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a b s t r a c t

A brush copolymer having polystyrene backbone and flexible PA-amide (polyacrylate-amide) brushes
that exhibit thermoplastic elastomer property was synthesized, and brush copolymer composites with
nanographene in various ratios were prepared. The thermal properties of the macroinitiator, brush
copolymer and composites were investigated using differential scanning calorimeter (DSC) and ther-
mogravimetric analysis (TGA). The activation energy (Ea) of thermal decomposition of brush copolymer/
6 wt% nanographene was estimated by the Flynn-Wall-Ozawa method, and the average activation energy
value for the 0.1e0.7 conversion was estimated as being 141.7 kJ/mol. Electrically conducting
nanographene-based brush copolymer composites were produced. DC and AC electrical conductivity and
dielectric properties of permittivity of nanographene-based brush copolymer composites were investi-
gated. Further, the activation energy profile of different nanographene/brush copolymer composites
were determined by measuring DC conductivity of individual composite materials. A heterojunction
diode made from the polymer nanographene composites were magnified on a p-type Si substrate using a
hydro/solvo thermal method. The polymer composite/p-Si thin film heterojunction diode properties
were studied using current-voltage (I-V) and capacitance-voltage (C-V) analysis.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Most polymers have useful dielectric and high resistivity prop-
erties. Polymers can be used for corrosion protection in electronic
devices and as insulators. On the other hand, electrical properties of
polymers are useful in photonic and optoelectronic applications.
Composite developments are necessary imperative concerns for
the industrial applications of synthetic polymers. Although filled-
based polymer composites are prepared by mixing and other
methods, the mussel-inspired chemistry is also a useful method for
the preparation of polymer nanocomposites for universal adhesion
properties of various materials and surfaces. The mussel-inspired
chemistry is a promising method for producing very effective
nanocomposites in terms of environmental and industrial appli-
cations [1]. Dielectric properties of materials are very important in
terms of their industrial applications. These features provide useful
information for improving product quality. Therefore, there is an

increasing interest in improving composite-based synthetic poly-
mers. The electrical and optical behavior of polymer composites are
important in addition to their thermal properties and physical
behavior. The distribution of nanographene in different polymer
matrices created a new polymer nanocomposite class [2]. The
improvement of nanocomposite materials is important in terms of
extending their applications scopes. A large number of reports have
been made not only on the high electrical conductivity of graphene
at 25 !C, but also on the potential of extending their applications,
such as for use as transparent electrodes, nano-sensors and con-
ducting composites [3]. When nanographene is dispersed within a
polymer in presence of organic solvent, its properties remain
important when mixing with polymer matrices for the eventual
improvement of thermal behaviors and physical properties. The
compatibility of graphene with some copolyesters have been
investigated and it was noted that the compatibility was enhanced
with increasing content of ester moieties in the polyester. This
compatibility was verified by scanning electron microscopy (SEM).
In polymer composites, graphene effectively enhanced the perfor-
mance of matrix polymers in respect to the electrical, thermal, gas
barriers properties and produced nanocomposite polymeric
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membranes containing graphene [4,5]. Polymer composites based
on nanographenemay be promising materials and has been used in
basic studies for potential applications as diode, sensors, reinforc-
ing agents [6]. The polymers containing nanographene was found
to induce high thermal and electrical conductivity, as well having as
good mechanical strength [7e9].

A comprehensive literature review has shown that there is
almost no information on of brush copolymers having polystyrene
backbone and flexible polyacrylate-amide (PA-amide) brushes-
nanographene filled composite [10]. Therefore, the aim of this
study was to develop new polymeric composites with buried
nanographene particles for use in different applications. Therefore,
here we report the effect of nanographene on electrical, dielectric
properties and thermal kinetics of brush copolymer having poly-
styrene backbone and flexible polyacrylate-amide (PA-amide)
brushes that exhibit the thermoplastic elastomer property. Also, a
heterojunction diode was prepared from the polymer nano-
graphene composite grown on a p-type Si substrate using a hy-
drothermal technique. The diodes were prepared from the brush
copolymer with polystyrene backbone and polyacrylate-amide side
chains/nanographene-filled composites and characteristic changes
with nanographene content were analyzed.

2. Materials and methods

2.1. Materials

AIBN (2,20-azobisisobutyronitrile) was used as the initiator was
used. 4-Chloromethylstyrene and acryloyl chloride were kindly
provided by Sigma-Aldrich and used as received. All of the other
materials used were of analytical purity and were used as
commercially received. Nanographene (99.9%, 5 nm) used to pre-
pare the polymer composites was provided from Nanografi.

2.2. Characterization

1H and 13C NMR spectrawere recorded by 400MHz and 100MHz
NMR, respectively, with an AVANCE III 400MHz Bruker NMR spec-
trometer. FT-IR spectra were recorded on a Mattson 1000 FT-IR
spectroscopy. Thermogravimetry (TG) measurements were carried
out using a Shimadzu model thermogravimetric analyzer under
argon flow (10mL/min). About 5mg samples were heated from25 to
600 !C at heating rate of 10 !C/min. DSC measurements were per-
formed by the DSC-50 technique (Shimadzu DSC-50) using 5mg
samples between"90 and 100 !C. The glass transition temperatures
(Tg) of pure polymer and the prepared composites weremeasured at
the heating rate of 20 !C/min fromroomtemperature to 200 !Cunder
argon gas flow. Tg values were recorded as a midpoint of transition
region. The GPC measurements were carried out using Agilent 1100
system having refractive index detector. Tetrahydrofuran (THF) was
used as the carrier solvent at a flow rate of 1mLmin"1 at 20 !C.

