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Abstract
The poly(4-methacryloyloxyphenyl-4’-methoxystyryl ketone-co-methyl methacrylate) [P(MPMESK0.25-co-MMA)] was
synthesized using a free radical copolymerization method at 60 °C. The composition of the copolymer was estimated by
1H-NMR. The nanocomposites of P(MPMESK0.25-co-MMA)-loaded 9 and 11 wt% nanographene (NG) were produced
using the ultrasonic homogenizer sonicator. The FT-IR, 1H-NMR, GPC, TGA, XRD, and SEM techniques were used to
characterize the copolymer and composites. The thermal behavior of P(MPMESK0.25-co-MMA) partially heated up to 270,
310, 340, and 380 °C was investigated by FT-IR analysis. A six-membered anhydride ring in the copolymer backbone formed
at 340 °C and higher temperatures. TG measurements were used to analyze the thermal decomposition processes of pure
P(MPMESK0.25-co-MMA) and P(MPMESK0.25-co-MMA)/NG 11 wt% composite. Apparent activation energies for ther-
mal decomposition of P(MPMESK0.25-co-MMA)/NG 11 wt% were determined using the Flynn–Wall–Ozawa (FWO) and
Kissinger–Akahira–Sunose (KAS) methods at a temperature range of 200 and 400 °C for a weight loss of approximately
70%. The average activation energies determined from the FWO and KAS methods were 86.3 and 80.3 kJ/mol, respectively.
The dielectric and electrical behaviors of the P(MPMESK0.25-co-MMA) and P(MPMESK0.25-co-MMA)/NG 11 wt% com-
posite were investigated at room temperature. The dc activation energy for dc conductivity of nanocomposite was calculated
as 1.092 eV. Optical properties such as absorption, reflectance, refractive index, absorption edge, direct band gap of the
copolymer, and composites were investigated from their optical examinations in the wavelength region of 200–800 nm. It
was found that the optical energy gap values had shifted to the lower energies with the doping of NG.

Keywords Nanographene · Copolymer · Electrical conductivity · Dielectric properties · Optical properties

1 Introduction

Mixing homopolymers or copolymers with organic and
inorganic structures to produce dielectric polymer nanocom-
posites is a promising way to develop tunable materials.
Nanostructures doped into the polymer matrix can attain
good permeability and conductivity by achieving a low
percolation threshold while maintaining the advantages of
polymers. A good dispersion of fillers added to the polymer
matrix plays an important role in their molecularly compat-
ible behavior with the polymer matrix. Nanoparticles such
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as graphene and graphite can be guided by their compliant
behavior within the polymer matrix. This behavior is essen-
tial in high-performance capacitor applications [1]. Carbon
nanoparticles were doped into polar polymers like poly-
methyl methacrylate (PMMA) and polyvinyl alcohol (PVA),
which were used as enhancers in electrochemical detector
fabrication [2]. Carbon quantum dots doped into PVA are
promising for producingmaterials that can exhibitmembrane
behavior [3]. Due to the superior properties of nanographene
(NG), such as its high surface area and enormous electron
transport capabilities, it has been doped into many guest
polymers and enabled the transition from insulating poly-
mer to semiconductormaterial. Studies on electrical, thermal,
mechanical, and gas barrier properties of graphene/polymer
nanocomposites have been carried out [4]. The electrical field
behavior of a material is determined by its dielectric con-
stant. Polymer composites with a high dielectric constant
are suitable for capacitors, insulators, and high-frequency
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electronic components [5]. Polymer composites can also be
potentially used in the field of optics. The refractive index
is an indicator of the material interaction with light. Poly-
mer composites with a high refractive index can be used
in optical fibers and lenses. For this purpose, nanoparticles
with a high refractive index can produce polymer composites
[6, 7]. Recently, carbon materials such as carbon nanotubes
have become much more specialized nanostructured parti-
cles. Graphene, graphite, and carbon nanotubes, also called
2D materials, are known to be among the most promising
nanofiller materials due to their low density, thermal proper-
ties, chemical inert behavior, and good electrical conductivity
[8–13]. Some nitrochalcones have been added to PMMA at
different concentrations. These materials were reported as
potential candidates for photonic and optical limiting appli-
cations [14]. In this context, a polymer composite material
made by doping a material with strong properties, such as
NG, into the copolymer of chalcones made with MMA can
also exhibit excellent properties. The nanograph’s high sur-
face area relative to its size allows it to have more contact
points. This is one of the properties of NG that enables
it to be used in various fields of application. Due to this
feature, NG has better thermal stability than larger struc-
tures and can be used for energy storage, catalysis, and
sensors. Its high electrical conductivitymakesNGapreferred
nanomaterial for electronic device applications, such as tran-
sistors, sensors, and memory devices. It has been reported
that NG-based transistors exhibit high-speed performance
and low power consumption [15–18]. Materials containing
NG are also promising for use in supercapacitors and batter-
ies. Previous studies have investigated supercapacitors made
of nanographene. As a result of these research initiatives, it
was found that these capacitors had high energy and power
density, fast charging times, and long cycle lives. Consid-
ering the rapid advancement of technology, the production
of NG-based materials and research on their properties for
various applications, such as electric vehicles and renewable
energy storage, are important [19–23].

