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Abstract
In this study, a new methacrylate monomer, methyl-4-{[(methacryloyloxy)acetyl]oxy}benzoate (MMOAB) was synthesized 
and copolymerized with glycidyl methacrylate (GMA) by the free radical polymerization at 65 °C in the 1,4-dioxane solvent. 
The compounds are characterized by FTIR, 1H- and 13C-NMR techniques. The copolymer composition was determined 
from the 1H-NMR data. The microstructures of the copolymers were found from the mean sequence length and run number. 
Thermal properties of polymers were determined by differential scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA) methods. The thermal decomposition activation energy (Ea) values were determined by Kissinger, Kissinger–Akahira–
Sunose (KAS), and Flynn–Wall–Ozawa (FWO) methods. Some copolymers showed good biological activity against various 
microorganisms. Dielectric constant, dielectric loss factor, and AC conductivity values of the copolymers were estimated with 
the 100 Hz–20 kHz frequencies range. The dielectric study reveals that MMOAB units improve the dielectric properties of 
copolymers. The variation of electrical conductivity with frequency showed that the σ value increased linearly with increasing 
MMOAB content. The frequency dependence of the conductivity indicates that the transmission occurs through the barrier-
hopping process. In addition, impedance measurements were performed over a wide frequency range. The obtained results 
showed that poly(MMOAB) and its copolymers could be used to miniaturize electronic devices.

Keywords Methacrylate · Glycidyl methacrylate · Methyl-4-{[(methacryloyloxy)acetyl]oxy}benzoate · Thermal stability · 
Monomer reactivity ratio · Biological activity

Introduction

Functional polymers can be obtained by modifying a mono-
mer or polymer using chemical synthesis methods. Func-
tional polymers are used in every field in our daily life, 
from construction to painting industry, from sports fields 
to recreation areas, from the automobile industry to textile 
industry, from food to agriculture. The ability to adapt the 
structural properties as desired results from the monomers 
themselves and the numerous bonding patterns and binding 
amounts with other monomers. Also, polymers with desired 
functions can be easily prepared by using monomers with 
appropriate functional groups [1–3].

Copolymers are not a mixture of two homopolymers, and 
different monomer units form chemical bonds in a copoly-
mer molecule. A copolymer is obtained if chain polymeri-
zations are made with a mixture of two monomers. Copo-
lymerization is of great technological importance. We can 
design and prepare a product with the desired properties 
with greater freedom of movement by using copolymeriza-
tion reactions. While a homopolymer can be easily broken 
and impact resistant, the products obtained by copolymeriza-
tion of the monomer used in this polymer expand the usage 
areas and this product becomes more useful [4, 5].

Parabens, which are esters of para-hydroxybenzoic acid, 
are known as compounds with antimicrobial activity [6]. 
Parabens are used in skin cosmetics, medicine, food, and 
engineering fields due to their superior antibacterial activity 
and chemical stability [7–10]. The antimicrobial activity of 
parabens increases with the length of their aliphatic chains, 
but in this case, their solubility decreases [11]. Although it 
has been stated in various genotoxic studies that parabens 
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are not mutagenic, it has been shown that ethyl and methyl 
parabens increase chromosomal abnormalities in hamster 
ovary cells but do not cause fetal anomalies even at toxic 
doses [12]. Methylparaben, the subject of our study, is also 
widely used as a preservative in the cosmetics and food 
industries. Acute toxicity studies in animals have shown that 
methylparaben does not cause significant subchronic and 
chronic toxicity [13, 14]. Polymethyl methacrylate (PMMA) 
is a high transparency thermoplastic polymer obtained by 
polymerization of methylmethacrylate monomer. PMMA is 
an alternative to glass because of its transparency, aesthetics, 
and scratch resistance. Methacrylate polymers are widely 
used commercially in the paint, adhesive, and coating indus-
tries due to their many good characteristics such as optical 
transmittance, UV stability, high electrical resistance, and 
high hydrolytic stability [15, 16].