2.3. Dielectric and electrical measurements

Dielectric and electrical parameters were measured on tablets
prepared under four tons of pressure. Measurements were

obtained using a QuadTech 7600 LRC Impedance Analyzer.

2.4. Preparation of 4-(2-bromoizobutyrloylmethl)styrene

Preparation of 4-(2-bromoizobutyroylmethl)styrene was car-
ried out according to a procedure adapted from literature [11]. For
this purpose, to a solution of 4-vinylbenzyl alcohol (4.956 g,
37mmol) and pyridine (3.219, 40.7mmol) in 50mL dry dichloro-
methane was added 2-bromoisobutyryl bromide (8.506 g,
37mmol) dropwise using an addition funnel for 20min at 0 !C. The
solution was stirred for 5 h. The precipitate (pyridinium salt) was
filtered off.

2.5. Synthesis of macroinitiator

The macroinitiator was synthesized by free-radical polymeriza-
tion. The synthesis for the macroinitiator is described here. Styrene
(St) (0.104 g, 1mmol), 4-(2-bromoisobutyryloxy)methyl styrene
(BIMS) (2.54 g, 9mmol) and AIBN (0.0168 g, 0.1mmol) were dis-
solved in 4mL 1,4-dioxane. Themixturewas stirred at 60 !C for 24 h
under argon gas. After cooling to 25 !C, the polymer was precipi-
tated in cooled ethyl alcohol, filtered and washed thoroughly with
ethanol, and then dried at 40 !C under vacuum for 24 h. The mac-
roinitiator was produced as a white powder. GPC: Mn¼ 32.0 kg/
mol; Mw¼ 39.3 kg/mol, PDI¼ 1.22. The crucial signals for the
structure of brush copolymer are summarized as follows:

FT-IR (nmax, cm"1): 3060-3022 (¼CeH stretching on aromatic
ring), 1736 (C]O stretching in ester), 1601 (C]C stretching on the
aromatic ring).

1H NMR (CDCI3, dppm): 7.08 and 6.62 (protons of aromatic ring in
the both units), 5.15 (eCH2eOe protons in the 4-(2-
bromoizobutyroylmethyl)styrene, 1.99e1.45 [protons in the main
backbone) of both units].

13C NMR (CDCI3, dppm): 171.4 (C]O), 67.2, (CH2 next to ester
group), 128 and 125 (CeH on the aromatic ring), 43 [quaternary
carbon of 4-(2-bromoizobutyroylmethyl)styrene unit], 31 [CH3
carbon of 4-(2-bromoizobutyroylmethyl)styrene unit].

2.6. Preparation of 6-acetamidohexyl acrylate

Synthesis of 6-acetamidohexyl acrylate was carried out ac-
cording to the procedure adapted from the literature [7]. In this
context, the brush copolymer was synthesized as illustrated in
Scheme 1. The significant signals for the structure of brush copol-
ymer are summarized as follows:

FT-IR (nmax, cm"1): 3298 (NeH stretching on amide group),
2934-2860 (CeH stretching in the aliphatic group), 1724 (C]O
stretching in ester), 1651 (C]O stretching on amide group), 1195
(CeO stretching in ester group).

1H NMR (CDCI3, dppm): 6.41 (CH2¼ cis proton according to C]O
group), 6.10 (CH2¼ trans proton according to C]O group), 5.83
(¼CHe next to C]O group), 4.15 (OCH2 protons), 3.24 (CH2eNe),
2.04 (CH3C]O).

13C NMR (CDCI3, dppm): 170.1 (C]O in the amide), 166.3 (C]O in
the ester), 64.4 (OeCH2), 39.5 (CH2 next to nitrogen), 23.3 (CH3 next
to amide carbonyl).
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Scheme 1. Synthesis of 6-acetamidohexyl acrylate.
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2.7. Synthesis of brush copolymer

Recently used mussel-inspired surface chemistry has been
described as one of the most important routes in the preparation of
functional materials. This method is important in order to under-
stand surface modification strategies such as surface-initiated atom
transfer radical polymerizations (SI-ATRP) and reversible addition-
fragmentation chain-transfer polymerizations which are controlled
radical polymerization methods [12e14]. Although ATRP was
adopted for the synthesis of brush copolymer, there are also some
other strategies for the synthesis of functional copolymers [15,16].
In this context, our study covered the brush copolymer prepared by
the ATRP method. Therefore, the synthesis of the brush copolymer
is described here. Macroinitiator (0.12 g), 6-acetylamidohexyl
acrylate (AAHA) (2 g), and PMDETA (32.5 g) were dissolved in
DMF (7mL). This mixture was degassed by three freeze-pump-
thaw cycles. After the addition of CuBr (1% mol monomer), the
mixture was stirred at 70 !C for 36 h. After cooling, the product was
precipitated in diethyl ether and then the polymer re-precipitated
three times in diethyl ether, in order to eliminate monomer im-
purities. The copper catalyst was removed by precipitating a solu-
tion of the polymer in diethyl ether containing a few drops from
aqueous hydrochloric acid solution (5%). The resulting polymer was
dried to remove solvent and precipitant under vacuum at 50 !C for
24 h. The brush copolymers were synthesized as illustrated in
Scheme 2. The crucial signals for the structure of brush copolymer
are summarized as follows:

1H NMR (CDCI3, dppm): 7.86 (NH in amide), 7.86 and 6.56 (aro-
matic ring protons of macroinitiator), 3.93 (CH2 next to ester oxy-
gen), 3.0 (CH2 next to nitrogen of amide group), 1.79 (CH3 on amide
group).