The synthesis of chalcone group-bearing copolymer and
preparation of NG-doped composite materials are essential
for optoelectronic, photonic, and energy storage applica-
tions. According to a comprehensive literature survey on
the copolymer and NG composites synthesized in this study,
there is limited information. Therefore, we designed a sys-
tematic study on their structural, kinetic, optical, electrical,
and dielectric properties. The thermal decomposition kinetics
of a nanocomposite was investigated various optical prop-
erties of the blends, such as absorption band edge, optical
energy band gap, and Urbach energy. Dielectric properties
such as dielectric constant (ε′), dielectric loss (ε′′) and loss
tangent (tanδ), and ac/dc electrical conductivity were inves-
tigated using an LCR meter. Therefore, in order to better
understand how these copolymer, NG-doped materials work

and how they are used in technology, the experimental results
are comprehensively described, and several structure–prop-
erty relationships are discussed.

2 Materials andMethods

2.1 Materials

Methyl methacrylate (Sigma-Aldrich) was purchased. Sol-
vents such as tetrahydrofuran (THF) and 1,4-dioxane were
used as received. The NG was received from Nanografi. All
of the other reagents were used as provided.

2.2 Preparation
of 4-Methacryloyloxyphenyl-4’-Methoxystyryl
Ketone (MPMESK)

4-Methacryloyloxyphenyl-4’-methoxystyryl ketone
(monomer) was synthesized according to an adapted
method found in the literature [24, 25]. It was prepared from
a reaction of 4-hydroxy-phenyl-4’-methoxystyryl ketone
with methacryloyl chloride using trimethylamine as a base
and tetrahydrofuran as solvent between − 5 and 0 °C. The
structure of the product was confirmed using the FT-IR and
1H-NMR techniques.

2.3 Copolymerization of MPMESK andMMA

The copolymerization ofMPMESK andMMAwas achieved
by free radical copolymerization in the presence of 1,4-
dioxane as solvent using an AIBN initiator at 60 °C. The
product was precipitated within ethyl alcohol. The precipi-
tation process was repeated two times, and the product was
dried at 40 °Cunder a vacuum for 24 h. The synthesis formula
of the copolymer is shown in Scheme 1.

2.4 Preparation of Copolymer Nanocomposites

To allow appropriate dispersion of NG in dichloromethane,
it was dispersed with an ultrasonic homogenizer sonica-
tor processor for approximately 60 min. The solution in
the dichloromethane of the copolymer was later combined
with solution in the dichloromethane of NG. The mixture of
copolymer and NGwas precipitated in ethyl alcohol, and the
copolymer nanocomposites were filtered. It was then dried
for 24 h under a vacuum at 40 °C.

2.5 Characterization

1H-NMR analysis was carried out on a Bruker AVANCE-400
NMR instrument. Fourier transform infrared (FT-IR) spectra
were recorded at room temperature (range: 4000–400 cm−1)
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Scheme 1 Synthesis of
poly(MPMESK) and
poly(MPMESK0.25-co-MMA)

Fig. 1 1H-NMR spectrum of
P(MPMESK0.25-co-MMA)

using a PerkinElmer Spectrum Two ATR FT-IR spec-
troscopy. An Agilent 1100 Series Gel Permeation Chro-
matography (GPC) instrument was used to determine the
average molecular weight of the polymer. Thermogravi-
metric (TGA) measurements were taken using a Shimadzu
TGA-50 from room temperature to 500 °C at a heating rate of
10 °C min−1 under argon gas flow (10 mL/min). The X-ray
diffraction pattern (XRD, Miniflex 600) was recorded with
Bragg’s angle (2θ) in the range of 5–80 at a wavelength of
1.5406 (λ). The morphology of the nanocomposite was char-
acterized by scanning electronmicroscopy (SEM) performed
on a field emission scanning microscope (Carl Zeiss EVO
MA10). The electrical and dielectric measurements of the
pure copolymer and its composites were recorded on tablets
prepared under four tons of pressure. The dielectric measure-
ments were taken using an Impedance Analyzer (QuadTech
7600 LRC) between 100 Hz and 10 kHz. The dc electrical
conductivities were performed on an FYTRONIX Electric
Characterization device. Optical measurements were taken
using PerkinElmer Lambda 35 UV spectroscopy.

3 Results and Discussion

3.1 Structure Characterization

The 1H-NMR spectrum of the MPMESK-MMA copolymer
is shown in Fig. 1. As can be seen in the spectrum, CH3 pro-
tons adjacent to ester oxygen at 3.63 ppm for MMA units
and CH3 protons attached to the ether functional group in
the chalcone unit are the most characteristic signals. The
signal observed at 3.78 ppm originates from the methoxy
(OCH3) group attached to the aromatic ring in theMPMESK
units. Signals between 7.25 and 8.08 ppm in the spectrum
are due to the aromatic ring protons in theMPMESK’s struc-
ture. The signal at 6.98 ppm can be attributed to one of the
olefinic protons in the cinnamoyl group. The signals of the
aromatic protons and the other olefinic protons overlapped,
and signals belonging to the methylene protons in the struc-
ture of both comonomers are between 2.05 and 1.46 ppm.
The signal observed at 1.25 ppm in the spectrum is due to
the α-methyl protons in the two comonomer units [25, 26].
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Fig. 2 GPC curve of P(MPMESK0.25-co-MMA)

The copolymer composition was calculated from the inte-
gral heights of the aforementioned signals. It was determined
that the copolymer composition contains 25%MPMESK by
mol. Fourier transform infrared spectroscopy (FT-IR) indi-
cated the important bands at 1751 cm–1 (C=O in the ester
group of MMA), 1660 cm–1 (C = O stretching in ketone of
MPMESK, 1595 cm–1 (C=C stretching on the two aromatic
rings), 1250 cm–1 (-O–C stretching next to the aryl group),
and 1150 cm –1 (C–O stretching in the ester group) [25, 27,
28].

