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Abstract In order to obtain highly flexible polymer composites
with high dielectric performance, novel poly(arylene ether ni-
trile) (PEN)/graphene nanocomposites were prepared by a two-
step method, involving facile solution-casting for dispersing
graphene oxide and followed by thermal reduction of dispersed
graphene oxide at 200 °C for 2 h. The results showed that the in
situ thermal reduction method can help to fabricate PEN-based
nanocomposites with homogenously dispersed graphene sheets
and give rise to a 236 % increase of the dielectric constant
between 160 °C and 200 °C of from 10.43 to 24.65 at 50 Hz.
As a result of the formation of an alternative multilayered
structure of PEN and graphene sheets, a typical percolation
transition was observed as the content of the graphene oxide
increased. The conductivity and dielectric constant followed the
percolation threshold power law, yielding a percolation thresh-
old (f) of 0.014. The corresponding critical exponent was cal-
culated as p=fr+s) '=0.83, which was in good agreement with
the experimental data of 1=0.81 as fyraphene=0.013. This type of
PEN/graphene composite with low percolation threshold can be
potentially applied as novel dielectric materials.

Keywords Poly(arylene ether nitrile) - Graphene oxide - In
situ thermal reduction - Dielectric - Low percolation threshold
Introduction

Poly(arylene ether nitrile) (PEN) is a well-known semicrys-
talline thermoplastic polymer with pendant nitrile groups.
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Owing to its rigid molecular structure, PEN exhibits outstand-
ing tensile strength, good radiation resistance, high thermo-
oxidative stability, and good molding workability [1-3],
which make it attract considerable attention both from indus-
try and academia. In contrast to the excellent mechanical
properties and thermal stabilities, the high electrical resistivity
(about 10® © m) and/or low dielectric constant (ca. 3-4) of
PEN hinders its advanced applications in electrostatic and/or
electromagnetic dissipation. Therefore, development of PEN
composites with high dielectric constant is necessary.

A common approach for elevating the dielectric constant is
to disperse high dielectric constant ceramic powders into
polymer matrixes. Hence, various electrically conductive ma-
terials such as metal and carbon materials have been used to
increase the dielectric constant of composites. Although the
poor uniform dispersion of these conductive fillers in matrixes
has been improved by physical dispersion methods such as
sonication, ball milling, grinding, and high speed shearing, the
effects are not fully satisfactory. Multifunctional nanoparti-
cles, such as carbon nanotubes [4—7], graphite sheets [8—13],
acetylene black [14], and carbon fiber [15], are promising
conductive fillers used to obtain highly flexible polymer com-
posites with high dielectric performance. However, to achieve
sufficiently high dielectric constant, a large content of fillers is
general necessary at the cost of sacrificing the excellent elec-
trical conductivity. In addition, the high content of fillers may
deteriorate the mechanical performance of the composites.
Thus, the focus of the current work is how to achieve a balance
the dispersion and electrical conductivity. Fortunately, in recent
years, many reports have demonstrated that in situ thermal
reducing graphene oxide can make it possible to address this
issue.

Graphene with a two-dimensional lattice of sp*-bonded
carbon exhibits excellent electrical conductivity in the in-
plane direction owing to the delocalization of the lone pair
of the p, electrons [16]. Besides, compared with other

@ Springer



358, Page 2 of 10

J Polym Res (2014) 21:358

conductive fillers, graphene possesses a large specific surface
area and high aspect ratio which make it possible to form a
microcapacitor in the matrixes when two graphene sheets
have a compact parallel structure, isolated by a thin layer of
polymer. Through forming a large microcapacitor network,
the dielectric permittivity of the polymer composites can be
greatly increased. However, as a result of the strong p—p
stacking tendency and high cohesive energy, the pure
graphene tends to agglomerate or restack easily [17]. In addi-
tion, the hydrophobic nature and high specific surface area of
graphene make it insoluble in a variety of organic solvents.
Thus, large-scale use of graphene is hindered by its poor
dispersion in matrixes. In order to solve the two problems of
aggregation and random distribution of graphene sheets in the
composite it is necessary to use functionalization [18-21] to
change the surface energy of the graphene.