Detailed information can obtain about the thermal behav-
ior of polymers with thermogravimetric test methods. Deg-
radation mechanisms of various polymers can be explained 
with the information obtained from the thermograms. In the 
determination of the thermal properties of polymers, melting 
and glass transition and thermal decomposition temperatures 
are priorities [17].

In this study, a new methacrylate monomer (MMOAB) 
was synthesized, which carries methylparaben in the side 
branch and is not available in the literature. Copolymers of 
MMOAB monomer and GMA commercial monomer have 
not been synthesized before, and their copolymerization 
kinetics have not been determined.

The copolymers of MMOAB with GMA were prepared 
by the free radical polymerization method. In addition, the 
monomer reactivity ratios of the poly(MMOAB-co-GMA) 
system were determined, the thermal and dielectric proper-
ties and biological activities of the copolymers were inves-
tigated, and the results were discussed.

Experimental

Materials

Sodium methacrylate, glycidyl methacrylate, chloroacetyl 
chloride, potassium carbonate, and methylparaben were 
supplied from Aldrich. 1,4-dioxane and dichlorometh-
ane were purified by distillation over magnesium sulfate. 
Azobisisobutyronitrile (AIBN) was recrystallized from a 
chloroform–methanol mixture (v/v:3/1).

Characterization techniques

FTIR spectra were recorded with Perkin-Elmer Spectrum 
BX FT-IR(USA) as KBr disk. 1H and 13C-NMR spectra 
were recorded using Bruker GmbH DPX-400 400 MHz 

spectrometer (USA). The glass transition temperatures of 
the polymers (Tg) were determined by DSC 60H (Shimadzu, 
Japan) instrument using approximately about 10 mg of sam-
ple in aluminum jacks at a nitrogen flow of 5 L/hr and a heat-
ing rate of 10 °C/min. The thermal stability of the polymers 
was determined at a heating rate 20 °C/min and about with 
8–10 mg sample up to 600 °C by a TGA TG60H (Shimadzu, 
Japan) device. The molecular weights (Mw and Mn) of the 
polymers were determined by gel permeation chromatogra-
phy (GPC). The photostability of the copolymers was deter-
mined by UV–Visible Spectrometer (UV-1700 Shimadzu, 
Japan). The dielectric and AC conductivity measurements 
were carried out with a Hioki LCR Meter impedance ana-
lyzer. The dielectric constant, ε′, the dielectric loss factor, 
ε′′ and ac conductivity of polymers were measured for the 
frequency range of 100 Hz to 20 kHz, at 300 K temperature. 
For these measurements, copolymer samples (0.15 g) were 
formed into discs of 13 mm diameter under appropriate pres-
sure (5 tons).

Synthesis of MMOAB monomer

MMOAB monomer was synthesized according to the proce-
dure in the literature to obtain in 90% yield [18]. The reac-
tion flow is shown in Scheme 1.

Preparation of poly(MMOAB‑co‑GMA)

Six different poly(MMOAB-co-GMA) copolymers were 
obtained by taking different MMOAB and GMA monomers. 
The polymerization was carried out at 65 °C in an oil bath 
using 1,4 dioxane as solvent and AIBN (1% of total mono-
mer amount) as initiator. The copolymerization process 
was completed in about 10 h. After the polymerization was 
completed, all copolymers were precipitated in ethanol. For 
purification, dried copolymers were redissolved in  CH2Cl2 
and precipitated in ethanol. After the precipitated polymers 
were filtered, they were dried in a vacuum oven for 24 h. The 
synthesis of the copolymer is shown in Scheme 2.