The gel permeation chromatography (GPC) curve of
the polymer was taken with a GPC device calibrated with
poly(MMA) in THF solvent (Fig. 2). According to the
GPC data, the average molecular weight (Mw) was 81,096
gr/mol, the average molecular weight number (Mn) was
36,831 gr/mol, and the polydispersity index (PDI) was 2.2.
Polymer materials with narrow PDI are preferred for indus-
trial applications. Therefore, determining a polymer’s PDI
value is crucial [29]. The PDI (Mw/Mn) for the copolymer
is 2.2, indicating that the chain termination of the copolymer
occurred via disproportionation [30].

The thermal behaviors of the copolymer and the 11 wt%
NG-doped nanocomposite were investigated using TGA.
Previous TGA studies have revealed important information
about the nature and degree of the degradation of poly-
mers, composites, andmany solidmaterials. For comparison,
the TGA curves of the pure copolymer and nanocompos-
ite are shown in Fig. 3. A detailed evaluation of the TG
curves is summarized in Table 1. As shown in Fig. 3,
the decomposition onset temperature (Tonset) and maxi-
mum decomposition temperature (Tmax) of the copolymer
in the nanocomposite and the decomposition temperature
(T50) at 50% weight loss shifted to higher temperatures
when NG was added to the polymer matrix. Temperature

Fig. 3 TG curves for a P(MPMESK0.25-co-MMA) and
b P(MPMESK0.25-co-MMA)/NG 11 wt% nanocomposites in nitrogen
at a heating rate of 10 °C min.–1

levels that indicate a 50% weight loss are typically ana-
lyzed to evaluate the thermal stability of polymeric materials
[31]. P(MPMESK0.25-co-MMA)/NG 11wt% nanocompos-
ite showed a delayed decomposition compared to the neat
P(MPMESK0.25-co-MMA). Therefore, the thermal stability
of P(MPMESK0.25-co-MMA) was significantly improved
in the presence of NG. Why does NG increase the ther-
mal stability of the copolymer nanocomposite? Generally, an
increase in the thermal stability of a copolymer nanocompos-
ite is possible because NG is a good material for conducting.
Because the thermal conductivity is perfect, it easily takes
up and transfers the heat applied to the copolymer nanocom-
posite. In addition, the segmental mobility of the copolymer
chain due to the surface of the NG also increases the ther-
mal stability of the composite compared to the copolymer
[32, 33]. In prior studies, the thermal stability of a polymer
was found to have significantly improved in the presence of
thermally conductive fillers, such as carbon nanotube, NG,
and graphite [34–36]. The thermal stability of the copolymer
composite prepared in our study is similar to that found in
the literature. For example, it was observed that the initial
decomposition temperature and the maximum decomposi-
tion temperature of P(MPMESK0.25-co-MMA) and NG 11
wt% added composite shifted from 241 to 250 °C and from
335 to 381 °C, respectively. This behavior indicates that
because NG possessed high thermal stability, it also caused
an improvement in the thermal stability of the nanocompos-
ite. In general, when NG is mixed with polymer matrices
it knows that a material’s thermal stability improvement. In
this context, NG particles delay the volatility of the poly-
mer or copolymer by having a barrier effect that hinders the
evaporation of volatile products formed at the degradation
temperature. This indicates strong interfacial interactions
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Table 1 Results of TGA for P(MPMESK0.25-co-MMA) and composite system with NG 11 wt%

Polymer Tmax
a IDTb (°C) Temperatures (°C) at certain wt% weight losses

10 30 50 70 90 Residue (%)

P(MPMESK0.25-co-MMA) 335 241 274 308 335 370 442 9.2

P(MPMESK0.25-co-MMA)/NG 11wt% 381 250 300 346 381 417 – 16

aTemperature for maximum rate of decomposition
bInitial decomposition temperature

between the copolymermatrix and theNG layers [37]. There-
fore, NG has a retarding role in the degradation of polymeric
materials. It is thermally stable up to 500 °C and does not
result in weight loss. Although the weight loss of the pure
copolymer was 9.2 wt%, the composite’s weight loss was
measured as 16%. The results suggest that the NG was ther-
mally stable under argon gas flow and did not result in weight
loss up to 500 °C. This behavior indicates that NG remained
intact in the polymer matrix.

