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Abstract

The random copolymers of methyl methacrylate (MMA) and 4-methyl-2-oxo-2H-

chromen-7-yl methacrylate (COUMA) [poly (COUMA0.49-co-MMA)] (COMCOP1)

and [poly(COUMA0.36-co-MMA)] (COMCOP2) were prepared via the conventional

radical polymerization method. The copolymers were characterized by 1H-NMR,

Fourier-transform infrared spectroscopy (FT-IR), UV–visible (UV–vis), ther-

mogravimetric analysis, and differential scanning calorimetry instruments. A kinetic

study of the thermal decomposition of COMCOP1 and COMCOP1/GO 16 wt% was

investigated using thermogravimetric analyzer with non-isothermal methods selected

for analyzing solid-state kinetics data. The average activation energy values were cal-

culated via Flynn Wall and Ozawa (FWO) and Kissinger-Akahira-Sunose models in a

period of α = 0.10–0.70. The average values of activation energy obtained from Kis-

singer method for COMCOP1 and COMCOP1/GO 16 wt% were 94.5 and

78.4 kJ/mol, respectively, whereas, those of estimated by FWO method were 103.5

and 87.0 kJ/mol. We indicate that well-defined single chain polymer molecule

(SCPM) via intramolecular cyclobutane formation could be obtained by the intrachain

photodimerization of coumarin groups during UV irradiation at 365 nm diluted solu-

tion of COMCOP1. The photodimerization of coumarin groups in the copolymer was

confirmed by UV–vis, FT-IR, and 1H-NMR instruments. Dielectric and electrical

behaviors of the composites having a semiconductor behavior filled GO were investi-

gated. The activation energy values based on dc conductivity for COMCOP1 loaded

GO 10 and 12 wt% were decreased from 0.206 to 0.069 eV. Also, the Ea values esti-

mated for COMCOP2-loaded GO 12 and 13.6 wt% were 0.0580 and 0.0859 eV,

respectively.
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1 | INTRODUCTION

The polymers such as polystyrene (PS) and poly(methyl methacrylate)

(PMMA) have attracted attention in many routine applications due to

their excellent transparency, processing convenience, and high

modulus. The thermal behavior of PMMA and its composites has been

extensively studied.1,2 It was noted that the estimated activation

energies used for the estimation of the thermal stability of these poly-

meric materials were determined from the weight loss curves of the

thermal decomposition process in the literature.3 The low glass
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transition temperature (Tg) and relatively poor thermal stability of

PMMA have limited its many applications to some extent. To remove

this problem, it will be a good way to prepare various copolymers

from monomers having with bulked side groups or to develop desired

composites by adding an inorganic fraction. In this regard, coumarin

and its derivatives are among the classes of heterocyclic compounds

due to having the physical and biological properties. Coumarin deriva-

tives have become the focus of chemists' study due to their many

important electro-optical properties and biological activities. Couma-

rin and its derivatives are one of the most active classes of com-

pounds with a wide range of biological activities.4,5 It is known that

homopolymer or copolymers containing coumarin are widely used in

many fields such as electro-optic materials, organic–inorganic hybrid

material design, biochemicals, liquid crystal materials, and energy

transfer materials.6 By preparing very low dilute solutions of

coumarin-containing homopolymer or copolymers, when exposed to

UV light at λ > 350 nm, it can be controlled by the formation of cyclo-

butane intramolecularly with a cycloaddition, and as a result of dimer-

ization in the chain it can results in to the formation of single chain

polymer molecules (SCPM).7 The photodimer of coumarin has been

known for nearly 60 years; the photodimers of several substituted

cournarins have also been prepared.8 Although the most of studies on

related to the synthesis of coumarin and its derivatives are available,

the incorporation of coumarins into polymers has been paid to very

little attention.9,10 For this reason, it is expected that the study of

photodimerization of coumarin containing copolymers and the electri-

cal characterization of composites will make important contributions

to the literature.

In this paper, although many papers published on the synthesis of

coumarin and its derivatives are available, as far as we know there are

no studies on kinetic and electrical characterization of coumarin-based

copolymers and their composites loaded with GO. For this purpose,

considering that there are no photodimerization studies of coumarin-

containing copolymers and the thermal and electrical characterization

of GO-loaded composites, this study is a guide for polymer

researchers and it is important to contribute. Therefore, the effects of

graphite oxide on thermal and electrical behaviors of coumarin-based

methacrylate copolymers prepared by free radical polymerization

method were specially investigated and discussed. Their thermal

behaviors were revealed using differential scanning calorimetry (DSC)

and thermogravimetric analysis (TGA) instruments. The improvement

of Tg and thermal stability were specially discussed. A kinetic of the

thermal decomposition of COMCOP1/GO 16 wt% was revealed using

thermogravimetric analyzer with nonisothermal methods selected for

analyzing solid-state kinetics data. In addition, we report a new and

easy method for preparing SCPM via intramolecular photo-

dimerization of coumarin groups located on the same chain without

cross-linking upon UV irradiation at 365 nm in a diluted copolymer

solution. Dielectric and electrical behaviors of the copolymer compos-

ites having a semiconductor behavior filled with GO were investi-

gated. The σac versus frequency to determine the origin of the

conduction mechanism of COMCOP1 loaded GO 12 wt% was

investigated.