13C NMR (CDCI3, dppm): 174.4 (C]O in ester group), 169.7 (C]O
in amide group), 131-128 aromatic carbons of macroinitiator), 64.7
(eOCH2 next to ester group), 29.7 (eCH2eN). It has been recorded
that peaks observed in the regions 160.48e162.49 ppm are due to C
in the C]O in the urethane structure [17].

FT-IR (nmax, cm"1): 3289 (O]CeNeH stretching in amide),
3083-3028 (OCeH on aromatic ring), 1730 (C]O stretching in
ester), 1656 (C]O stretching in amid), 1448-1369 (aliphatic CeH
bending vibration), 1166 (CeO stretching in ester). FT-IR spectra
showed several characteristic stretching/bending vibration modes
due to broad bands between 3317 and 3390 cm"1 that are due to
the presence of non/free hydrogen bonded NeH groups, C]O
groups free from hydrogen bonding have a stretching vibration at
1720 cm"1, OH (3456 cm"1) and CeH bonds [17].

2.8. Preparation of brush copolymer/nanographene composites

Methanol solutions of brush copolymer containing 2.0, 4.0 and
6.0 %wt amounts of nanographene were mixed with continuous

stirring and occasional shaking in an ultrasonic bath system for
about 30min to allow for the appropriate dispersion of nano-
graphene. The mixture was precipitated in cold diethyl ether and
the polymer composites were filtered. Then the products prepared
were dried for 24 h under vacuum at 40 !C.

2.9. Fabrication of the diode

The Si substrate was cleaned using a mixture of methyl alcohol
and acetone and dried with a nitrogen gas flow. Polymer/composite
in tetrahydrofuran of was coated on p-Si having aluminum Ohmic
contact by drop coating method. Prepared films were dried under
vacuum at 40 !C. Later, Al metal evaporated on p-Si wafer, was used
to form Ohmic contact and was annealed at 570 !C for 5min in
presence of a nitrogen gas flow. The upper electrode of the diode
was composed of Al metal on the wafer film. The current-voltage
(IeV) and capacitance-voltage (CeV) measurements were taken
using FYtronic Electric Characterization system carried out in the
dark.

3. Results and discussion

The macroinitiator for ATRP was synthesized by free radical
copolymerization of styrene (St) and 4-(2-bromoisobutyryloxy)
methyl styrene (BIMS). The free radical copolymerization was car-
ried out at 60 !C for 18 h, by using low concentration of the AIBN
initiator to produce macroinitiator of high molecular weight. The
BIMS:St molar ratio for macroinitiator was estimated by 1H NMR
(as seen in Fig. 1a). The macroinitiator contained 8.3mol% BIMS
moiety and 91.7mol% St moiety, which were calculated by 1HNMR
spectroscopy. The number average molecular weight and poly-
dispersity of the macroinitiator was estimated by GPC as 32,000 g/
mol and 1.22, respectively. GPC curve of themacroinitiator is shown
in Fig. 2. The macroinitiator, having 270 moieties/chain, was esti-
mated to have 22 Br/chain. ATRPwas conducted to attach PA-amide
to the polystyrene backbone. Here, the molar ratio of monomer
(BIMS) to Br ended chain (BIMS:Br) was 118 (from 32,000/270). The
conversion was estimated gravimetrically as 40%. Using the mo-
lecular weight, estimated by conversion, based on the 1H NMR
spectrum, the brush length of copolymer using macroinitiator was
47.

The thermal behavior of macroinitiator, the brush copolymer
and nanographene composite in various ratios of the brush
copolymer were examined by DSC and TGA measurements. The
DSC thermograms are shown in Fig. 3. The detectable glass tran-
sition temperature (Tg) of macroinitiator was above room tem-
perature (Tg¼ 93 !C), however, the glass transition temperature of
the brush copolymer was observed to be"12 !C. The reason for low
Tg may be attributed to the soft PA-amide chain flexibility. The
polymer composites showed enhancements in the glass transition
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temperature with increasing of nanographene amounts. Ram-
anathan et al. [18] performed a comparative study concerning the
effect of nanofillers, including expanded graphite (EG), single
walled nanotubes (SWNTs) and functionalized graphene sheet
(FGS) on the Tg of epoxy nanocomposites. In regard to the FGS
epoxy nanocomposites, a high Tg shift of nearly 30 K was observed
[19]. Xue et al. [20] predicted the glass transition temperature of
graphene-polymer composite systems, and estimated that func-
tionalized graphene inside a polymermatrix can greatly enhance Tg

values of resulting composites. In this context, in our study, the Tg
values changed from "9 to "1 !C (as seen in Table 1). Tg increased
with percentage nanographene increases, which can be interpreted
as the reinforcing effect of nanographene, reducing segmental
mobility of the chain. Therefore, this behavior exhibits enhance-
ments in Tg [21]. Also, this behavior means that adsorption of
polymer chains on the surface of nanographene filler particles re-
sults in restrictions of segmental mobility.