At present, the most common approach to functionalize
graphene is the use of strong oxidizing agents to exfoliate
pristine graphite [22-25]. The previously contiguous aromatic
lattice of graphene is interrupted by epoxide, hydroxy, and
carboxylic groups [26, 27]. Compared with pure graphene, the
hydrophilic oxygenic groups on the basal plane and edge of
graphene can effectively lead to better dispersion and stronger
adhesion in/to the polymer matrixes. However, graphene ox-
ide is electrically insulating, which limits its usefulness for the
preparation of conductive nanocomposites. Fortunately, the
electrical conductivity of graphene oxide can be significantly
increased by chemical reduction [28, 29] and thermal reduc-
tion [30-32], owing to the significant restoration of the sp*
carbon sites.

In this paper, novel poly(arylene ether nitrile)/graphene
(PEN/graphene) nanocomposites are prepared by a two-step
method, involving facile solution-casting for dispersing
graphene oxide and followed by in situ thermal reduction of
graphene oxide dispersed in matrixes. Additionally, the dis-
persion, dielectric, and electrical properties of PEN/graphene
nanocomposites are systematically investigated. The results
indicate that the in situ thermal reduction method can effectu-
ally improve the dielectric and electrical properties of pure
PEN and optimize the dispersion of graphene in PEN.

Experimental
Materials

Natural graphite was purchased from Qingdao Yanxin Graph-
ite Co. Ltd., China. N-Methyl-2-pyrrolidinone (NMP), 98 %
sulfuric acid (H,SOy), 30 % hydrogen peroxide (H,0O,), 85 %
phosphoric acid (H3;PO,), and potassium permanganate
(KMnOy) were purchased from Shuanglin Chemical Reagent
Factory of Hangzhou, China. All the chemicals and reagents
were used without further purification. PEN was provided by
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Union Laboratory of Special Polymer of USETC-FEIYA,
Chengdu, China. It was a copolymer derived from 2,6-
dichlorobenzonitrile with hydroquinone and resorcin with an
inherent viscosity of 1.22 dL/g (0.005 g/mL in NMP).

Preparation of graphene oxide

Graphene oxide (GO) was synthesized from purified natural
graphite by the improved Hummers method [33]. Briefly,
graphite powder (3.0 g) and a 9:1 mixture of concentrated
H,SO4/H;P0O, (360/40 mL) were added into the 1,000-mL
flask and stirred uniformly. Then, KMnO, (18.0 g) was grad-
ually added with stirring and cooling in order to keep the
temperature at 35-40 °C. The mixture was then stirred at
50 °C for about 12 h. The reaction was terminated by adding
30 % H,0, solution (3 mL). The mixture was left overnight.
Graphite oxide sheets, which settled at the bottom, were
separated from the excess liquid by decantation, followed by
centrifugation. Then, they was washed with a mixture aqueous
solution (the volume ratio of water, H,O, and H,SOy, is equal
to 1: 0.23: 0.26) and deionized water. Graphite oxide was
obtained after drying at 80 °C. Graphite oxide (500 mg) was
dispersed in 500 mL water to create a yellow-brown dispersion,
and the exfoliation of graphite oxide to GO was achieved by
sonication with a cylindrical tip for 1 h.

Preparation and in situ thermal reduction of PEN/GO
nanocomposites

A series of PEN/GO nanocomposites were generally prepared
as follows. A measured quantity of GO (0, 1, 2, 3, 4, or
6 wt.%) was added to NMP under sonication for 30 min.
Meanwhile, a certain content of PEN was dissolved in NMP
with mechanical stirring. The mixture was continuously
stirred at 160 °C for 30 min after PEN was totally dissolved.
The prepared GO was then added to the PEN solution under
sonication and mixed with a high-speed mechanical stirrer for
1 h. The mixture was then poured on a clean preheated glass
plate and cast solvent using a sequential temperature program
of 60, 80, 100, 120, 140, and 160 °C for 1 h, respectively. To
ensure the effective reduction of GO, the annealing tempera-
ture was continuously increased to 200 °C for 2 h. The
mixture was then cooled to room temperature gradually to
afford the PEN/thermally reduced GO composite films. For
comparison, a PEN/GO composite with 2 wt.% GO loading
was also prepared by the same procedure as above but without
annealing at 200 °C; this product was labeled S-160.