2 | EXPERIMENTAL

The methyl methacrylate (MMA), the methacryloyl chloride and

7-hydroxy, 4-methyl coumarin were provided from Sigma-Aldrich.

MMA was used after distillation under vacuum. The 2,20-

azobisisobutyronitrile (AIBN) was recrystallized within methanol by

dissolving within chloroform. The tetrahydrofuran (THF), ethyl alcohol,

and dichloromethan were used as received.

The synthesis of 4-methyl-2-oxo-2H-chromen-7-yl methacrylate

(COUMA) monomer was carried out from reaction of methacryloyl

chloride and 7-hydroxy 4-methyl coumarin according to the usual

method.11

The coumarin-containing copolymers were prepared by free radi-

cal copolymerization method. The synthetic procedure was as follows.

MMA (1.0 g, 10 mmol), COUMA (2.44 g, 10 mmol), and AIBN

(0.034 g) were dissolved in 8 ml 1,4-dioxane in a 20.0 ml-

polymerization flask. The reaction mixture was passed with argon gas

for 10 min. The polymerization flask was then placed in a preheated

oil bath at 60�C for 24 h. Because olefinic C═C band (at 1634 cm�1),

which is characteristic for units of COUMA and MMA in Fourier-

transform infrared spectroscopy (FT-IR) spectrum was considerably

decreased, the polymerization reaction was stopped, and it was

cooled to room temperature. The copolymer was collected after two

times of precipitation in ethyl alcohol, and dried under vacuum at

40�C for 24 h. From the 1H NMR spectrum (in CDCl3), composition of

COUMA and MMA were calculated to be 49% and 51% (by mol),

respectively. In this regard, it was used to estimate composition of

copolymer and the resonance signals of ═CH next to C═O group in

the COUMA unit and the OCH3 groups of MMA at 6.23 and

3.61 ppm, respectively.

To prepare composites of COMCOP1 and COMCPO2 with GO,

the copolymers were first dissolved in dichloromethane in a beaker at

room temperature. On the other hand, the dispersed GO powder in

dichloromethane in a separate beaker was sonicated for about 2 h at

25�C. Then, COMCOP1 solution was poured to dispersed GO solu-

tion at distinct amounts to get desired composition. The mixed

solutions were further sonicated for a few times at 25�C. Subse-

quently, every solution was precipitated within methyl alcohol and fil-

tered. The composites were dried under vacuum, and they were

treated for least 30 min with agate mortar to finely powder. The

amounts of GO in the COMCOP1/GO composites were 10, 12, and

16 wt%. Also, the amounts of GO in the COMCOP2/GO composites

were 12, 13.6, and 15 wt%. All the tablets prepared under about

4 tons pressure were about thickness of 0.60 mm and area of

1.32 mm2.

FT-IR spectra were recorded on a Perkin Elmer Spectrum One

FT-IR spectroscopy. Nuclear Magnetic Resonance (1H NMR) spectra

were recorded on a Bruker Avance III 400 spectrometer using CDCI3

as solvent. The absorbance was recorded against wavelengths

between 200 and 400 nm using UV–vis spectrophotometer

(Schimadzu UV mini 1240). TGA and DSC measurements of samples

were performed using Shimadzu-50 technique under flowing nitrogen

(in the flowing rate of 10 ml/min) from ambient temperature to 500�C
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at heating rates of 10 and 20�C/min, respectively. TGA thermograms

were used to determine the activation energies related to the thermal

decomposition. So, TGA measurements for kinetic parameters were

carried out at heating rates of 5, 10, 15, 20, and 30�C/min. The

dielectic measurements were investigated in the temperature range

303–370 K using the QuadTech 7600 LRC Impedance Analyzer over

a frequency range of 100 Hz–2 kHz. A computer for data collection

was interfaced to this instrument. The dc conductivity measurements

were performed using the FYtronix Electrical Characterization device.

3 | RESULTS AND DISCUSSION

The structure of COUMA and MMA copolymers were confirmed by
1H-NMR spectra as indicated in Figure 1. While methyl and olefinic

protons ( CH3 and C═CH next to ester and on the ring of COUMA)

were appeared at 2.46 and 6.23 ppm, the methyl ( CH3) and methy-

lene protons ( CH2 ) in copolymer backbone contributed to the sig-

nal around 0.91–1.90 and 2.0–2.5 ppm, respectively. The peaks at

3.61 ppm indicated chemical shifts of the methoxy (CH3O ) protons

of MMA units. The characteristic peaks of the protons of COUMA

and MMA showed the linking of COUMA and MMA moieties to the

polymer backbone. The composition ratio of COUMA and MMA in

the copolymers was estimated from integration heights of 1H-NMR

spectra as indicated (see Figure 1). For this purpose, the copolymer

composition ratio of COUMA and MMA in the copolymers was esti-

mated by proportion to each other the integral height of three pro-

tons observed at 3.61 ppm (CH3O protons) of MMA unit and

integration heights of one H in COUMA unit observed at 6.23 ppm.