Fig. 1. 1H NMR (a) and 13C NMR (b) spectra of the brush copolymer.
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3.1. Analysis of SEM and XRD

SEM data of pure brush copolymer (Fig. 4a and b), nano-
graphene (Fig. 4c and d) and composite nanosheets (Fig. 4eeh) are
given. SEM data showed that pure brush copolymer (Fig. 4a and b)
had a rippled surface and many stacks. Those of nanographene,
shown in Fig. 4c and d showed a rippled surface, with smaller and
uniform sized particles. The SEM data showed that a rippled

surface, a smaller and uniform sized particles, pore size and many
stacks at 5000$magnification for 2wt% nanographene composite
(Figure 4e) and 6wt% nanographene composite (Fig. 4g). The SEM
images for 2wt% nanographene composites viewed at
20.000$magnification (Fig. 4f), and for 6wt% nanographene com-
posites at 25.000$ magnification (Fig. 4h). The composite nano-
sheets had layered structures and smaller particle sizes and formed
aggregates that were closely related to each other than nano-
graphene viewed at magnification 500$. The SEM images of
nanographene nanosheets are indicated at 20000$ magnification
(Fig. 4f) and at 25000$ magnification (Fig. 4h) having a smoother
buildup.

XRD pattern of nanographene and pure brush copolymer is
given in Fig. 5a and b, respectively. That of pure brush copolymer is
observed as having an amorphous structure. However, XRD pat-
terns of the resulting the brush copolymer/2 and 6wt% nano-
graphene composites are shown in Fig. 5c and d, in comparison to
that of nanographene (Fig. 5a). Those of the composites had
structures between crystalline and amorphous-like structures. The
peak obtained at 2W¼ 26.52!, are from the XRD patterns of com-
posites, compared that of nanographene. The peaks at 2W¼ 21.3!

and 23.76! observed in Fig. 5c and d indicated the formation of new
intermediate phases of the brush copolymer/2 and 6wt% nano-
graphene composites.

3.2. Thermal behaviors

The macroinitiator, brush copolymer and brush copolymer
composites containing 2.0, 4.0 and 6.0%wt nanographene were
heated at heating rate 10 !C/min under argon atmosphere. All the
TGA measurements were carried out using about 5mg samples.
The TGA thermograms of the macroinitiator and brush copolymer
were compared against each other, and are shown in Fig. 6. Initial
decomposition of the brush copolymer reasonably was slower in
comparison to the macroinitiator. TGA thermogram of macro-
initiator showed 93% weight loss in two steps over the wide range
temperature 280e430 !C. The other weight loss stage occurred
with %7wt loss at the higher temperature range of 430e500 !C and
this was due to the thermal decomposition of the polymermatrices.
The initial decomposition of the brush copolymer consisted of four
stages, decomposition starting at 218 !C completing at 500 !C.
However, decomposition of composites appeared at higher tem-
peratures, in comparison to the brush copolymer. As seen in Fig. 7,
the brush copolymers/2.0e6.0% wt nanographene showed four
stages of decomposition and initial decomposition, in contrast to
that of brush copolymer, was reasonably higher being at 255 !C. In
this case, increasing amounts of nanographene in brush copolymer/
nanographene composites increased the initial thermal decompo-
sition temperature up to 370 !C. On the other hand, in contrast to
pure brush copolymer, with residual percent being 6% at 600 !C, the
brush copolymer containing 6%wt nanographene the residual
percent increased from 6 to 12% at 600 !C. This behavior showed
that the nanographene particles increased the thermal stability of
polymer composites. In this context, the different studies revealed
different effects on polymer composites. Also, it has been reported

Fig. 2. GPC curve of the macroinitiator.

Fig. 3. DSC thermograms of the macroinitiator, a) brush copolymer and polymer
composites containing b) 2% by wt, c) 4% by wt and c) 6 by wt% graphene.

Table 1
Thermal results of macroinitiator, the brush copolymer and composites.

Polymer Tg (!C) Tstart (!C) T %50 (!C) %Residue

Macroinitiator 93 280 43 6
The brush copolymer "12 218 420 13
The brush copolymer/2 by wt% nanographene "9 222 427 6
The brush copolymer/4 by wt% nanographene "7 231 443 8
The brush copolymer/6 by wt% nanographene "1 255 451 12
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Fig. 4. SEM images of a) with 1.000$magnification, b) with 10.000xmag.of pure the brush copolymer, c) with 1.000xmag., d) with 5.000xmag. of nanographene, e) with 5.000xmag.
(f) 25.000xmag. of the brush copolymer/2wt% nanographene, g)with 5.000xmag. (h) 20.000xmag. of the brush copolymer/6wt% nanographene.
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that the strong interfacial interactions between the polymer matrix
and nanofillers may increase the thermal stabilities [22]. From TGA
curves (Fig. 7), we can conclude that thermal stabilities of the brush
copolymer in the brush copolymer/nanographene composites is
lower than in the pure the brush copolymer. TGA measurements
carried out at a heating rate of 10 !C/min, caused changes of ther-
mal stability and temperature at weight loss 50% (Tmax), linearly as
a function of the nanographene content. That is, the thermal sta-
bility of the brush copolymer in the composites increased with
increasing nanographene filler concentration up to 6wt%. The
raising thermal stability of the composites with respect to the pure
the brush copolymer can be assigned to the segmental mobility of

the copolymer chains, depending on the surface of the filler par-
ticles [23,24]. The TGA measurements for the macroinitiator, brush
copolymer, and brush copolymer/nanographene composites are
summarized in Table 1.