Biological activity of the compounds

Disk diffusion tests are the most commonly used method 
to determine the antibiotic susceptibility of molecules [19]. 
Biological activity of molecules have investigated two dif-
ferent concentrations (50 and 100 µg) against Staphylococ-
cus aureus ATCC 29,213, Escherichia coli ATCC 25,922, 
Pseudomonas aeruginasa ATCC 27,853, Salmonella enter-
idis and Klebsiella pneumoniae as bacteria and candida albi-
cans CCM 31 as fungi. The results were standardized with 
Penicillin G as standard.
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Results and discussion

Characterization of MMOAB

In the FTIR spectrum of MMOAB, signals of ester car-
bonyls at 1725–1730   cm−1 and stretching vibrational 
bands of double bonds (C = C) at 1635   cm−1 were 
observed. In 13C-NMR, the signals of three carbonyl car-
bons were observed at 169–171 ppm. The 1H and 13C 
NMR spectrums with peak identification of the MMOAB 
is shown in Fig. 1. Detailed FTIR spectrum evaluation of 
MMOAB and poly(MMOAB) is given in Table 1.

Characterization poly(MMOAB)

As seen in Table 1, in the FTIR spectrum of Poly(MMOAB), 
ester carbonyl peaks (OC = O) at 1730–1742  cm−1, aliphatic 

C-H vibrations at 2992  cm−1, and ArC-H vibrational bands 
at 3108  cm−1 were observed. With the polymerization, the 
peak disappeared at 1635  cm−1 of the -C = C- stretching vibra-
tion bands. Another indicator of polymerization in the FTIR 
spectrum is the shift of the stretching vibration band of the 
ester carbonyl groups of methacrylic to 1742  cm−1. In the 1H-
NMR spectrum of poly(MMOAB), Ar–H protons at 7.2 ppm 
and methyleneoxy  (OCH2) protons at 4.7 ppm were observed. 
In the 13C-NMR spectrum of poly(MMOAB), signals at 
169–172 ppm are attributed to ester carbonyl carbons, signals at 
104–158 ppm are attributed to aromatic ring carbons, and sig-
nals at 65 ppm are attributed to methyleneoxy  (OCH2) carbons.

Characterization of the poly(MMOAB‑co‑GMA)

Spectroscopic characterizations of the copolymers were 
performed by FTIR, 1H- and 13C-NMR techniques. The 

Scheme 1  Synthesis of 
MMOAB monomer
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FTIR spectrum of a copolymer sample is shown in Fig. 2. 
The peaks seen in the 1732–1744   cm−1 region are due 
to ester carbonyl stretching vibrations. Aromatic and ali-
phatic C-H stretching vibration bands are observed at 
3093  cm−1 and 2905  cm−1, respectively. Also, the sym-
metrical stretching of the epoxy group is observed at 
1242  cm−1. The C–O stretching is observed at 1161  cm−1. 
Another band seen at 908  cm−1 is due to the asymmetric 
stretching of the epoxy group of GMA. The 1H- and 13C-
NMR spectrum and peak evaluation of the poly(MMOAB-
co-GMA)(0.47:0.53) copolymer are shown in Fig. 3.

Determination of monomer reactivity ratios

The copolymer compositions were determined with the 
help of 1H-NMR spectroscopy data [20]. Thus, the mole 
fraction of MMOAB in the copolymer was determined 
from the ratio of the integrated values of the intensities 
of the peak due to the aromatic protons (4H, 7.8,8,2 ppm) 
of MMOAB units and the methylenoxy protons (2H, 
3.4,4.2 ppm) of GMA units.

Let m1 be the mole fraction of MMOAB and m2 = (1-m1) 
that of the GMA unit.

Fig. 1  1H(A) and 13C(B) NMR spectrums of MMOAB
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With the help of this relationship, the following relation 
was formed;

Integrated intensities of aromatic protons

integrated intensities of methylenoxy protons
= C

(1)
4m1

2(1 − m1))
= C

On simplification;

Table 2 shows the molar fractions of the MMOAB cal-
culated by Eq. (2) in the composition.