For example, the height of integration per olefinic hydrogen in

COUMA unit is 1 unit. On the other hand, the total integration heights

for 3H (CH3O next to ester carbonyl) of the MMA unit is 3.15 units,

that is, the integration value per 1H is 1.05 (3.15/3) units. Here,

because the total number of protons is 2.05 units, the mole fraction

of COUMA in the COUMA-MMA copolymer was estimated as 0.487

(49%). With similar calculation, the mole fraction (%) of COUMA unit

incorporated in other copolymers was calculated to be 36%. The FT-

IR spectra of COMCOP1 and COMCOP2 showed the most character-

istic bands of COUMA and MMA units at 1730 cm�1 (C═O

stretching) and 1624–1572 cm�1 (C═C stretching), respectively. Main

assignments of absorption bands of the copolymer are as follows:

2993 cm�1, ( CH2 ) C H bending; 2923 cm�1, (CH3 ) C H bend-

ing; 1755 cm�1 C═O in the ester functional group of methacrylate in

COUMA unit 1730 cm�1 C═O in the ester functional group in MMA;

1624, 1615, and 1572 cm�1 (C═C stretching), a sharp band at

1261 cm�1 and a broad band at 1131 cm�1 are assigned to Ar O C

symmetric and asymmetric stretching vibration of the ester group,

respectively.

F IGURE 1 1H-NMR spectra of COMCOP1 and COMCPO2 (solvent is CDCI3)
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Figure 2(A,B) indicates DSC thermograms for the pure COM-

COP1, COMCOP2, and their composite filled with GO, respectively.

After full curing, the Tg's of COMCOP1 and COMCOP2 were mea-

sured at 20�C/min by a second scan as the temperature of the half-

way point of the heat capacity transition when the material was

converted from glass to rubber. The Tg values of neat COMCOP1 and

COMCOP2 are 166 and 137�C, respectively. The Tg of PMMA has

been recorded as 109.5�C in the literature.12 With an incorporation of

49 mol% COUMA content, the Tg of COMCOP1 increased to 166�C,

which was higher 56.5�C than that of the control PMMA. But, Tg of

COMCOP2 decreased with the decrease of COUMA content in the

copolymer system, for example, when the content of COUMA in

the copolymer system have reached to 36 mol%, the Tg drops to

137�C. In this regards, Tg values of copolymers increased by the

incorporation of COUMA units to the copolymer system. In the litera-

ture, it has been recorded that the Tg value of copolymers in the dif-

ferent ratios of increasing COUMA unit for coumarin-based

copolymers containing butoxyethyl methacrylate have increased.13

When GO content in the COMCOP1 increased from 10% to 16%, the

Tg value increased from 162 to 173�C. In this regard, we think that

movement ability of the chain is limited due to the strong effect of

strong dipole–dipole interaction between coumarin group, which is a

bulk group and GO may be another factor that affects the Tg value.

On the other hand, while the Tg of neat COMCOP2 is 137�C. Tg

values of COMCOP2 composite containing GO 12, 13.6 and 15 wt%

were relatively 143, 150, and 170�C, respectively. The reason for such

an interesting behavior can be attributed to that the graphite oxide

particles in the copolymer reflect the movement ability of the chain.

The transition of n or π electrons to the π* excited state of the

UV–vis region at wavelengths ranging from 200 to 400 nm is the main

characteristic of electronic absorption spectroscopy of organic com-

pounds. Thus, UV spectra provide important information on energy

difference between boundary molecular orbitals, conjugation, and aro-

maticity. The dimerization of coumarin in the COMCOP1 was carried

out by irradiation of a THF solution of copolymer at 365 nm for 240 h

in the presence of 15 W UV light at 365 nm. In this regard, The for-

mation of photodimerization of the coumarin group in the prepared

low dilute solution of the copolymer bearing the coumarin group was

followed by UV–vis spectroscopy. UV–vis spectra of copolymer

recorded over irradiation time are shown in Figure 3. It shows UV–vis

spectra given in comparison with each other and recorded in the THF

solution at different times for COMCOP1.