3.3. Kinetic analysis

Estimation of kinetic parameters for thermal degradation pro-
cesses has generally been used to understand the degradation
process and the role of filler materials in polymer composites [25],
One of the most useful parameters is regarded as the effective
activation energy [26,27]. A comparison of the TGA curves of the
pure brush polymer (Fig. 8a) and the brush polymer composite
having 6%wt nanographene at a heating rate of 5, 10, 20, 30 and
40 !C min"1 under argon flow are presented in Fig. 8b. From the
TGA curves (Fig. 8 a-b) and conversion curve (Fig. 9), we can
conclude that the thermal stability of the polymer composite
having 6wt% nanographene displayed improved thermal stability,
with a higher extent of conversion (a> 0.2), at lowest heating rate
(5 !C/min"1) compared to at 40 !C min"1. The multiple heating rate
kinetics (MHRK) method in thermogravimetry has been used as
rutin pathways in the evaluation of the dependence of Ea on extent
of conversion, taking into account the degradation of a polymer
[28]. This method was employed to evaluate the dependence of Ea
on the extent of conversion for the brush copolymer/6wt% nano-
graphene. The results of the ICTAC kinetic methods showed that the
isoconversion methods may be best-known methods due to the
most popular Kissinger-Akahira-Sunose [29], Ozowa [30] and Flynn
and Wall methods [31]. The full potential of isoconversion pro-
cedures was appreciated by Vyazovkin [32]. The analysis of Ea
demonstrated that they can be used for exploring themechanism of
processes and for predicting kinetics, which is so-called “model-
free kinetics (or isoconversion kinetic analysis) [33,34]. The overall
rate of polymer degradation is commonly described by Equation (1)

Fig. 5. XRD patterns of a) nanographene b) pure brush copolymer c) the brush.
copolymer/2wt% nanographene composite d) the brush copolymer/6wt%.

Fig. 6. TGA curves of macroinitiator and the brush copolymer recorded at heating rate of 10 !C/min and under argon gas atmosphere.
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lnðbÞ ¼ constant" 1:052
Ea
R:T

(1)

where -Ea/R is estimated as a slope of the linear plot (lnb) against 1/
T. The R (8.314 Jmol"1 K"1) is a constant and b the heating rate (oC
min"1), the values of which have been estimated from the TGA
data, according to partial mass losses. Some sets of kinetic data
based on Thermal Analysis and Calorimetry (ICTAC) recommen-
dations have been recorded in the literature, according to recom-
mendation of the Kinetic Committee of the International
Confederation for Thermal Analysis and Calorimetry (ICTAC) [35].
Flynn-Wall-Ozawa (FWO) analysis method offers significant im-
provements in accuracy to provide reliable evaluations of the
activation energy from the TGA measurements. The activation en-
ergies were calculated as a function of conversion by using the
isoconversional method of the FWO equation (1). The activation
energy at different conversion (a¼ 0.1e0.7) was calculated by using
the FWO Equation (1). Fig. 10a and Fig. 10b shows the FWO plots at
different extents of conversion for the pure brush copolymer and
brush copolymer/6wt% nanographene composite, respectively. The
activation energy corresponding to the different conversions was
estimated from the lines of slope of the plot lnb versus 1/T. The
activation energies were found to be 113.5, 168.5, 156.4, 156.4,
169.0, 179.9 and 191.8 kJ/mol at conversions 0.1, 0.2, 0.3, 0.4, 0.5, 0.6
and 0.7, respectively. The activation energy at conversion of 0.2
increased then reduced for conversion 0.5. It was then observed
that the activation energy increased with extent of conversions
from between 0.5 and 0.7. Also, the average activation energy value
for conversion from 0.1 to 0.7 was estimated as 162.2 kJ/mol. The
activation energy values corresponding to different conversions
were estimated from the lines of slope of the plot lnb versus 1/T.
The activation energies were found to be 124.1, 133.7, 150.0, 160.7,
156.1,166.5 and 174.5 kJ//mol at conversions 0.1, 0.2, 0.3, 0.4, 0.5, 0.6
and 0.7, respectively. The activation energy at conversion 0.4
decreased then increased for conversion 0.7. Also, the average

activation energy value for conversion from 0.1 to 0.7 was esti-
mated as 141.7 kJ/mol. The isoconversion procedure allows com-
plex (i.e.,multi-step) processes to be detected via variations of
activation energies against extents of conversion [36]. The kinetic
model determines only single activation energies, associated with
the whole of conversion range, depending on the formation of
degradation products. A comparison of the variation of activation
energies with the extent of conversion, between the pure brush
copolymer and brush copolymer/6%wt nanographene composite is
shown in Fig. 11. From Fig. 11, it can be observed from the method
used here, that for a¼ 0.1, in this context, higher activation energies
for thermal degradation in the whole conversion ranges was esti-
mated for the brush copolymer system. There are no covalent
bonds between the layers of the nanographene structure and so the
layers may easily slide over each other, making nanographene soft
and slippery. The soft and slippery nature of nanographene may
accelerate the decomposition of the brush copolymer composites.
The soft and slippery structure of nanographene may significantly
improve the dispersion of nanographene sheets in the brush
copolymer composite and enhance the compatibility between
nanographene sheets and brush copolymer. Hence, it can be sug-
gested that it is important to achieve good compatibility between
the brush copolymer system and nanographene. The cause of
decreasing activation energies for the degradation of polymer
composite at extent of conversions greater than 0.1 may be asso-
ciated with the accelerated decomposition effects of nanographene
particles on the brush copolymer, in spite of the increased polymer
stability as shown in Fig. 7.