3.2 SEM and EDX Analysis of Nanocomposite

Figure 4a and b shows the SEM micrographs of
the P(MPMESK0.25-co-MMA) and P(MPMESK0.25-co-
MMA)/NG 11 wt% composite. The SEM micrographs also
confirm the 2D shape of the NG and the stacking together
of graphene sheets in the copolymer system. Many of the
special properties of graphene have been attributed to its
extremely thin structure. Its optical transparency has also
been attributed to this thinness [38, 39]. It has been reported
that the surface of graphene nanosheets is smooth, transpar-
ent, and wrinkled [40]. As indicated in Fig. 4a, the image of
P(MPMESK0.25-co-MMA) has a high surface porosity. The
stacking together of NG sheets is an important reason for the
decreased flexibility of NG the copolymer matrix to a greater
extent; this explains the influence of NG on copolymer prop-
erties. Compared to the copolymer matrix, the morphology
of the copolymer/NG composite is rough and ridged. In a
copolymer nanocomposite-loadedNG11wt%, there is a uni-
form distribution of NG in the copolymer matrix, as shown
in Fig. 4b. In addition, as indicated in Fig. 4c, EDX analysis
shows that the carbon percentage from the sections taken in
the SEM image is around 95%. These data show the presence
and homogeneous distribution of NG particles in the copoly-
mer matrix. The distribution of NG sheets in the copolymer
matrix significantly influences the thermal decomposition
behavior of the P(MPMESK0.25-co-MMA)/NG composite.

3.3 XRD Analysis

XRD patterns recorded from the P(MPMESK0.25-co-
MMA)/NG 11 wt% powder nanocomposites are shown in

Fig. 5. The XRD pattern of polymer nanocomposite pow-
der shows a sharp and strong diffraction peak at a 2θ of
26.5° which corresponds to the interlayer d-spacing (d =
3.36A°) in NG [41, 42]. The strong peak at diffraction angle
2θ of 26.5° is the interlayer d-spacing of the graphene plates.
A broad amorphous peak from P(MPMESK0.25-co-MMA)
was observed around 14.83°, corresponding to a d-spacing
of 5.96A°. This confirms that P(MPMESK0.25-co-MMA)
has an amorphous microstructure. When the NG filler was
11 wt%, the intensity of the diffraction peak was stronger,
confirming the increased amount of NG in the copolymer
composite at high NG loading. No peak shift was observed
in the XRD pattern.

3.4 FT-IR Relationship—Residue During Partial
Degradation of Copolymer System

FT-IR is an effective analytical technique for functional
group analysis used to study changes in functional groups in
polymers against external influences. In this context, poly-
meric materials have bonds and functional group properties
that identify them. Therefore, the TGA and FT-IR techniques
were used to reveal the thermal behavior of the copolymer
system.As shown inFig. 3, theweight losses at 270, 310, 340,
and 380 °Cunder argongas flowat a heating rate of 10 °C/min
were 6, 31, 51, and 76%, respectively. As shown in Fig. 6a–e,
the FT-IR spectra of the copolymer residues remaining at
these weight losses were recorded for the above-mentioned
temperatures, and those that occurred after each heating
step are compared in the figures. Figure 6a indicates the
FT-IR spectrum of unheated P(MPMESK0.25-co-MMA),
where the following bands were identified: 2948–2838 cm−1

(C–H stretching methylene and methyl groups), 1728 cm−1

(C = O stretching of the ester group in both units), and
1660 cm–1 (keton C = O stretching in the chalcon group).
When the FT-IR spectra of the copolymer partially heated to
270 °C (Fig. 6b) and 310 °C (Fig. 6c) were compared to the
unheated copolymer (Fig. 6a), the FT-IR spectra were almost
similar to each other. However, especially when the tem-
perature increased to 340 °C (Fig. 6d), significant changes
were observed in the bands of some functional groups in the
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Fig. 4 a SEM image of P(MPMESK0.25-co-MMA), b SEM image of P(MPMESK0.25-co-MMA)/NG 11 wt%, and c EDX analysis of
P(MPMESK0.25-co-MMA)/NG 11 wt%

Scheme 2 Proposed degradation pathway for forming a six-membered anhydride ring via degradation of the copolymer system above 340 °C
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Fig. 5 XRD pattern of P(MPMESK 0.25-co-MMA)/NG 11 wt%

FT-IR spectra of the pure copolymer. FT-IR spectra of the par-
tially degraded polymer at 340 °C (Fig. 6d) indicated peaks at
1803, 1757, and 1012 cm−1 (C = O and C–O–C symmetric
and asymmetric stretching bands in the six-membered anhy-
dride ring, respectively) which are typical of a six-membered
anhydride ring structure obtained by intramolecular cycliza-
tion. Considerable increases in intensities of these bands in
the C=O region in the copolymer structure were observed
when the temperature increased to 380 °C. Important bands
appeared at 1803 cm−1 and 1757 cm−1 for 380 °C (anhy-
dride C=O stretching of the six-membered ring), as indicated
in Scheme 2. Similar results were found for the decompo-
sition of poly(methacrylic acid) (PMAA), which indicate
the degradation stage corresponding to the conversion of
PMAA to polymethacrylic anhydride (PMAN) [43–45]. The
C=O stretching at 1660 cm–1 belongs to the ketone C=O
group in the chalcon structure. The intensity of this band
decreased due to increased elimination of the chalcon side
group in the MPMESK unit in the copolymer system heated
to 380 °C (Fig. 6e). The degradation of the copolymer
system revealed 1,3-bis(4-methoxyphenyl)prop-2-en-1-one
molecule, as shown in Scheme 2. The formation of 1,3-bis(4-
methoxyphenyl)prop-2-en-1-one during the degradation of
the copolymer also indicates a decrease in the ketone C = O
band at 1660 cm–1, as shown in Fig. 6e.