The absorption peaks are observed at 310 and 278 nm without

the aid of additional catalysts. It can be deduced that these peaks

imply to the n ! π* and π ! π* transitions, respectively. The maxi-

mum peak intensity of the n ! π* transition in the coumarin group at

310 nm decreases depending on the ongoing irradiation time, indicat-

ing an increase in the degree of dimerization. The polarity of solvent

F IGURE 2 Differential scanning
calorimetry curves of (A) neat COMCOP1
(b) composites loaded GO 10 wt%,
(c) 12 wt% and (d) 16 wt%; (B) (a) neat
COMCOP2 (b) composites loaded GO
12 wt%, (c) 13.6 wt%, (d)15 wt%
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during photochemical processes has recently been shown to play an

important role where excited state, otherwise inversion is possible. As

seen in Figure 3, as the time increases, the maximum peak intensity

decreases, the peaks reflect the contribution of π–π * transitions of

conjugated benzene and pyron groups in the 4-methylcoumarin chro-

mophores in the copolymer structure. Since the double bonds of the

4-methylcoumarin in the copolymer structure gradually dimerize to

form cyclobutane ring and dilactone under 365 nm UV light, the con-

jugation between the double bonds and the phenyl ring can be signifi-

cantly reduced as a result of homolitical breakage of the C═C bond

adjacent to the ester C═O group or destructible (see Scheme 1). As a

result, the intensity of absorbance bands becomes more and more

weak. According to the literature studies, four isomeric structures of

coumarin dimers have been recorded.14,15 This reversible process pro-

vides reversible state networks in supramolecular architectures,16 this

behavior creates a useful reaction pathway in the polymer field from

photodimerization of coumarin-based structures. Similar behavior was

also observed for COMCOP1 prepared in this study. Photo-

cycloaddition of coumarin derivatives [2πs + 2πs] with the photo-

cyclobutane derivatives themselves even another double bond in the

reaction medium upon irradiation with UV light (>300 nm) is widely

used in the synthesis of polymeric networks.17,18

The FT-IR spectra of COMCOP1 irradiated at 365 nm and neat

COMCOP1 were compared with each other. So, the 1572 cm�1

(C═CH) band, which appears to be moderate in neat COMCOP1, but

that of COMCOP1 irradiated at 365 nm was too much weakened. In

addition, aliphatic C H stretching at 1419–1497 cm�1 were impor-

tant changes for photodimerisation of coumarine units. In addition,

the lactone C═O band could not be observed due to overlapping in

the same region as both the C═O band of six membered lactone ring

and ester C═O band in the methacrylate unit. The 1H-NMR spectrum

was very informative to follow dimerization of coumarin in the COM-

COP1. Figure 4 shows cyclobutane conversion depending on time.

The spectrum revealed the presence of methoxy group (at 3.61 ppm)

and the proton (at 6.23 ppm) over carbon–carbon double (π) bonds

next to ester C═O group in the COMCOP1. The intensity measure-

ments showed that the ratio of proton (at 6.23 ppm) over carbon–

carbon double (π) bonds in the COUMA units to methoxy protons in

MMA units of copolymer indicated both convertion of cyclobutane

and composition of copolymer. The intensity of this signal (6.23 ppm)

decreased upon time. In this regard, when solution in CDCI3 of the

copolymer was irradiated with UV light at 365 nm for seventh day,

F IGURE 3 (A) UV–vis spectra of COMCOP1 in diluted solution of
THF and (B) composition of COUMA in the copolymer and
percentage of dimerization dependence time of COMCOP1 in diluted
solution of CDCI3 recorded after UV irradiation showing
photodimerization upon at 365 nm irradiation

SCHEME 1 Formation of single chain polymer molecule possessing the head-to-head cis cyclobutane structure with the photodimerization of
coumarin in the COMCOP1 structure with 365 nm UV light
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integral intensities of protons at 6.23 and 3.61 ppm were 0.22 unit

(1H) and 1.0 unit (3H or per hydrogen is 0.333 unit), respectively.