3.4. Dielectric properties of brush copolymer and composites

The ratio between dielectric loss factor (imaginary part) and
dielectric constant (real part) of permittivity correspond to another
parameter, the dissipation factor or loss tangent, Tand¼ ε00/ε0

The dielectric constant of a known material has three main

Fig. 7. TGA curves of the brush copolymer and polymer composites containing nanographene in the various ratios recorded at heating rate of 10 !C/min and under argon gas
atmosphere.
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Fig. 8. TGA thermograms of a) the brush copolymer and b) the brush copolymer/6 by wt%. nanographene at different heating rates under argon atmosphere.



contributions, that is, the ionic, electronic and orientation. The
orientations, which is one of the elements of contribution, origi-
nates from the orientation of the molecules under the applied field
and is related to the structure of the material [37]. The electrical
response of a normal dielectric material can be described according
to dielectric loss factor (ε’’), dielectric constant (ε0) and conductivity
(sac) parameters. These were measured in the frequency range
values 100Hz to 20 kHz and temperature range 233e323 K for the
pure brush copolymer. The frequency dependence of dielectric loss
and constant, and AC conductivity of the pure brush copolymer at
different temperatures (RT, 233, 243, 253, 263, 273, 283, 293,
303,313 and 323 K) are shown in Fig. 12 a-c. It was found that the ε0

increased with increasing temperature. It is clear that the values of
dielectric constants decreased to 104 Hz. The value of ε0 increased
with temperature at different frequencies. This is true for every
sample, at all frequencies. This effect is more prominent at lower
frequencies. As seen from all the curves, ε’ decreased with
increasing frequency; this behavior is expected for most of dielec-
tric materials [38]. The rotational motion of the polar molecules in a
dielectric material at higher frequencies is not reasonably rapid
with the applied field for the attainment of equilibrium. Thus
dielectric constant for any polymer seemed to show a decreasing
dependence on increasing frequency [39].

On the other hand, the results provide important evidence
showing that ε0 decreased with increasing frequency at a fixed
temperature. The ε0 and ε’’ of the brush copolymer were 2.23 and
0.043 at 1 kHz and 233 K, respectively, which were lower than that
for Tg (ε’¼ 2.91, ε’’¼ 0.365 at 1 kHz and 263 K). Also, the ε0and ε0 at
temperatures over Tg were considerably higher than that of Tg. For
example, the ε0, ε’’ at 1 kHz and 323 K were 15.59 and 18.86,
respectively. In this context, while ε0 from 233 K to 323 K is changed
between 2.23 and 15.59, and the ε’’ changed from 0.365 to 18.86. A
maximum dielectric loss factor was observed as 18.86 at 323 K. The
dielectric loss factor increased with temperature, particularly at the
lower frequencies, where dielectric loss was due to chain motion of
polymer bearing more effective amide and ester groups, as a result
of the glass transition temperature of the polymer. The brush
copolymer heated to 263 K (Tg¼ 261 K) showed a significant
increment in the dissipation factor for the brush copolymer relax-
ation region. The polarizability of a polymer in the applied field was
dependent on the effect of the free volume of polymer. It is known
at Tg, the free volume changes continuously with temperature,
while the slope jumps from one value to another. As can be seen in
Fig. 13, the dielectric constant at around Tg showed a sharp rise due
to increased number of polarizable groups per unit volume. The
inset graphs in Fig. 13 shows anomalous behavior of ε0 and ε’’ as a
function of temperature. An increase in ε0 and ε’’over Tg value
(Tg¼ 261 K) of the brush copolymer can be related to increased free
volume of the brush copolymer. As the free volume of the brush
copolymer increased, larger values of ε0 and ε’’were obtained due to
increasing orientations of dipoles in the direction of field. The
effective interaction between polar groups in the brush copolymer
reduced cohesive forces between polymer chains, which improved
the segmental mobility or free volume in the brush copolymer.
Therefore, number of dipoles increased in the direction of electrical
field. At lower temperatures, the dipoles become rigidly fixed in the
dielectric field and the condition of dipoles cannot change. As the
temperature increased, the dipoles became comparatively free and
responded to the applied electric field. Thus polarizations increased
and hence the dielectric constant also increased with increasing of
temperature [40]. The dielectric loss factor in the glass state below
Tg was 0.043, whereas the dielectric loss factors at temperatures
above Tg of the brush copolymer, such as, 293, 303, 311 and 323 K
are 6.209, 10.474, 15.501 and 18.866, respectively. Therefore, the
dielectric loss factor from 233 to 323 K reasonably increased. In the
glass state below Tg, the free volume was frozen and remained
fixed. As the temperature increased, the glass state expanded due to
the normal expansion of all molecules, which results from changing
the irrational amplitude of bound distances [41]. Tg was an
expansion of free volume itself, which results in a larger expansion
of the rubber-like polymer. This status yielded the translational
motion of molecules to occur with a maximum dielectric loss at Tg
[42].

The variation of tand with temperature at 1 kHz is shown in
Fig.14. The tand, which is equal to ε’’/ε0 increased with an increasing
temperature. The variation of dielectric permittivity with temper-
ature is different for the non-polar polymer and polar polymers. In
general, for non-polar polymers, the dielectric constant was inde-
pendent of temperature, whereas in the case of polar polymers
having functional groups, such as hydroxyl, carbonyl, amine, nitrile
groups, the dielectric permittivity and dielectric loss factor
increased as the temperature increased [43,44]. The polarization
due to the charge accumulation increased, leading to increased
dielectric loss values. In this context, orientation of dipoles was
facilitated by the rising temperature, and thereby the permittivity
and loss factor. In this situation, tand, which is equal to ε’’/ε’
increased as temperature increased. The high tand for the brush

Figure 9. Extent of conversion versus temperature for a) for pure the brush copolymer
b) the brush copolymer/6wt% nanographene at a heating rate of 5, 10, 20, 30 and 40 !C
min"1 under argon flow.
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Fig. 10. Dependence of ln(b) of a) pure the brush copolymer b) the brush copolymer/6wt%. nanographene as a function of temperature (1/T).



copolymer with polar structures suggests that generally dissipate a
fraction of the more stored energy and more energy storage in the
form of heat.