Characterizations
The morphology of GO and the fracture surfaces of the

thermally reduced PEN/GO were observed by scanning elec-
tron microscopy (SEM) (JEOL JSM-5900Lv). Fourier
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transform infrared spectrometry of KBr pellets (FTIR)
(NICOLETMZX-IE) was performed to characterize the function-
al groups of GO. Thermogravimetric analysis (TGA) of GO was
carried out under N, atmosphere at a heating rate of 20 °C/min
using a TA QS50 series analyzer system combined with a data
processing station. Dielectric and AC conductivity measure-
ments for the thermally reduced PEN/GO films were carried
out by a dielectric analyzer (DEA 2970, TA Instruments).

Results and discussion
Thermal analysis of GO
In order to investigate the influence of heat treatment on the

reaction progress of GO, TGA is used during the thermal
reduction of the GO. Figure la shows that a dramatic mass

loss of about 40 % of the original GO mass appears at the
temperature range from 150 to 250 °C. This may be attributed
to the loss of some oxygen-containing groups during the
thermal reduction of GO. From the derivative thermogravi-
metric (DTG) curve, the temperature corresponding to the
maximum rate of loss mass arises at 200 °C. It may demon-
strate that 200 °C is a mild and efficient temperature to remove
a large portion of oxygen-containing functional groups, com-
pared with the higher annealing temperatures. Thus, the ther-
mal reduction process of GO can be carried out at 200 °C for
investigating the effect of homothermal time on the thermal
reduction. As shown in Fig. 1b, the weight of GO decreases to
79.72 % by heating to 200 °C, and continues to decrease
during the temperature-holding period; the final weight
achieves a minimum value of 51.13 % after about 80 min.
On the basis of the results in Fig. 1, heating at 200 °C for 2 h is
sufficient to thermally reduce the GO.
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FTIR of GO and thermally reduced GO

To further determine the changing microstructure of the GO, the
FTIR spectra of GO and thermally reduced GO at 200 °C for 2 h
are shown in Fig. 2. The FTIR spectrum of GO (Fig. 2a) shows a
strong peak around 1,640 cm™' due to aromatic C=C, and a
strong and broad absorption band at 3,430 cm ™' corresponding
to the O—H stretching vibration. An absorption band at
1,730 cm ! corresponding to the C=0 stretching and the peaks
corresponding to carboxy C-O (1,403 cm '), epoxy C-O
(1,225 cm™"), and alkoxy C-O (1,070 cm™") groups situated at
the edges of GO are also observed [34]. After the GO was
annealed at 200 °C for 2 h, the peaks at 3,430 and 1,730 cm ™
decrease significantly, the peaks at 1,403, 1,225, and 1,070 cm !
disappear, and the C=C peak shifts from 1,640 to 1,569 cm ™", as
shown in Fig. 2b. The obvious changes of the characteristic
absorption peaks indicate the breakdown between the covalent
bonds of GO containing epoxide, hydroxyl, and carboxylic
groups on the basal plane and edge of graphene at the annealing
temperature of 200 °C after 2 h. The degradation of hydrophilic
oxygenic groups suggests the thermal reduction of GO, which is
consistent with the results of TGA of the sample.

Preparation of PEN/graphene nanocomposites

To optimize the thermal reduction, GO is incorporated into the
PEN matrix. A typical procedure for preparing PEN/graphene
via the method of in situ thermal reduction is presented in
Fig. 3. The three-step process involves (1) GO preparation by
means of the improved Hummers method, (2) PEN/GO nano-
composites fabrication by the method of solution casting, and
(3) in situ thermal reduction of PEN/GO annealed at 200 °C

for 2 h. Hence, thermally reduced GO is successfully incor-
porated into PEN resin.