Hence, the composition of copolymer and convertion to cyclobutane

were 39.7% and 33.3%, respectively. After 12 days, the COUMA units

in the COMCOP1 copolymer system were decreased from 49% to

31% (by mol). Also, a new resonance peak appears at 3.45 ppm, which

is characteristic for formation of cyclobutane ring. As photo-

dimerization of coumarine increases, the intensity of peak ad

3.45 ppm increased. This increase in resonance signal was another

important evidence of photodimerization. The molecular interactions

should arise mainly from the interaction between COUMA units

within the same copolymer chain. Therefore, this behavior indicates

the formation of a SCPM with intramolecular dimerization and with-

out cross link. From 1H NMR measurements of every irradiated copol-

ymer solution, the composition of moieties having coumarin in the

copolymer was estimated. It can be concluded that the coumarin moi-

eties present are the control factor for photoreversibility at 365 nm

UV light. Although coumarin moieties at high diluted copolymer have

decreased from 49% to 31% (by mol) at 365 nm UV light, it was

observed that not occurred cross-linked networks in the copolymer

solution in the CDCI3. The ability to record the 1H-NMR spectrum of

the very dilute solution in CDCl3 irradiated for up to 12 days at

365 nm is another proof that the copolymer was not cross-linked. This

behavior indicates that the photodimerization tendency of interchain

coumarin groups is more difficult than that of intrachain coumarin

groups, as the coumarin-containing copolymer was highly diluted in

CDCI3. For this reason, cross-linked polymers cannot be formed in the

solution. Hence, as seen in Scheme 1, we suggested that dimerization

occurs within the copolymer chains, not between the copolymer

chains of the coumarin units. All of these results indicated that the

formation of cyclobutane due to the intramolecular dimerization of

coumarin moieties in the copolymer confirms the successful formation

of the single chain polymer molecule. In addition, at our study, the

photodimerisation processes of coumarin units in the dilute solution

of both THF and CDCI3 of COMCOP1 indicated that the copolymer

was not crosslink up to 12 days.

All the isoconversional methods take their origins in the

isoconversional principle, which states that the reaction rate in a cer-

tain constant conversion is only a function of temperature. The major-

ity of kinetic methods used in thermal analysis field consider the rate

depending upon temperature (T) and conversion (α) to be a function

of only two variables:

dα=dt¼ k Tð Þf αð Þ: ð1Þ

The dependence of the process rate on temperature is denoted

by the rate constant k and the transformation model f(α). The rate of a

one-step process is described by Equation (1). For this kinetic study of

COMCOP1 and COMCOP1/GO 16 wt% for seven conversion rates

(α = 0.1–0.7) at the heating rates of 5, 10, 15, 20, and 30�C/min can

be seen in Figure 5. The kinetic of thermal degradation can be possi-

ble to estimate from the TGA curves using various methods. In this

regard, the results obtained from thermogravimetric measurements

are presented via model-free methods to estimate the kinetic parame-

ters. A straight line whose slope used in the calculation of activation

energy (Ea), it is derived from the logβ versus 1/T plot from the data of

a series of experiments performed at several heating rates, from

which the Ea is calculated.

ln βð Þ¼Constant-1:052:Ea=R:T: ð2Þ

In Equation (2), R is a constant and β is the heating rate (oC/

min). The Akahira-Sunose (KAS) model is used to estimate activa-

tion energy more comprehensively than any other multiple heating

rate technique due to its simple use. Using Equation (3), the KAS

method gives a relationship between heating rates and activation

energy.

F IGURE 4 1H-NMR spectra in CDCI3 of (A) COMCOP1 before
UV light and (B) 5 days, (B) 7 days, (D) 12 days after UV light at
365 nm
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lnðβ=T2Þ¼ ln AR=Ea �g αð Þð Þ½ �� Ea=RTð Þ: ð3Þ

The Ea required for a particular decomposition is calculated by the

slope of the line obtained from graph of the ln(β/T2) versus 1/T. On

the other hand, the activation energy for a certain conversion point

(α) is determined from the equation that the slope is equal to �Ea/R.

In this regard, the FWO plot lnβ versus 1000/T K�1 for different

values of conversion are shown in Figure 6(A), The KAS plot of lnβ/Τ2

versus 1000/T (K�1) for different values of conversion are shown in

Figure 6(B). The FWO and KAS plots of COMCOP1/GO 16 wt% were

obtained. The Ea values were estimated by FWO and KAS methods

considering the conversion range studied (α = 0.1–0.7). The average

values of activation energy obtained from Kissinger method for COM-

COP1 and COMCOP1/GO 16 wt% were 94.5 and 78.4 kJ/mol,

respectively. Whereas, those of estimated by FWO method were

103.5 and 87.0 kJ/mol. Those data are consistent with the range of

values obtained by the FWO and KAS methods. This behavior indi-

cates that the models adequately describe the process of pure copoly-

mer and its composite. In this regard, the activation energy during

decomposition of neat copolymer and its composite had little varia-

tion in both methods used, which allows it to be adequately described

as single-stage kinetic.19 It has been recorded that the Ea value for the

pure commercial PMMA decreased from 160 to 110 kJ/mol between

α = 0.05 and 0.55 in the literature.20 Laachachi et al. recorded similar

results for the thermal degradation of PMMA in air.3

Figure 7(A,B) shows the plots of activation energy as a function

of conversion for α =0.1–0.7 of COMCOP1 and COMCOP1/GO

16 wt% composite based on two isoconversional methods. The esti-

mated activation energy range is also clearly observed in Figure 7(A)

with a “V” shape between 86.6 and 123.6 kJ/mol (for FWO) and 78.7

and 118.0 (for KAS). As the thermal decomposition process proceeded

in the COMCOP1 for FWO method, the activation energy slightly

changed after the initial stage and decreased until α = 0.40, and the

minimum activation energy was this point with 86.6 kJ/mol. After this

point, it was observed an immediate increase in Ea. Subsequently,

there was an immediate increase to 103.7 kJ/mol (for α = 0.70). The

similar trend was observed for KAS method until α = 0.40, and the

minimum Ea was this point with 86.6 kJ/mol. On the other hand, as

seen in Figure 7(B), the plot of Ea as a function of conversion for

COMCOP1/GO 16 wt% composite was difference from that of pure

copolymer. The activation energies estimated for FWO and KAS

F IGURE 5 Thermogravimetric analysis curves of (A) COMCOP1

and (B) COMCOP1/GO 16 wt% at heating rate of 5, 10, 15, 20, and
30�C under argon gas flow of 10 ml/min F IGURE 6 (A) Flynn Wall and Ozawa and (B) Akahira-Sunose