The electrical spectra of ε0, ε’’ and logsac for composites with
different nanographene concentration are shown in Fig. 15(aec).
While ε0 of the püre brush copolymer was estimated as 10.63, those
of polymer composites doped 2%wt and 6%wt nanographene was
determined as 20.38 and 181.28, respectively. The addition of
nanographene showed an increase of the real part of the polymer
composite. This main reason for this increase seemed to be the
dipoles introduced by the nanographene flakes, connected to the
side groups of the brush copolymer by p bonds. Similar behavior
has been reported for other polymer composites [45]. While, a
slight decrease in the real part of permittivity with frequency was
observed in the brush copolymer/nanographene composites as
seen in Fig. 15(a and b) and for the unfilled the brush copolymer
system, the real part of the permittivity was almost frequency in-
dependent in the polymer composites. The frequency variation of
the dielectric loss factor, ε’’ of composites is shown in Fig. 15b. As
expected, the ε’’ was higher in composite with 6wt% nano-
graphene, compared to the brush copolymer. The ε’’values of
composites doped with 2wt %, 4wt% and 6wt% nanographene at
293 K and 1 kHz.are 31.84, 983.35 and 2851.98, respectively.
Whereas that of the pure brush copolymer was 6.209 at 293 K and

1 kHz. The addition of nanographene showed reasonable increases
of the imaginary part in the polymer composite. This case may be
due to a few reasons such greater heterogeneous structures, free
charges, and impurities.

The sac value increased from 1.61$ 10"09 (at 233 K) to
1.77$ 10"08 (at 323 K) for the brush copolymer at 1 kHz. An in-
crease in the sac with increasing frequency is a common property
not only for semiconductor materials but also for polymeric ma-
terials [46]. At low and high frequencies, the charge carriers
showed different behavior. At low frequencies, there may be some
possibility for few charges carriers to tunnel from one segment to
another, leading to a small amount of electrical conduction,
whereas, at high frequencies, the charge carriers get the required
energy to overcome the potential barrier, resulting in the larger sac.
In this context, as frequency increased, the increase of sac depen-
ded on the tunneling of a greater number of charge carriers.

The conductivity of the polymer composite depended on the
concentration of filler nanographene, tendency of the filler nano-
graphene, morphology of the polymer composite and tendency of
the filler polymer to aggregate. The sac values of the brush copol-
ymer, composites having 2wt%nanographene, 4wt% nano-
graphene and 6wt % nanographene were 1.25$ 10"08,
2.32$ 10"08, 4.75$ 10"07, and 1.75$ 10"06, respectively. So, the
polymer composite changed from insulating to partially conducting
behavior at 2wt% nanographene due to the formation of a con-
ductivity network at percolation. The polymer aggregates led to
lower conductivity due to loose clustering. Whereas, the conduc-
tivity of composite having 6wt% nanographene was greater than
that of pure the brush copolymer and composite having 2wt% and
4wt% nanographene. This may be due to good interfacial interac-
tion between the brush copolymer and nanographene increasing
electronic and dipole polarizations.

Graphs of lns-1000/T (as seen in Fig. 16) were drawn to inves-
tigate the temperature dependent of the dc conductivities of
composites doped with 2wt%, 4wt%, 6 wt% nanographene at
233e323 K. The presence of dipole groups in the polymer structure
orient with certain frequencies governed by the elastic restoring
force which binds the dipole to their equilibrium positions and
rotational frictional forces exerted by neighboring dipoles [47].

Fig. 15c shows the frequency dependency of the AC conductivity,
logsac as a function of frequency for the brush copolymer at various
temperatures (233, 243, 253, 263, 273, 283, 293, 303, 313 and
323 K). From the Figure, it is clear that logsac of the brush copol-
ymer sample increased exponentially with increased frequencies of
the applied electric field. The sac of the brush copolymer had a
strong frequency dependence due to its insulating nature. In gen-
eral, the sac increased linearly with increasing frequency for all
polymers.

The DC conductivities of composites doped with 2wt%, 4wt%
and 6wt% nanographene at 233e323 K were investigated. The
conductivities of all the composites changed between 10"5 and
10"6 S/m, and it can be noted that sdc increased reasonably by the
addition of 6wt% nanographene. Fig. 16a-c shows the DC conduc-
tivity, sdc, of the brush copolymer composites as a function of the
nanographene loading (2wt%, 4 wt% and 6wt% nanographene) at
233e323 K. The figure showed behavior of lnsdc as a function of
temperature (1/T). The composites exhibited a linear relationship
between lns "1000/T. This relationship can be described by the
Arrhenius formula given below as.

s ¼ so exp
!
"

Ea
kBT

"
(2)

where so is, pre-exponential factor, Ea is activation energy, kB is
Boltzmann constant, and T is the temperature. The activation

Fig. 11. Comparison of the dependence of Ea on the extent of conversion (a) for pure
the. brush copolymer b) the brush copolymer/6wt% nanographene.
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Fig. 12. Dependence of a) ε0 , b) ε’’and c) dac of the brush copolymer as a function of frequency.

Fig. 13. Dependence of a) ε0 , b) ε’’and c) dac of the brush copolymer as a function of temperature.
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Fig. 14. Dependence of Tand of the brush copolymer as a function of temperature.