3.5 Kinetic Analysis

Representative TG curves corresponding to the four differ-
ent heating rates 5, 10, 15, and 20 °C/min for the copolymer
nanocomposite are presented in Fig. 7. With an increasing
heating rate, the weight loss curves and peak temperatures of
the homopolymer, copolymers, or polymer composite sys-
tems shift to higher values in the TGA measurements. In

Fig. 6 FT-IR spectra of partially heated copolymer system: a unheated,
b at 270 °C, c at 310 °C, d at 340°C and e at 380 °C

Fig. 7 TG curves for P(MPMESK 0.25-co-MMA)/NG 11 wt%
nanocomposites under nitrogen atmosphere at different heating rates
of 5,10,15, and 20 °C min.–1

general, degradation kinetic parameters are determined to
understand the degradation process and the effect of fillers
in composites on the polymer matrix, and to better describe
the decomposition processes [46]. One of the most useful
parameters is the effective activation energy [47, 48]. There-
fore, to estimate the apparent activation energy and study the
decomposition kinetics using the FWO method [49, 50] TG
curves should be measured at least three times or more, and
the heating rates should also be measured. One of the ICTAC
kinetic project methods showed that isoconversion methods
are best known because of the popularity of the KASmethod
[51]. The FWO and KAS methods are often used to deter-
mine the activation energy of material decomposition. In this
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respect, the thermal analysis measurements of the nanocom-
posites were achieved at four different heating rates: 5, 10,
15, and 20 °C min–1. A general pattern of the TG curves for
a given weight loss is at a lower heating rate (5 °C min–1)
and decomposes at lower temperatures; however, at a higher
rate (20 °C min–1), it decomposes at higher temperatures.

Equation 1 is derived with other mathematical operations,
including the Doyle approach used in the FWO method.
The overall polymer degradation rate is usually described
by Eq. 1.

log(β) = constant − 0.457
Ea

R.T
(1)

T represents the temperature, β is the heating rate, and Ea

is the activation energy. According to Eq. 1, if a plot of logβ
versus 1/T is linear, the activation energy Ea can be found
from the slope of 0.457Ea/R. The R (8.314 Jmol–1 K–1) is a
constant.

In addition, activation energy values for thermal
decomposition for P(MPMESK0.25-co-MMA)/NG 11 wt%
nanocomposite can also be calculated using Eq. 2 and the
KAS method. According to the KAS method, the activation
energy is calculated fromT , the temperature at which decom-
position occurs at different heating rates.

ln
(
β/T 2

)
= ln[(AR/Eag(α))] − (Ea/RT ) (2)

Hence, the activation energy can be calculated from the
linear dependence of lnβ/T2 versus 1/T at various heating
rates.

Figure 8a and b shows plots of log β against 1000/T (1/K)
at various weight losses according to the FWO method and
plots of lnβ/T2 against 1000/T (1/K) at various weight losses
according to the KAS method. The activation energies cor-
responding to different conversions were estimated from the
slope of the lines of these plots. The activation energies from
the FWO method, as shown in Fig. 8a, were estimated as
101.5, 82.8, 79.7, 73.9, 76.6, 79.4, and 110.3 kj/mol at a con-
version of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7, respectively.
Additionally, the average activation energy value for conver-
sion from 0.1 to 0.7 was estimated as 86.3 kj/mol. Figure 8b
shows the plots based on theKASmethod for determining the
activation energies, Ea, where the slopes of parallel-looking
straight lines are considered equal to Ea/R. The parameters
used and the results of Ea are listed in Table 2. Comparing
the results of Table 2, activation energy values determined
according to the FWO and KAS methods were found to be
quite close.

Fig. 8 a Plots of logβ against 1000/T according to the FWOmethod for
P(MPMESK 0.25-co-MMA)/NG 11 wt% nanocomposite; b plots of
lnβ/T2 against 1000/T according to the KAS method for P(MPMESK
0.25-co-MMA)/NG 11 wt% nanocomposite; c effective activation
energy vs extent of degradation for the P(MPMESK0.25-co-MMA)/NG
11 wt% composite estimated using different isoconversional methods
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Table 2 Activation energy values estimated with the FWO and KAS
methods for P(MPMESK0.25-co-MMA)/NG 11wt%

FWO method KAS method

Conversion/α Ea (kJ/mol) Conversion/α Ea (kJ/mol)