plots of COMCOP1 for different values of conversion
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methods not changed considerably up to α = 0.40. The activation

energies after this point increased and given a maximum 144.9 kJ/mol

(for FWO) and 129.6 kJ/mol (for KAS method).

The complex permittivity (ε*) associated with free dipole swing

can be studied according to the Debye equation as ε* = ε0 � iε00.21

The real part (ε0) of complex permittivity is responsible for the electri-

cal energy saving ability when an external electrical field is applied

and the imaginary part for the power dissipation of the material. The

ε0 of the sample is a function of capacitance and it is estimated

depending upon capacitance measurement as:

ε0 ¼C:d= εoAð Þ: ð4Þ

In the above Equation (4), A is the area of the electrode, C is the

parallel capacitor, εo is the permeability of the space, and t is the

thickness of the sample. It is known that with increasing frequency,

the dielectric constant decreases due to its non-Debye behavior for

the lower frequency range. Figure 8(A,B) indicates dielectric constant

dependence frequency of COMCOP1 composites loaded GO 10, 12,

and 16 wt% at 100�C and dielectric loss factor dependence frequency

for COMCOP1/GO 12 wt% composite in various temperatures from

100 Hz to 2 kHz. Since the ε0 is systematically decreased with increas-

ing frequency due to the polarization effect, the charge accumulation

in the prepared tablets also reaches constant values. The real part of

complex permittivity is responsible for the electrical energy storage

capability when an external electric field applied, and the imaginary

part is responsible for the power dissipation of the material. In the

prepared composite systems, filler GO as conductive component is

polar due to possessing functional groups, such as COOH, OH, and

epoxy groups, and furthermore matrix nature of the COMCOP1 has

also polar group. Therefore, with the addition of GO, dipolar and

interfacial polarizations increase. Due to the addition of GO to

F IGURE 7 Activation energy variation with conversion for
(A) pure COMCOP1 and (B) COMCOP1/GO 16 wt% composite

estimated from Flynn Wall and Ozawa method and Akahira-Sunose
method

F IGURE 8 (A) Dielectric constant dependence frequency of
COMCOP1 composites loaded GO 10, 12, and 16 wt% at 100�C and
(B) dielectric loss factor dependence frequency for COMCOP1/GO
12 wt% composite at various temperatures
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COMCOP1 the conducting path is formed (GO particles contact each

other and link with COMCOP1 chains) increasing conductivity, per-

mittivity, and polarization of composites. The value of dielectric con-

stant measured at our laboratory for neat COMCOP1 for 1 kHz at

30�C is 3.13. For COMCOP1/GO composites 10 and 12 wt% GO

loading (see Figure 8(A)), the values of dielectric constant were 12.3

and 36.03 at 1 kHz and 30�C, respectively, while, the maximum values

of dielectric constant were 13.42 and 42.95 at 1 kHz and 100�C,

respectively. That of COMCOP1 16 wt% GO loading is 638.4 at

100 Hz and 100�C. The π bond in the GO is loosely attached com-

pared to the sigma bond, and it is easily polarized. So, it is revealed

that with increasing temperature dielectric constant increases. This

behavior indicated that has more polarization at lower frequencies in

the applied field when COMCOP1/GO composite contains more

GO. It is clear that the value of dielectric constant decreases sharply

up to about 600 Hz and no changes are observed beyond this point.

When the dielectric constant (ε0 = 4.3 at 100�C) of COMCOP1 com-

pared to that of composites, it can be said that the dielectric constant

of composites increases with the increase in the amount of GO and

the dielectric constant remains constant at high frequencies. The

values of dielectric loss factor for COMCOP1/GO composites with

12 wt% GO loading were measured at 35, 85, and 100�C for 1 kHz

and are indicated in Figure 8(B), and the values of dielectric loss factor

were found as 1475.2, 7513.2, and 9368.5, respectively. While, the

maximum value of dielectric loss factor measured at our laboratory

for neat COMCOP1 at 30�C for 1 kHz is 0.333. The dielectric loss fac-

tor, ε00, increases depending upon increasing temperature while

decreases with increasing frequency due to friction between dipoles.

The frictional effect leads to a loss of energy named dielectric loss,

which is dissipated as heat in the composite.21 In this regard, dielectric

loss factor, especially due to the limited chain movement of coumarin-

based methacrylate and MMA units with ester functional groups is

less effective under the glass transition temperature of the polymer

and slowly increases with temperature at low frequencies. Because of

the dielectric loss factor is low at high frequencies, it remains almost

constant even if the temperature increases.