The reactivity ratio is defined as the ratio of the rate 
constant for the addition of one monomer of the type at 

(2)m1 =
2C

4 + 2C

Table 1  FTIR spectrum 
evaluation of MOAB and 
poly(MOAB)

MMOAB

Absorption band  (cm−1) Functional group Assignment

1635 C = C stretching vibrational bands
1725 OC = O for methacrylic unit stretching vibrational bands
1730 OC = O on the parabens unit stretching vibrational bands
1732 OC = O via paraben OH group stretching vibrational bands
3100 ArC-H stretching bands
2981 Aliph.C-H stretching bands
1625 ArC = C stretching vibrational bands
Poly(MMOAB)
1742 OC = O for methacrylic unit stretching vibrational bands
1730 OC = O for parabens unit stretching vibrational bands
1732 OC = O via paraben OH group stretching vibrational bands
3108 ArC-H stretching bands
2992 Aliph.C-H stretching bands
1622 ArC = C stretching vibrational bands

Fig. 2  The FTIR spectrum of the poly(MMOAB-co-GMA)(0.47:0.53)
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the chain end to the rate constant for the addition of the 
other monomer. This value can be determined in differ-
ent methods. The most widely used methods are Fineman 
Ross(FR), and Kelen Tudos(KT) [21, 22].

In order to calculate  r1 and  r2 values with both methods, 
the following relations are used by using mixture and com-
position ratios.

M1 and  M2 are monomer molar compositions in the feed 
and  m1 and  m2 are copolymer molar compositions,

By using the F and f values, the G, H, η and ξ values 
required for the F-R and K-T equations can be calculated. 
The obtained values are shown in Table 3.

Linear η—ξ graph was obtained with the help of KT 
Eq. (4) given below.

(3)F = M1∕M2 and f = m1∕m2

(4)� = (r1 +
r2

�
).� −

r2

�

The η—ξ graph was given in Fig. 4(a). The  rMMOAB and 
 rGMA values were obtained 0.38 and 0.67, respectively.

The FR equation is expressed as G =  Hr1-r2. The  r1 and 
 r2 values were calculated from the linear graphic equation 
obtained with the calculated G and H values. G-H graph is 
given in Fig. 4(b). From this,  rMMOAB and  rGMA values were 
calculated 0.31 and 0.52, respectively..

The  r1.r2 values of the Poly(MMOAB-co-GMA) system 
determined by both methods are 0.25 and 0.16, respec-
tively. The  r1.r2 value being close to zero shows that these 
copolymer types have an alternative tendency. One such 
copolymer is a copolymer containing two monomeric units 
distributed in alternating order. Alternating copolymers can 
be thought of as homopolymers with a structural unit of two 
different monomers. An alternative copolymer consists of 
two different repeating units in the polymer chain, with the 
active end of one monomer favoring the other monomer. 
This replication of structural units is possible if monomers 
have a strong preference for reacting with each other. The 

Fig. 3  (a) 1H-NMR and (b) 13C-NMR spectrum of the poly(MMOAB-co-GMA)(0.47:0.53)

Table 2  Copolymerization data 
of the poly(MMOAB-co-GMA) 
system

Feed composition
(mol fraction %)

Conv
(%)

C Copolymer composition
(mol fraction %)

No MMOAB(M1) GMA (M2) MMOAB(m1) GMA(m2)

1 15.00 85.00 9.50 0.40 17.00 83.00
2 30.00 70.00 8.25 0.90 31.00 69.00
3 50.00 50.00 10.70 1.77 47.00 53.00
4 65.00 35.00 8.90 2.45 55.00 45.00
5 75.00 25.00 9.75 3.70 65.00 35.00
6 90.00 10.00 10.50 7.10 78.00 22.00
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r-value of MMOAB was average  (r1avr. = 0.35) and r-value 
of GMA is average  (r2avr. = 0.60). From this, it can be con-
cluded that GMA will be more involved in the copolymer 
structure. The most important reason for this situation is 
the steric effect of methylparaben in the side branch of 

MMOAB. Therefore, MMOAB-terminal radicals tend to 
join more GMA-terminated radicals. In such copolymeric 
systems, alternating copolymers containing predominantly 
methacrylate monomers were formed [23]. Information on 
the calculated reactivity rates is given in Table 4.