Micromorphologies of PEN/GO and PEN/graphene
nanocomposite

To evaluate the dispersion of GO in the PEN matrix, SEM is
employed to investigate the morphology of the samples. As
shown in Fig. 4, GO consists of thin, randomly aggregated
and crumpled sheets, forming a disordered solid. The frac-
tured surfaces of pure PEN are smooth and rarely crumpled,
whereas the fractured surfaces of PEN/GO composite (S-160)
are tough and crumpled as shown in Fig. 4c. And the GO
sheets exhibit homogeneous dispersion in the PEN matrix
without serious aggregation, which may be attributed to the
existence of the hydrophilic oxygenic groups on the basal
plane and edge of graphene. In addition, most GO sheets are
parallel to the fracture surface, and the same is can also be
observed in Fig. 4d. The thermally reduced GO sheets are
homogeneously dispersed in the PEN matrix which may be
attributed to that the nitrile groups on the aromatic ring
appearing to promote the adhesion of the matrix and the
hydrophilic oxygenic groups, and they serve as a potential
site for dispersing GO. In addition, GO sheets become
immobilized in the flexible polymer matrixes (PEN), when
the solvent is entirely removed from the polymer matrixes
after a series of annealing process. Therefore, with elevating
the annealing temperature to 200 °C, the in situ thermal
reduction of GO is carried out in the PEN matrixes. Heating
for 2 h, partly hydrophilic oxygen groups are removed from
graphene plane, hence, PEN/graphene composites are suc-
cessfully prepared with a characterization of good dispersion.
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Fig. 3 Preparation of graphene
oxide and PEN/graphene
nanocomposites
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Effect of in situ thermal reduction of GO on dielectric
properties of PEN

To further investigate the effect of the in situ thermal reduction
of GO on the dielectric properties of the composites, the
dielectric constant and dielectric loss were monitored accord-
ing to ASTM D150 using a TH2819A precision LCR meter
and the results are shown in Fig. 5. It can be clearly seen that
the dielectric constant and loss of pure PEN are independent
of the frequency from 50 Hz to 200 kHz, whereas the dielec-
tric constant of PEN/GO nanocomposites is dependent on
annealing temperature and frequency, and shows a tendency
of gradual increase with increasing annealing temperature.
The dielectric constant of the sample S-160 increases from
4.86 to 10.43 at the specified frequency (50 Hz), compared
with that of pure PEN. With increasing annealing temperature,
a sharp increase of the dielectric constant is observed between
160 °C and 200 °C of from 10.43 to 24.65, i.e., a 236 %
increase. The transitions of dielectric loss can also be observed
in Fig. 5b.

The transitions of the dielectric properties of PEN/GO
composites may be attributed to the large specific surface area
and high aspect ratio of graphene which make it possible to
form a microcapacitor structure in the matrix, isolated by a

thin layer of polymer. With increasing intensity of the local
electric field, the migration and accumulation of charge
carriers at the interfaces between GO sheets and PEN
matrix will contribute to the enhancement of dielectric
properties of the PEN/GO composites at low frequency,
known as Maxwell-Wagner—Sillars (MWS) interfacial po-
larization [35-37]. Elevating the annealing temperature to
200 °C will enhance the MWS interfacial polarization
because the number of free charges in graphene will in-
crease owing to the in situ thermal reduction of GO and
restoration of the sp” carbon sites. And the free charges in
graphene accumulate at the interface and give rise to strong
MWS interfacial polarization, leading to the high increase
in the dielectric constant and loss.