Figure 9 shows change versus frequency dependent ε0 and ε00 of

COMCOP2 doped GO 13.6 wt%. From those figures, it is clear that

the dielectric constant decreased monotonically with increasing fre-

quency and attains a constant value at higher frequencies. The value

of dielectric constant measured at 30�C for 1 kHz is 4.67. Similar

behavior was also observed for a most of polymers.22,23 As the

applied field is raised, it is known that the initial value of dielectric

constant for polar materials is high depending upon the polarization

effects, then it begins to drop, which could be due the dipoles not able

to follow the field variations at high frequencies.24 Frequency depen-

dence of dielectric loss at room temperature for COMCOP2 doped

GO 13.6 wt% has been given in Figure 9. The dielectric loss at 100 Hz

for this composite was 8078.6. A moderate decrease in dielectric loss

from 8078.6 to 2570.0 was observed. As the frequency increased

from 100 Hz to 2 kHz, dielectric loss values decreased for this com-

posite. The similar behavior has been recorded in the literature.25 The

exponential factor s is investigated as a function of temperature in

order to determine the origin of the conduction mechanism. Values of

s at two different temperatures such as 85 and 100�C for the investi-

gated COMCOP1/GO 12 wt% were calculated from the slopes of lin-

ear part of the relation of lnF � lnσac (Figure 10). As seen in Figure 10,

s values estimated from slope of graph plotted for lnσac (S/cm) versus

lnF at 85 and 100�C for COMCOP1/GO 12 wt% are 0.518 and 0.288,

respectively. As the temperature increases, it is understood that the

plateau region of dc conductivity extends toward high frequencies,

while the charge carriers maintain their mobility even at these fre-

quencies. The electrical conductivity follows the power law.26

σac ¼ σdcþAws: ð5Þ

In the Equation (5), σdc is direct current conductivity, A is a con-

stant and s is power law exponent. So, the ac conductivity data using

is fitted from the above equation. This event indicates that the corre-

lated barrier hopping (CBH) conduction mechanism of this composite

is predominant, as the s value decreases with increasing temperature.

The conduction mechanism based on the nature of the variation of

parameter with temperature is suggested by a few theoretical models.

The small polaron (SP), the quantum mechanical tunneling (QMT), the

overlapping large polaron (OLP) and the CBH are known to be among

the most applicable models.27 In this regard, those theoretical models

have different behaviors. Among these models, the QMT model has

temperature independent behavior. In the SP model, it is based on the

predominance of conduction due to increased temperature. It is

important to realize that the CBH model takes into account that car-

riers jump over a potential barrier between two regions that separates

them.28 In the light of those information, COMCOP1/GO 12 wt% can

be said that the trend decreasing with temperature, the CBH model

has a behavior closer to the conduction mechanism.

Figure 11 (A,B) shows the current–voltage relationship of COM-

COP1/GO and COMCOP2/GO composites, respectively. All the

prepared composites showed a semiconducting behavior at all

F IGURE 9 Dependence of ε0 and ε00 as a function of frequency for
COMCOP2 filled GO 13.6 wt% at 100�C
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temperature range. The filling amount should be contained at least