Table 3  K-T and F-R 
parameters for the 
poly(MMOAB-co-GMA) 
system

α =  (Hmax.Hmin)1/2 = 1.8638.  M1 and  M2 is molar fractions of the monomers in the feed.  ml and  m2 are the 
molar fractions in the copolymer composition

No F = M1/M2 f = m1/m2 G = F(f-1)/f H = F2/f η = G/(H + α) ξ = H/(H + α)

1 0.177 0.205 -0.685 0.152 -0.340 0.075
2 0.429 0.449 -0.525 0.409 -0.231 0.180
3 1.000 0.887 -0.128 1.128 -0.043 0.377
4 1.857 1.222 0.338 2.822 0.072 0.602
5 3.000 1.857 1.385 4.846 0.206 0.722
6 9.000 3.546 6.462 22.846 0.283 0.925

Fig. 4  (a) FR plots and (b) 
KT plots for determining the 
monomer reactivity ratios 
in the copolymerization of 
poly(MMOAB-co-GMA)
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Mean sequence length, run number, and Dyad 
fraction of the copolymers

The mean sequence lengths(μ) values of the MMOAB and 
GMA monomers in the copolymers are calculated using the 
following equation: [24]

The calculated mean sequence length distributions, 
μMMOAB/μGMA ratio are shown in Table 5.  [M1] = 30% and 
 [M2] = 70%, and  [M1] = 50% and  [M2] = 50%, for copolymer 
samples each copolymer segment with  M2 units is approxi-
mately twice as long as its adjacent segment with  M1 units 
whereas for  [M1] = 90% and  [M2] = 10%, segments containing 
 M1 units were 4 times longer than those containing  M2 units. 
For the  [M1] = 90% and  [M2] = 10% copolymer example, the 
rank can be expressed as AAAAB, where B represents GMA, 
and A represents MMOAB. The number of GMA units in the 
copolymer increases due to the higher r-value. In addition, 
when the results obtained are compared with the 1/r1 and 1/
r2 values, the low 1/r2 value shows the tendency of the GMA 
monomer to be more homopolymerized.

From the reactivity ratios of the monomers, the order 
number,  RN, was determined as the average number of mono-
mer changes per 100 monomeric units in a copolymer chain 
according to the Harwood and Reichy Eq. (7): [25]

(5)�MMOAB = 1 + r1(

[

M1

]

[M2]
)

(6)�GMA = 1 + r2(

[

M2

]

[M1]
)

RN is another parameter that gives information about 
the monomer distributions in the copolymer chains. If the 
sequence in a copolymer is known, more accurate interpreta-
tions can be made about the physical properties of the copoly-
mer. The  RN change determined using the calculated r values 
for the MMOAB-GMA system is shown in Fig. 5a. The maxi-
mum  RN value for this copolymer system was found to be 67.8 
at X = 1.0.

To determine the microstructure of the MMOAB-GMA 
copolymer system, the statistical distribution of MMOAB-
MMOAB, GMA-GMA and MMOAB-GMA dyad monomer 
sequences was calculated using the method proposed by 
Igarashi [26].

The variation of the dyad fractions with the MMOAB 
mole fraction in the copolymers is depicted in Fig. 5b. 
The results obtained showed that the probability of GMA-
GMA is higher than MMOAB-MMOAB. It was also 
observed that MMOAB tended to be more copolymerized 
than homopolymerized.

Thermal stability of the polymers

The TGA curve of polymers is shown in Fig.  6. 
Poly(MMOAB) gave a one steps degradation curve. From the 
TGA graph, the initial thermal decomposition temperature is 
318 °C, and the final temperature is 440 °C. The 50% mass 

(7)RN =
200

2 +
(

r1X
)

+ (
r2

X
)

(8)S1−1 = m1 −
2m1(1 − m1)

1 + [
(

2m1 − 1
)2

+ 4r1r2m1

(

1 − m1

)

]1∕2

(9)S2−2 = m2 −
2m1(1 − m1)

1 + [
(

2m1 − 1
)2

+ 4r1r2m1

(

1 − m1

)

]1∕2

(10)S1−2 =
4m1(1 − m1)

1 + [
(

2m1 − 1
)2

+ 4r1r2m1

(

1 − m1

)

