PDMS Nanocomposites

The effect of the incorporation of GNSs on the mechanical properties of GNSs/PDMS
nanocomposites is shown in Figure 17. The tensile strength of GNSs/PDMS nanocomposites
decreased with the addition of GNSs. Also, the elongation-at-break for pure PDMS was
higher than most GNSs/PDMS nanocomposites, for the except 1.2% GNSs/PDMS
nanocomposite. The significant reduction in the tensile strength might be due to the GNSs
impeding the cross-linking process of the polymer [80]. On the other hand, the elongation-at-
break for GNSs/PDMS nanocomposites increased by adding GNSs. Lu et al. recently
reported that the percentage of elongation-at-break for epoxy nanocomposites filled with
thermotropic liquid crystalline epoxy grafted graphene oxide (LCE-g-GO) increased with
increasing LCE-g-GO content [81]. Monticelli et al, recently claimed that weak interactions
between nanofillers and the polymer matrix might cause a plasticizing effect on the

mechanical behaviors of the nanocomposite films [82].

The stress—strain behaviors of functionalized GNSs/PDMS nanocomposites are
shown in Figure 18. The 0.8% GNSs/PDMS sample was chosen as a model and was

functionalized with three different GNSs/pyrene-PDMS ratios 1:4, 1:8, and 1:12. The
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amount of pyrene-PDMS was calculated as a part of the polymer matrix. As shown in the
graph, the elongation-at-break for the functionalized GNSs/PDMS samples correspondingly
improved as the functionalization ratio increased. As can be seen in Fig. 18, the strain-at-
break increased directly while the tensile strength decreased inversely, with increasing the
concentration of the pyrene-PDMS groups. For example, the tensile strength of the non-
functionalized 0.8% GNSs/PDMS was about 1.6 MPa, while the tensile strength of the 1:4
functionalized GNSs/PDMS sample sharply decreased to about 0.6 MPa. It decreased further
to about 0.17 MPa at the 1:12 functionalization ratio. This phenomenon might be due to the
fact that pyrene-PDMS groups, which consist of shorter PDMS chains (compared to the
main matrix), acted as plasticizing agents and also reduced the crosslinking density of the

main matrix [83].

4. CONCLUSION

Non-functionalized and pyrene-PDMS non-covalently functionalized GNSs/PDMS
nanocomposites were successfully fabricated via a solution casting method. The
morphological, dielectric, and mechanical properties of the elastomeric films were studied.
Adding GNSs significantly increased the dielectric constant of GNSs/PDMS
nanocomposites; however, the dielectric loss increased and the dielectric strength decreased
which are undesirable for dielectric elastomers. Therefore, GNSs were non-covalently
functionalized with pyrene-PDMS to improve the dispersion of GNSs in the polymer matrix
and subsequently enhance the dielectric constant and maintain the dielectric loss at relatively
low values. As a result of functionalization, elastomeric films with high dielectric constants,

high dielectric strength, and low dielectric losses was prepared. For instance, GNSs/PDMS
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nanocomposites containing only 1.2% GNSs yielded a dielectric constant over 155 times
larger than that of pure PDMS at 1 kHz while still preserving a relatively low dielectric loss.
Moreover, a 1:4 functionalized sample had a 25% lower dielectric constant and loss, as well
as a 13% higher dielectric strength. Furthermore, the incorporation of GNSs in the PDMS
matrix decreased the tensile strength and increased the elongation-at-break. These flexible
high dielectric GNSs/PDMS nanocomposites are potential materials for flexible electronics

and high-storage capacitors.

ohs CH HOOC O DCC. DMAP CHs CHa C
V\+ +S|—/\/ ~"oH + V\+ +5_/\/ ~"0
I T, 0

PDMS-OH 1-Pyrenebutyric acid Pyrene-PDMS

Figure 1 Synthesis scheme of pyrene—-PDMS.
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Figure 2. NMR results of pyrene-PDMS
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Figure 3. FT-IR results of graphite, GONSs and GNSs.

18



19

—— Graphite
800 4 G Band —— Graphene Oxide
- —— Graphene
600 -
ER
s
2 400 —
w
c
[} |
=
200 \L
0 - —’\_L_’__J\J

] ' I ' 1 ' I 4 I J 1 M I
500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Figure 4. Raman spectrum of graphite, GONSs and GNSs.
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Figure 5. SEM images of GNSs/PDMS nanocomposites with scale bar (the concentration of

GNS is 0.8 wt %) (a) 10 um and, (b) 1 pm.
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Figure 6. GNSs/PDMS nanocomposite; (a) functionalized and, (b) non-functionalized.
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Figure 7. Dielectric constant of non-functionalized samples as a function of frequency.
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