0.10 101.5 0.10 97.2

0.20 82.8 0.40 77.1

0.30 79.7 0.30 73.6

0.40 73.9 0.40 67.3

0.50 76.6 0.50 69.8

0.60 79.4 0.60 72.5

0.70 110.3 0.70 104.7

Average 86.3 Average 80.31

3.5.1 Isoconversional Analysis

The FWO and KAS isoconversion analysis methods were
carried out to correlate the dependence of the activation
energy on the degree of decomposition. The activation energy
change was investigated by considering the degree of disso-
ciation and the limit range from α = 0.0 to 0.70. The values
of the activation energy, estimated by the FWO and KAS
methods for the copolymer nanocomposite as a function of
the extent of degradation, were compared with each other, as
shown in Fig. 8c. The figure shows that the activation energy
tends to be the same as the degree of decomposition. Asmen-
tioned before [52], the results of the two integral methods,
namely the FWO and KAS methods, are considered simi-
lar to each other due to the large approximation; however, it
is possible that results obtained with the differential meth-
ods can always shift to slightly higher values. It seems that
degradation is characterized by first decreasing after increas-
ing activation energy. Ea starts from near 101.5 kJ mol−1

and decreases to 73.9 kJmol–1 (α = 0.4); it later increases
to 110.3 (α = 0.7) with the FWO method. The KAS method
indicates an almost identical behavior. This is also an indica-
tion that degradation does not occur in one step. In this regard,
as shown in Scheme 2, the formation of the six-membered
anhydride structure in the copolymer structure above 340 °C
and the formation of more than two degradation products
due to the expectation that the anhydride structure will be
decomposed at higher temperatures and the formation of a
main chain backbone is correct.

3.6 Dielectric Measurements

Dielectric measurements of the pure copolymer and its com-
posite were investigated at a frequency range of 100 Hz to
10 kHz. In the dielectric measurements, dielectric constant,
ε’, dielectric loss factor, ε′′, and alternating conductivity, δac,

Fig. 9 Variation of dielectric constant (ε’) with frequency for
a P(MPMESK 0.25-co-MMA) and b composite-loaded NG 11 wt%

were determined based on capacitance Cp, dissipation factor
D, and resistanceRp parameter measurements. The dielectric
constant, ε’, which is the real part of the complex dielectric
permittivity, was calculated using Eq. 3 by measuring the
capacitance at room temperature.

ε′ = Cpd/εo A (3)

where d is the thickness of the pellet, εo is the permittiv-
ity of free space, and A is the area of the pellet prepared
under four tons of pressure. The variation of the ε′ with
frequency at room temperature for copolymer and poly-
mer nanocomposite containing NG 11 wt% is shown in
Fig. 9a and b, respectively. The ε′ values of copolymer and
P(MPMESK0.25-co-MMA)/NG 11 wt% at fixed tempera-
ture and 1 kHz were 3.52 and 9.4, respectively. It was found
that the ε′ at low frequency has higher values. However, as
the frequency increases, the ε′ decreased, which means that
higher value of ε′ at low frequency is due to contribution
of space charge and electronic polarization [53]. The ε′ of
P(MPMESK0.25-co-MMA) was found to be around 3.5 at
room temperature and 1 kHz, as indicated in Fig. 9a. Poly-
mers have low dielectric constants and generally organic
or inorganic electrically conductive fillers are introduced.
Therefore, through this process, it becomes a polymeric
material with a higher dielectric constant. Accordingly, NG
11 wt% was added to the polymer matrix to examine the
effect of NG on the dielectric constant of the copolymer. As
shown in Fig. 9b, the ε′ of composite increased to 9.4. The
NG in copolymer matrix causes induced interface or space
charge polarization. Thismeans that it is an increase in capac-
itance [54]. ε” represents the imaginary part of the complex
permittivity and indicates that some energy is dissipated due
to charge transfer and molecular vibration due to the applied
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Fig. 10 Variation of dielectric loss factor (ε′′) with frequency for
a P(MPMESK0.25-co-MMA) and b composite-loaded NG 11 wt%

electric field effect. ε′′ was calculated according to Eq. 4.

tan d = ε′′/ε′ (4)

The variation of dielectric loss factor, ε′′, with frequency at
room temperature for pure copolymer andpolymer nanocom-
posites containing NG 11 wt% is compared and shown in
Fig. 10a and b. The ε′′ values of the copolymer are given
in Fig. 10a and P(MPMESK0.25-co-MMA)/NG 11 wt% is
shown in Fig. 10b at room temperature; at 1 kHz, it was
found to be 0.15 and 14,500, respectively. As the frequency
increased, ε′′ of pure copolymer was found to be around 0.1,
but ε′′ of P(MPMESK0.25-co-MMA)/NG 11 wt% decreased
exponentially. As shown in Fig. 10b, the ε′′ values at 100 Hz,
1, 2, 5, and 10 kHz were 145,800, 14,500, 5800, 3520, and
1800. At high frequencies, ε′′ exhibited a low value and
remained constant. The dramatic decrease in dielectric loss
of the polymer nanocomposite is related to the formation of
a conducting percolation network of the conductive fillers in
the polymer matrix. In designing an energy storage device,
minimizing dielectric loss at a given dielectric constant is
necessary. The frequency of ac conductivity σ ac was deter-
mined from the observed resistance values for the film under
examination.

The alternative conductivity σ ac values were calculated
from Eq. 5 using the Rp parameter.

σac = d/Rpa (5)

where d is the film thickness, Rp is the measured film resis-
tance, and a is the cross-sectional area of the film. The ac
conductivity satisfies the power law Eq. 6.