]1∕2

Table 4  r values of MMOAB-GMA system

a Reactivity ratio of MMOAB
b Reactivity ratio of GMA

Method r1
a r2

b r1r2 1/r1 1/r2

F-R 0.31 0.52 0.16 3.22 1.92
K-T 0.38 0.67 0.25 2.63 1.49
average 0.35 0.60 0.20 2.93 1.70

Table 5  Mean sequence length 
of copolymers of MMOAB with 
GMA

µ1:MMOAB(A); µ2:GMA(B),  [M1], and  [M2] are the concentrations of MMOAB and GMA in the feed

Sample No: [M1]
MMOAB

[M2]
GMA

µ1 µ2 µ1: µ2 µ1/ µ2 Distribution

1 0.15 0.85 1.06 3.95 1:4 0.27 ABBBBABBBB
2 0.30 0.70 1.15 2.21 1:2 0.52 ABBABBABB
3 0.50 0.50 1.35 1.52 1:2 0.89 ABBABBABB
4 0.65 0.35 1.65 1.28 2:1 1.29 AABAABAAB
5 0.75 0.25 2.05 1.17 2:1 1.75 AABAABAAB
6 0.90 0.10 4.15 1.06 4:1 3.92 AAAABAAAA 
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loss temperature of Poly(MMOAB) was determined as 380 °C 
from the thermogram. Also, the residual amount left by the 
homopolymer at 600 °C was around 16%. Since the aromatic 
benzene core of the methylparaben group in the side branch 
of Poly(MMOAB) could not thermally transform into vola-
tile products, the amount of residue may have increased. The 
thermal degradation of poly(GMA) started at 184 °C and fin-
ished at 600 °C and left 2% residue. The high thermal stability 

of Poly(MMOAB) is the functional group diversity due to 
the side branch methylparaben. In particular, dipole–dipole 
interactions of ester carbonyl groups create secondary forces 
between the polymer chains, increasing thermal stability. This 
also increases the thermal stability with the rise of MMOAB 
units in the copolymer. It has been observed that the thermal 
stability of the copolymer is between the thermal stability of 
the homopolymer [27]. PMMA is also a thermoplastic. In 

Fig. 5  (a) Run number for MMOAB and GMA monomer pair and (b) Dyad monomer sequence fractions the MMOAB mole fractions for the 
copolymers MMOAB with GMA

Fig. 6  TGA curves for poly(MMAOB) and some copolymers
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thermoplastic polymers, intra- and inter-chain interactions 
hold the polymer chains together, such as dipole–dipole polar 
interactions, hydrogen bonds, London forces, and even stack-
ing of aromatic groups. In addition, there are inter-and intra-
chain bending and entanglement that hold the thermoplastic 
polymer chains together. These chain loops and twists greatly 
influence the physical properties of thermoplastic polymers, 
especially on the mechanical response. The thermal properties 
obtained from the TGA graphs are shown in Table 6.

Tg values of the polymers

Tg values of poly(MMOAB) and poly(GMA) determined 
by DSC were estimated as 103 °C and 74 °C, respectively. 
From the DSC curves seen in Fig. 7, it was determined that 
the glass transition temperatures of the copolymers increased 
with the increase of MMAOB units in the composition. The 

dipole–dipole interaction caused by polarized ester groups in 
the side branch of MMOAB causes the free volume to decrease 
and the Tg value to increase. The dipole–dipole effect arises 
with the electrostatic attraction between the opposite poles of 
the molecules. This situation, which occurs at the end of a 
chemical process, affects the physical properties of molecules. 
Increasing the polarity of the molecules also strengthens the 
dipole–dipole interaction. Therefore, the Tg value increases 
with the increase of MMAOB units in the copolymer.

The Gibbs-diMarzio theory is used to determine the experi-
mental glass transition temperature in copolymers, taking into 
account the weight ratio of the composition.

The Gibbs-Di Marzio equation is as in 11; [28]

where, Φ is the mole fraction and Tg is the glass transition 
temperature of the related homopolymer.