10 wt% GO for occurring dc conductivity in GO-filled composites in

the composites that we have prepared. Here, for all the samples, the

current (A) increases linearly when the potential difference (V) applied

as well as the percentage of GO incorporated into the polymer matri-

ces were increased. In this regard, the conductivity got increased from

300 to 370 K showing semiconducting behavior depending upon the

heating. The dc conductivity of composites is much greater than

the pure copolymers and the magnitude of conductivity increases

with increase in content of particles up to certain weight percentage

(16 wt%). As shown in Figure 11A all the samples showed a linear var-

iation of current–voltage (I–V), and this event indicates that the

attachment of GO particles into the polymer exhibits an ohmic con-

duction. The maximum current values for COMCOP1/GO 12 and

16 wt% composites were estimated 0.0181 and 8.53 � 10�4 A at 1 V

for 298 K, respectively. Whereas, those of COMCOP2/GO 13.6 and

15 wt% composites as seen in Figure 11B were 3.03 � 10�5

and 0.0026 A at 1 V for 298 K, respectively. So, the current increased

with increase in the concentration of GO. It is suggested that the high

electrical conductivity of the composite containing 16 wt% GO is

mainly due to the strong interface interaction between GO and the

copolymer bearing polar groups. It is also known that the conductivity

of a composite depends on the crystal structure and morphology.29

In order to reveal the temperature dependence of the change in

conductivity of composites prepared with the addition of GO, dc–

temperature curves were obtained. The conductivity curves were

formed with Arrhenius equation.30,31

σdc ¼ σoexp �Ea=kBTð Þ: ð6Þ

In the Equation (6), σdc is direct current conductivity, k is

Boltzmann constant, and Ea indicates activation energy. In the light of

the data obtained, lnσdc � 1000/T graphs were drawn for all samples,

and activation energies corresponding to the decomposition degrees

were calculated. From above Equation (6), �Ea/kB, is equal to slope of

plotted lnσdc � 1000/T graphs. On the other hand, the activation

energy is obtained by multiple of 0.086. lnσdc � 1000/T of COM-

COP1 composites with 10 and 12 wt% loading of GO particles were

plotted. The electrical conductivity of the samples increased with the

addition of GO particles. The highest conductivity value was found in

COMCOP1/GO 12 wt% composite. In addition, it was clearly seen

that the conductivity increased with increasing temperature. The Ea

values estimated for COMCOP1 loaded GO 10 and 12 wt% are 0.129

and 0.076 eV, respectively. These values can be said to have very low

activation energies compared to those of some composites.32 The

low activation energies estimated suggest that both segmental motion

of polymer molecules and the hopping mechanism contribute equally

in coupled form of transportation for COMCOP1/GO composites.

Also, this behavior may be due to the fact that the addition of more

amounts of GO forms charge transfer complexes in the host lattice.33

The charge transfer in the composite creates more electrical conduc-

tivity by providing additional loads in the lattice. In other words, this

F IGURE 11 Current (I) - Voltage (V) characteristics of A)
COMCOP1 and B) COMCOP2 composites (for various concentrations
of GO)

F IGURE 10 Dependence of lnσac (S/cm) as a function of lnF for
COMCOP1/GO 12 wt% composite at two different temperatures
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behavior means that the activation energy required for transmission

decreases. Addition of GO increases carrier concentration and

increases carrier mobility by possibly reducing the double Schottky

barrier at the carrier boundaries, which provides a high electrical con-

ductivity for composites.34,35 The variation of activation energy as a

function of GO wt% for COMCOP2/GO composites. COMCOP2/GO

13.6 wt% composite shows the lowest activation energy compared

(0.0580 eV) to other prepared composite. This behavior indicates that

there may be more than one conduction center depending on the filler

concentration in the composite. According to Jonscher,35,36 he

emphasized that values greater than 0.8 eV may have ionic transport

and below this value an electronic transmission mechanism. In addi-

tion, the excess of GO particles in the composite realizes the tendency

to make direct contact from the formation of paths that provide more

conductivity, and this behavior causes more electrical conductivity.

The Ea values estimated for COMCOP2 loaded GO 12 and 13.6 wt%

are 0.0580 and 0.0859 eV, respectively.

4 | CONCLUSION

The COMCOP1 and COMCOP2 were prepared by free radical poly-

merization method. Their composites loaded GO were prepared. We

indicated that well-defined SCPM could be occurred via the intrachain

photodimerization of coumarin groups upon UV irradiation at 365 nm

diluted solution of COMCOP1. The dimerization of coumarin moieties

in the copolymer structure was confirmed by UV–vis, 1H-NMR, and

FT-IR instruments. The new resonance peak appeared at 3.45 ppm,

which are assigned to the formation of cyclobutane ring was another

important evidence of dimerization. At our study, in the photo-

dimerization processes of coumarin units in the dilute solution in the

CDCI3 of COMCOP1 indicated that the copolymer was not crosslink.

Thermal stability of the COMCOP1 and COMCPO2 and their com-

posites loaded GO was studied using TGA and DSC, the results show

that COUMA:MMA = 49:51 and 36:64 ratios is thermally more stable

than the others, also the Tg value increases with the increase of

COUMA content in the COMCOP1 and COMCPO2. Ther-

mogravimetric analysis and nonisothermal multiple heating rate

methods were used to examine the thermal stability and thermal deg-

radation kinetics of COMCOP1 and COMCOP1/GO 12 wt% after

adding GO. So, it was seen that the thermal stability of COMCOP1/

GO 12 wt% composites with different GO loadings has decreased as

compared to COMCOP1. Activation energies and slopes were esti-

mated using model-free methods. The values of the activation energy

are consistent with the range of values obtained by the FWO and

KAS methods and are very close to their average values equal to

93.47 and 87.07 kJ/mol, respectively. The experimental results

showed that the values of the kinetic parameters are good agreement,

and FWO and KAS, which are the model-free methods satisfactorily

defined the complexity of the decomposition process. Dielectric con-

stant (ε0) and dielectric loss (ε00) were measured on neat COMCOP1

and COMCOP2 containing different weight ratio of GO at different

temperatures and frequencies. It has been found that both the

dielectric constant and dielectric loss increase with the increasing

amount of GO in the composite with the increasing content of filler.

The activation energy values based on dc conductivity were

decreased from 0.206 to 0.069 eV with the increasing amount of

GO. In addition, the Ea values estimated for COMCOP2 loaded GO

12 and 13.6 wt% are 0.0580 and 0.0859 eV, respectively.
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