σac(ω) = Aωs (6)

Fig. 11 Variation of lnσac-lnF for P(MPMESK0.25-co-MMA)/NG 11
wt% nanocomposite

Fig. 12 Plot of absorbance versus wavelength for a pure copolymer and
b copolymer-doped NG 11 wt%

where A is constant, ω is the angular frequency, and s is the
fractional exponent. As shown in Fig. 11, s was calculated
from the slope of the lnσ ac versus lnF plot. The s value,
s = 0.05, is less than 1, supporting the conclusion that the
conduction mechanism of nanocomposite obeys the corre-
lated barrier hopping (CBH) model [55]. In the CBH model,
the charge carriers indicate hopping between regions over the
potential barrier separating them.The inclusionof aCoulomb
interaction between each barrier reduces the barrier height.

3.7 Optical Properties

Figure 12a and b indicates the variation of optical absorbance
of P(MPMESK0.25-co-MMA) and P(MPMESK0.25-co-
MMA)/NG 11 wt% nanocomposites with wavelength of the
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Fig. 13 Plot of a reflectance and b refractive index for the pure copoly-
mer and its nanocomposites

incident light. The pure P(MPMESK0.25-co-MMA) indi-
cated in Fig. 12a showsmaximumabsorbance at 295 nm. The
max absorption bands at 295 nm observed in Fig. 12a and b
are related to the n-p* transitions arising from the MPMESK
units in the copolymer. However, the absence of the band
above 295 nm in Fig. 12b indicates that NG particles block
the UV above 300 nm and in the visible region. On the other
hand, this behavior suggests that since the energy of the inci-
dent photons is absorbed by the NG, it does not have enough
energy to interact with the atoms in the copolymer matrices
[56].

The plots of the reflectance and refractive index of
pure copolymer and its nanocomposites are shown in
Fig. 13. Accordingly, Fig. 13a shows the reflectances
of pure P(MPMESK0.25-co-MMA), P(MPMESK0.25-co-
MMA)/NG 9 wt%, and P(MPMESK0.25-co-MMA)/NG
11 wt% nanocomposites. The reflectance of the pure

Fig. 14 Plot of (αE)2 versusE = vh for pure copolymer and its compos-
ite systems: a P(MPMESK0.25-co-MMA)/NG, b P(MPMESK0.25-co-
MMA)/NG 11 wt%, and c P(MPMESK0.25-co-MMA)/NG 9 wt%

P(MPMESK0.25-co-MMA) has considerably increased
from400 to 580nm, and reflectance has not quite changed at a
high wavelength. It decreased with increasing concentration
of the NG nanoparticles in nanocomposites. The reflectance
in the visible region decreased sharply after 400 nm, which
represents the peak absorption of the NG nanoparticles. This
behavior is clear in the high concentration of NG nanopar-
ticles in the copolymer nanocomposites. The reduction of
reflectance in the visible region is perhaps due to the absorp-
tion of the whole wavelength photons of the visible region.
The refractive indexes of pure copolymer and its nanocom-
posites were measured and are shown in Fig. 13b. Refractive
index is an important parameter for the design of optical sys-
tems. The measured refractive index of the pure copolymer
is around 1.44 and almost changed at the UV region. After
392 nm, the refractive index of pure copolymer suddenly
increases from 1.46 to 3.44 (630 nm). After 630 nm, it con-
tinues in a fixed or straight line. When copolymer matrix is
loadedwithNG 9wt% and 11wt%, the refractive indexes are
considerably minimized and continue in a fixed or straight
line in the visible region. That is, NG reasonably reduces the
sensitivity of the copolymer to the visible region. This behav-
ior also means that NG is a light stabilizer for the copolymer
[57, 58].

The optical band gaps of pure copolymer and its compos-
ites were calculated using the Eg, absorption spectra and the
Tauc relation (7).

αonh = αo(hn − Eg)n (7)

Here, hν is the photon energy, αo is a constant and n is
1/2 for direct band semiconductors and 2 for indirect bands.
Figure 14 demonstrates the relationship between (αoνh)2

and the photon energy (hν) of P(MPMESK0.25-co-MMA)
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and its nanocomposites. The optical energy gap of pure
P(MPMESK0.25-co-MMA) (0 wt% NG) equals 2.73 eV.
The optical energy gaps of P(MPMESK0.25-co-MMA)were
0.99 and 0.94 eV. These data clearly show that the optical
energy band gap values depend on the weight percentage
of the NG particles. As shown in Fig. 14, when the opti-
cal energy band gap of pure P(MPMESK0.25-co-MMA)
and copolymer nanocomposite was compared, there was a
decrease in the optical energy gap with an increasing NG
amount. The energy gap was found to be inversely propor-
tional to the weight percentage of the NG nanoparticles.

3.8 Current–VoltageMeasurement

In order to understand the effect of the loaded NG on the
electrical property of the composites, the electrical resis-
tance of the composite depending on the content of NG 9
wt% and NG 11 wt% was investigated. The current–voltage
(I–V) characteristic of copolymer/NG composites at room
temperature is indicated in Fig. 15a. It was observed that the
current increased with the applied voltage as the NG content
in the polymer matrices increased. The charge carriers, i.e.,
electric dipoles produced due to space charge polarization,
were oriented along the direction of the applied electric field.
The higher conductivity occurring at 11 wt% of the NG is
attributed to the compatibility between the copolymer matrix
and NG, which is sufficient to obtain nanosized dispersions
without any additional surface treatment. The nanocompos-
ite containing NG 9 wt% showed linear behavior up to 10 V,
while the nanocomposite containing NG 11wt% showed lin-
ear behavior up to 2 V and exhibited nonlinear behavior at
higher voltages. The nonlinear performance of materials is
important as it enables various applications such as electro-
optical fields [59]. From the current–voltage graph shown in
Fig. 15a, the resistances of 9 and 11 wt% NG-doped com-
posites were calculated as 3.15, and 1.78 k	, respectively.