Alternatively, the theoretical Tg values of the copolymers 
were determined by the Fox Eq. (12) [29].

where W is the weight fractions in the copolymer. As seen 
in Fig. 8, the theoretical Tg values obtained by both meth-
ods were found to be parallel. It appears that the real Tg 
values obtained from DSC are between the theoretical Tg 
values up to 0.55 mol fraction and then deviate and increase. 
Many parameters affect the Tg values of copolymers. Espe-
cially the type of copolymer is the most important factor. 
Using instrumental methods is the most accurate approach 
to determine the real Tg values of copolymers. However, it 
is possible to estimate the Tg values of statistical copolymers 

(11)Tg = MMOABTgMMOAB + GMATgGMA

(12)
1

Tg
=

WMMOAB

TgMMOAB

+
WGMA

TgGMA

Table 6  Thermal properties of some copolymers samples

a Initial decomposition temperatures

The Temperature 
(oC)
for a Weight 
Loss of %

The 
residue(%) at 
600 °C

Polymer IDTa 10 35 50

Poly(MMOAB) 318 337 360 380 16
Poly(GMA) 184 205 233 246 2
Poly(MMOAB-co-GMA)
(78/22) 280 315 355 378 14
(47/53) 262 270 335 360 12
(17/83) 220 257 318 342 10

Fig. 7  DSC curves of the poly-
mers heating rate of 10 0C/min



Journal of Polymer Research           (2022) 29:93  

1 3

Page 11 of 21    93 

with some theoretical methods and compare them with the 
real values. As shown in Table 7, it is clear that the values 
estimated from the Gibbs-diMarzio and Fox models are in 
line with the experimental results.

While Fox theory mainly focuses on order–disorder tran-
sitions of polymers under the influence of heat, Gibbs and 
diMarzio concentrate on the concept of glass transition of 
polymers. Recognizing that there is a van der Waals inter-
action between non-chemically bonded monomers, Fox 
suggested that the empty lattice regions are equivalent to 
broken van der Waals bonds. For this reason, he defined the 
melt consisting of the polymers themselves and the holes 
between them as compressible. On the other hand, Gibbs-
DiMarzio, is to model polymers as irreversible random 
walks and reduce the equation of state to a van der Waals-
like form. The unique point of the Gibbs-diMarzio theory 
is that entropy takes negative values   at small temperature 
values. At low temperatures, the entropy value is increased 
to lower temperatures than the experimentally observed 
values, and the entropy that does not occur experimentally 
becomes negative. Therefore, it can be shown that the glass 
transition temperature shifts to a lower temperature in the 
Gibbs diMarzio theory.

Thermal degradation kinetics

The activation energies of the thermal degradation (Ea) were 
determined by TGA using non-isothermal models. Thermo-
grams of polymers were obtained at heating rates of 5.0, 
10.0, 15.0, and 20.0 °C/min to determine the Ea values. The 
Kissinger, Kissinger–Akahira–Sunose (KAS), and Ozawa, 

which are non-isothermal methods, were used to determine 
the Ea values of the polymers.

The kissinger method

With the Kissinger method [30], the activation energy (Ea) 
can be determined using the following Eq. (13);

where β is the heating rate, Tp is the temperature that cor-
responds to the position of the rate peak maximum, and R 
is the ideal gas constant. A graph of 1000/Tp versus ln(β/

(13)
d(ln(�∕T2

p
))

d(1∕Tp)
= −

Ea

R

Fig. 8  The plot of change in 
Tg's versus mole fraction of 
MMOAB in copolymers

Table 7  Determined Tg values of copolymers

a Weight fraction of MMOAB in the copolymer
b Weight fraction of GMA in the copolymer
c Tg Calculated by the Gibbs-diMarzio equation
d Tg Calculated by the Fox equation
e Tg Observed in the DSC curve