AC conductivity of PEN/graphene nanocomposites

The conductivity of the thermally reduced PEN/GO nanocom-
posites as a function of GO weight fraction was studied.
Figure 6 shows the alternating current (AC) conductivity of
the composites as a function of the GO weight fraction from
0.00 to 0.06, measured at room temperature and 100 Hz. As
the weight fraction increases, the composites exhibit a range
of conductivity values, initially behaving as an insulator, up to

@ Springer
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Fig. 4 SEM of graphene oxide (a), pure PEN (b), and nanocomposites with 2 wt.% graphene oxide incorporated into PEN annealed at 160 °C (c) and

200 °C (d) compared with pure PEN

approximately 10 S/m. A dramatic increase in the conduc-
tivity arises between 2 and 3 wt.%, with an increase of about 2
orders of magnitude compared to that at 2 wt.%. From that
point on, the resin starts to exhibit excellent conductivity. For
the composites incorporating conductive fillers, the dramatic
increase in the conductivity can be explained by percolation
theory according to the following:

q
Oeff *0i (f c_f graphene) f or f ¢ f graphene (la)

t
Oeff %0 (fgraphene_fc> fOl" fgraphene < fc : (lb)

where o is the effective conductivity of the composites, o;
is the conductivity of the insulating PEN, fyraphene is the
graphene volume fraction, £ is the critical volume fraction at
the percolation threshold which is a key parameter when study-
ing the electrical properties [38, 39], ¢ is the critical exponent in
the insulating PEN, and ¢ is the conductivity exponent. In this
article, the densities of the PEN polymer and GO are 1.2 and
1.8 g/em?, respectively, as calculated. Thus, on the basis of the
transformation from filler weight fraction to volume fraction,
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the best linear fit (Fig. 6b) of the conductivity data to log—
log plots of the power laws for Eq. (1) gives f=0.014 and
t=2.40. The critical exponent in the conducting region, =
2.40, is larger than the universal ones (1.6-2). Similar values
have also been reported for multiwall carbon nanotube
(MWCNT)/polycarbonate composites [40] and graphene/
PVDF composites [41]. And the ¢ values might be related
to the microstructural properties of the conductive-filler/PEN
nanocomposites, such as filler size and shape [41]. The low
percolation threshold is comparable to that obtained using
nitrile-functionalized graphene [21] and other conductive
fillers [42, 43]. This could be attributed to the high aspect
ratio of the graphene and its homogeneous dispersion in the
PEN matrix [44].

Dielectric properties of PEN/graphene nanocomposites

Figure 7a shows the dielectric constant of the thermally re-
duced PEN/GO nanocomposites as a function of the GO
weight fraction. The addition of GO leads to composites with
remarkably increased dielectric constant, compared with other
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Fig. 5 Dielectric constant (a) and loss (b) curves of nanocomposites with
2 wt.% graphene oxide incorporated into PEN annealed at 160 °C and
200 °C compared with pure PEN

conductive fillers [21]. The results indicate that the dielectric
constant of the composite With fyraphene=0.013 (2 Wt.%) is
24.65, which is about six times higher than that of pure PEN
(4.86). A higher dielectric constant of 129.12 is obtained for
the composite with fgraphene=0.04 (6 Wt.%), which is approx-
imately 27 times higher than the value of pure PEN. When
filler content is near the percolation threshold, the dielectric
constant can be expressed by the percolation theory power law
in Eq. (2), as follows:

Eeff *Ei (f cif vgraphene) f or f ‘graphene < f c (2)

In Eq. (2), e is the effective dielectric constant of the
composites and s is the critical exponent. The straight line in
Fig. 7b, with £;=0.014 and s=0.49, gives a good fit to the data.
And the critical exponent s is lower than the universal one
(about 1) [45].
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Fig. 6 a AC conductivity of PEN/graphene composites as a function of
graphene oxide weight fraction, measured at 100Hz and room tempera-
ture. b Best fit of conductivity to Eq. (1)

The increase of dielectric content with increasing graphene
content may be ascribed to the fact that planar conductive
filler graphene possesses high aspect ratios and a large surface
area which make it possible to form a microcapacitor. Specif-
ically, the conductive graphene sheets are isolated by very thin
dielectric insulating-polymer layers within the matrix,
forming a small number of microcapacitors, which bring
about a slight increase of dielectric constant. As the graphene
content increases, the homogenous, parallel, and flat disper-
sion of flake-like graphene in the PEN matrix can lead to a
gradual formation of the microcapacitor network in the PEN/
graphene nanocomposites, as shown in Fig. 7c. As a result,
when the graphene content is beyond the percolation thresh-
old, the dielectric constant is greatly increased.