Fig. 15. The real (ε0), imaginary (ε’’) parts and logdac of relative complex permittivity vs. frequency for the brush copolymer and composites.
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energy values were 0.814, 1.120 and 1.219 eV for 2wt%, 4wt% and
6wt%, respectively. The lower activation energies for nano-
graphene transport may be due to the dominant presence of an
amorphous structure of the brush copolymer in the polymer
composite.

3.5. Photoresponse properties of Al/polymer composite/p-Si/Al
diode

The current (I)evoltage (V) characteristics of the polymer
composite/p-Si thin film planar heterojunction diode were
measured at 25 !C in a dark medium. The IeV characteristics of the
polymer composite/p-Si thin film planar heterojunction diode are
shown in Fig. 17a, As seen in Figure, the forward current was higher
than that of the reverse current and this indicated that the polymer
composite/p-Si thin film planar heterojunction diode exhibited
rectification behavior, with rectification ratio of RR¼ 10"5,5/
10"10¼ 31,622,7 at±3 V in dark conditions. Other parameters such
as the ideality factor, reverse saturation current, turn-on voltage of
the heterojunction can be estimated using the thermionic model to
express the IeV characteristics as below [48]:

I ¼ Io ½expðqV=nkTÞ " 1( (3)

where n is the ideality factor, k is the Boltzmann's constant, Io the
temperature-dependent reverse saturation current, T is the tem-
perature in Kelvin, q is the electronic charge.

The ideality factor can be estimated by using the following
equation [49]:

n ¼ q dV=kT lnðIÞ (4)

The parameters the ideality factor (n) and dark current (i.e. the
reverse saturation current (Io) were determined from the ln(I)
versus voltage (V) plot at room temperature as 5,2 and 3,49.10"7

Aat 3 V. The obtained ideality factor was higher than unity. The
higher ideality factor results from series resistance [50].

On the other hand, the turn-on voltage calculated from the IeV

Fig. 16. Lnsdc vs 1000/T of relative complex permittivity vs frequency for the brush. copolymer/a) 2 by wt% b) 4 by wt% and c) 6 by wt% nanographene.

Fig. 17. a) Dark characteristics of polymer composite/Si heterojunction photodiode b)
response of the Si/polymer composite photodiode without UV light illumination
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characteristics was about 0.9 V.
Fig. 17b showed the influence of applied frequency series from

100 kHz to 1MHz for the capacitance-voltage (CeV) of the polymer
composite/p-Si thin film heterojunction diode with different
applied frequencies. The capacitance did not change with the
positive voltage, whereas the capacitance change with the negative
voltage; this changewas due towidth of the depletion region of the
polymer composite/p-Si thin film heterojunction diode. Also, one of
CeV curves had a maximum peak. Fig. 18 showed the maximum
peak value shifting to higher voltage with applied frequency. The
maximum peak values for 100 kHz and 1MHz were estimated
as"0,5 V and"1,3 V, respectively. The reason for this behavior may
be a result of the change in transport of the electric charge in the
depletion region. The magnitude of the peak decreased with the
increasing frequencies. The presence of this peak was due to
interface states and series resistance [51].

4. Conclusion

A brush copolymer containing flexible polyacrylate-amide (PA-
amide) brushes that exhibited thermoplastic elastomer property
was synthesized, and brush copolymer composites containing
nanographene in various ratios were prepared. From the DSC
measurements, as nanographene filler concentration in composites
increased Tg values increased from "12 !C to -1 !C. TGA data
showed that the thermal stability of composites increased as the
nanographene filler concentration in composites increased. Com-
posites containing nanographene sheets have small sizes or shapes
and a smoother buildup at 20,000$ and 25000$magnifications,
indicating small and thin aggregates were related to each other.
Thermal degradation activation energies of the brush copolymer/
6wt% nanographene composite systemwas found to be lower than
activation energies of pure the brush copolymer system. The acti-
vation energy (Ea) of thermal decomposition of brush copolymer/
6wt% nanographene estimated using the Flynn-Wall-Ozawa
method and was applied to thermogravimetry curves at 5, 10, 20,

30 and 40 !C/min. The average activation energy value for conver-
sion 0.1 to 0.7 was estimated as 141.7 kJ/mol. The ε0 and ε’’ of the
brush copolymer were 2.23, and 0.043, respectively, at 1 kHz and
233 K under Tg. The ε0and ε0at temperatures over Tg were consid-
erably higher than those under Tg. For example, the ε0and ε’’ at
1 kHz and 323 K were 15.59 and 18.86, respectively. While ε0 of the
brush copolymer was estimated at 10.63, those of polymer com-
posites doped 2wt% and 6wt% nanographene was determined as
20.38 and 181.28, respectively. The sac values of the brush copol-
ymer, composites having 2wt% nanographene, 4 wt% nano-
graphene and 6wt% nanographene were 1.25$ 10"08,
2.32$ 10"08, 4.75$ 10"07 and 1.75$ 10"06, respectively. A heter-
ojunction diode was fabricated from polymer nanographene com-
posite grown on a p-type Si substrate using a hydrothermal
method. The heterojunction diode showed diode characteristics
with lower reverse saturation current as 3.49.10"7 A at 3 V and the
ideality factor as 5.2. Also, rectification behavior was observed with
the rectification ratio of RR¼ 10"5,5/10"10¼ 31,622,7 at±3 V in dark
conditions. The results showed that the photoresponsivity of the
diode was dependent on the polarity of the voltages.
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