3.9 dc Electrical Conductivity

Conducting polymer nanocomposites can be produced by
adding conductive nanofillers such as NG, graphite, graphite
oxide, MXene, and metal oxide into the polymer matrices.
They have a specific electrical conductivity that indicates
an increasing nonlinearly depending upon the increase of
the nanofiller content [60]. When any conductive content,
such as nanofiller, rises above the percolation threshold, the
nanofillers form a conductive network in the polymer matri-
ces, which significantly increases the electrical conductivity
of the nanocomposites. Therefore, NG can act as an efficient
inorganic phase for preparing conductive nanocomposites
due to its good conductivity and favorable aspect ratio. NG is
both thermally and electrically a good conductive inorganic
material. NG’s high thermal or electrical conductivity makes

Fig. 15 a Graph of current versus voltage and b lnδdc versus 1/T for
P(MPMESK0.25-co-MMA)/NG 11 wt% nanocomposite

it suitable for fabricating thermally conductive polymer com-
posites [61]

The change in conductivity with temperature is one of
the importantmeasurements in investigating the conductivity
properties of the prepared nanocomposite materials. To find
the activation energy for the thermal activation processes, the
Arrhenius Eq. (8) was used. A linear relation of lnσ dc with
1/T indicates that the dc electrical conductivity follows the
Arrhenius equation [62–64].

σdc = σo exp
(−Eg/kT ) (8)

where Ea is the activation energy under the dc field, σo is the
pre-exponential factor, K is Boltzmann’s constant, and T is
the absolute temperature.

Figure 15b shows the variation of lnσdc versus 1/T
as a function of temperature from (360–410 K) for
P(MPMESK0.25-co-MMA)/NG 11 wt% nanocomposites.
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The electrical conductivity behavior of some nanocompos-
ite systems has revealed that dc conductivity will occur at a
percolation threshold below 1.0 wt% for different filler con-
tent [65]. The percolation of the graphene filled composites
was achieved at a 2.4% loading [66]. In order to determine
the activation energy value from the temperature-dependent
change of the dc electrical conductivity, it was calculated as
1.09 eV from the straight slope of the graph, obeying the
Arrhenius Equation.

The activation energy corresponds to the energy required
for transmission from one site to another. It was observed
that the conductivity increased with increasing temperature.
Therefore, the prepared nanocomposite can be said to have
semiconductor behavior. On the other hand, this behavior
indicates that the activation energy is positive, as it indi-
cates that the carriers are more likely to move from the
trap state to the mobile state. According to the percolation
theory, energy activation decreased when the NG concentra-
tion increased, and conductivity increased because the NG
particles formed a connected path through the copolymer
matrices. P(MPMESK0.25-co-MMA)/NG 11 wt% exhibits
higher increments in electrical conductivity compared to the
P(MPMESK0.25-co-MMA)/NG 9 wt% composite.

4 Conclusions

The structure of the synthesized copolymer was char-
acterized by 1H-NMR spectroscopy. The copolymer/NG
nanocomposites with two different concentrations of NG
particles were successfully prepared. The morphology of
the nanocomposite was studied using XRD and SEM tech-
niques. The thermal stability of the pure copolymer and
its nanocomposites was investigated with a TG instrument.
Thermal stabilities of pure P(MPMESK0.25-co-MMA) and
P(MPMESK0.25-co-MMA)/NG 11 wt% nanocomposites
were higher than that of the neat copolymer. For example,
with the addition ofNG11wt% to pure P(MPMESK0.25-co-
MMA), the initial decomposition temperature was different
around 9 °C and the temperature at a weight loss of 11
wt% increased to around 26 °C. Therefore, adding NG to
the copolymer matrix could significantly improve its ther-
mal stability. Besides, the activation energies required for the
thermal decomposition of P(MPMESK0.25-co-MMA)/NG
11wt% nanocomposite were evaluated by both the FWO and
KAS methods. The activation energies of thermal decompo-
sition estimated according to the FWO method were similar
to those obtained with the KAS method. Adding NG to
the polymer matrices significantly increased the composite’s
dielectric constant and dielectric loss factor. The dc electrical
conductivity σdc follows Arrhenius behavior, and the esti-
mated activation energy value was 1.092 eV. In addition, the
nanocomposite material exhibited semiconductor behavior.

The ac electrical conductivity σac increased and supported
the conformation of the nanocomposite’s conduction mech-
anism to theCBHmodel.While the reflectance and refractive
index of the pure copolymer did not change with increasing
wavelength in the UV region, it increased significantly, espe-
cially at the beginning of the visible region, and this increase
continued until 630 nm. However, whenNGwas added to the
copolymer matrices, it significantly reduced and masked the
pure copolymer’s increased reflectance and refractive index
between 400 and 630 nm. The optical energy band gap of the
pure copolymer contains more value than its nanocompos-
ites. As the NG content in the copolymer matrices increased,
the optical energy band gap decreased from 2.73 to 0.94 eV.
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