Dielectric properties are also related to frequencies. There-
fore, studying dielectric behaviors vs. frequency for PEN/
graphene composites is necessary for their application. As
shown in Fig. 8a, the dielectric constant of PEN/graphene
composites demonstrates obvious dependence on the low
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frequency. And the dielectric constant decreases gradually
with increasing frequency at higher graphene loading. More-
over, for dielectric loss, similar results are also observed in
Fig. 8b. When fyraphene is beyond the percolation threshold, the
loss shows a large and rapid increase. The behavior could be
attributed to the fact that the special structure of the graphene
sheets can produce an electrical current under an electrical
field, bringing about the transformation of partial electrical
energy into thermal energy. Meanwhile, the dielectric loss also
increases with the increase of graphene.

@ Springer

Figure 9a displays the frequency dependence of AC con-
ductivity (o) of the PEN/graphene composites with different
graphene content. For composites with low graphene contents
(faraphene <fc), the conductivity plots show a strong dependence
on the frequency owing to their insulating nature. The
conductivity of the composites increases with increasing
frequency. When the graphene loading exceeds 0.013
(2 wt.%), an insulator—semiconductor transition is clearly
observed. When fgraphene™>/c» the conductivity exhibits a
conducting behavior which is nearly frequency independent
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Fig. 8 Dependences of a dielectric constants and b loss tangent on
frequency for the PEN/graphene composites at room temperature

in the frequency range of 10'~10” Hz. The results are in good
agreement with the variation of dielectric properties of the
PEN/graphene nanocomposites. When the graphene content
approaches f;, the percolation threshold power law is de-
scribed as

o«w as f graphene_>f (3)

In Eq. (3), w=2mu, where v is the frequency, and p is the
corresponding critical exponent. As shown in Fig. 9b, the
experimental data for the composites with fyraphene=0.013
(2 wt.%) give ©=0.81, which is slightly smaller than the
following calculated value:

p=t(t+s)" =2.40(2.40 +0.49)" = 0.83.

This discrepancy may be attributed to the dimensional
singularity of the graphene and the deviation between
Jaraphene=0.013 (2 wt.%) and percolation threshold £:=0.014.
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Fig. 9 Dependences of a AC conductivities on frequency for the PEN/
graphene composites at room temperature. b Best fit of the effective
conductivity for fyraphene=0.013 (2 wt.%) to Eq. (3)

Conclusion

Novel poly(arylene ether nitrile)/graphene nanocomposites
were successfully prepared by a two-step method, involving
facile solution-casting for dispersing graphene oxide and
followed by thermal reduction of dispersed graphene oxide
at 200 °C for 2 h. The results show that the in situ thermal
reduction method can help to fabricate nanocomposites with
graphene sheets homogenously dispersed in the PEN matrix
and give rise to a 236 % increase of the dielectric constant
between 160 °C and 200 °C of from 10.43 to 24.65 at 50 Hz.
As a result of the formation of an alternative multilayered
structure of PEN and graphene sheets, a typical percolation
transition was observed as the content of the graphene oxide
increased. Near the low percolation threshold, the conductiv-
ity showed a dramatic increase as high as 2 orders of magni-
tude. Moreover, a large dielectric constant of 24.65 at 50 Hz
could be obtained within the vicinity of the percolation

@ Springer
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threshold in the sample with fgrapnene=0.013 and it is six times
higher than that of pure PEN. The conductivity and dielectric
constant followed the percolation threshold power law, yield-
ing a low percolation threshold (f) of 0.014. The correspond-
ing critical exponent was calculated as p=#(t+s)"'=0.83,
which agreed well with the experimental data of ;=0.81
as fyraphene=0.013. This type of PEN/graphene composite
with low percolation threshold can be potentially applied as a
novel dielectric material.
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