Sample W1
a W2

b Tg(oC)c Tg(oC)d Tg(oC)e

GMA 0 1 - - 74
1 0.17 0.83 79 78 78
2 0.31 0.69 83 81 83
3 0.47 0.53 88 85 87
4 0.55 0.45 90 88 91
5 0.65 0.35 93 91 95
6 0.78 0.22 97 95 99
MMOAB 1 0 - - 103
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Tp2) was drawn from the TGA data, and Ea values were 
calculated. The DTG curves of the poly(MMOAB-co-
GMA)(0.47:0.53) are shown in Fig. 9. The Ea value of 
Poly(MMOAB) was determined as 129.03 kJ/mol. The 
Kissinger plot of the copolymer containing 47% MMOAB 
in its composition is shown in Fig. 10. The obtained Ea val-
ues by the Kissinger method of the copolymers are between 
121.22 kJ/mol and 104.31 kJ/mol. The obtained Ea values 
of the copolymers are given in Table 8.

The Kissinger–Akahira–Sunose (KAS) method

With the KAS equation [30], the activation energy can be 
calculated without knowing the solid-state decomposition 
reaction mechanism. The KAS method is based on taking 
the differential of Eq. (14).

According to this,

where β is the heating rate, T is the temperature, and R is 
the ideal gas constant. ln(β/T2) against (1/T) gives activa-
tion energy from the slope. The Ea value of Poly(MMOAB) 
was determined as 126.44 kJ/mol. The KAS plot of the 
poly(MMOAB-co-GMA)(0.47:0.53) is shown in Fig. 11. 
The Ea values of the copolymers are given in Table 9. The 

(14)ln(
�

T2
) = ln(-

AR

Ealn(1 − �)
) −

Ea

RT

obtained Ea values by the KAS method of the copolymers 
are between 117.58 kJ/mol and 99.28 kJ/mol.

Poly(MMOAB) is polarized due to the functional 
groups it contains. Therefore, the potent dipole–dipole 
interactions between poly(MMOAB) units cause more 
molecules to hold together. With the increase in MMOAB 
units in the copolymer, there was an increase in Ea val-
ues. The possible reason for this is the intermolecular 
dipole–dipole interactions arising from the polarized ester 
groups present in the MMOAB units.

Flynn–Wall–Ozawa (FWO)

Alternatively, Ea values were calculated using the 
Flynn–Wall–Ozawa (FWO) method [31]. For this purpose, 
thermograms at different heating rates were used.

The FWO method is defined as:

R is the gas constant; β, the heating rate ( oC/min) and Ea 
is the activation energy. Using the TG data at different heat-
ing rates (5,10,15, and 20 °C), log β and counter 1/T graphs 
were created. When the results of the FWO analysis were 
plotted, parallel lines were obtained. (Fig. 12). The Ea values 
of the polymers calculated at different conversions are listed 
in Table 10. The mean Ea value of Poly(MMOAB) was 
125.39 kJ/mol by the FWO method. As shown in Fig. 13, the 

(15)ln(�) = A − 1.052 Ea∕RT

Fig. 9  DTG curves of the 
poly(MMOAB-co-GMA)
(0.47:0.53)
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average Ea values increased as the number of MMOAB units 
in the copolymers increased. The main reason for this result 
is the intermolecular secondary interaction forces between 
the polar groups in the MMOAB units. While the Ea value 
of the copolymer sample containing 78% MMOAB in its 
composition was 123.15 kJ/mol, 102.48 kJ/mol was found 
for the sample containing 17% MMOAB.

Our results are consistent with the thermal stability and 
calculated Ea values of methacrylate polymers containing 
different functional groups in the side branch in the litera-
ture [32]. It is seen that the interactions between the polar 
groups in the side branch affect the thermal stability of the 
polymers [33].

Molecular weights of polymers

GPC were used to determine the molecular weights of 
polymers by using polystyrene as standard and tetrahydro-
furan as solvent. Table 11 lists the Mw and Mn values   and 
polydispersity index(PI) (Mw/Mn) of the polymers. The PI 

values of the copolymers showed a random distribution inde-
pendent of the composition. The smallest PI value of 1.52 
belonged to the copolymer containing 55% MMOAB in the 
composition, and the largest PI value, 1.73 of belonged to 
the copolymer containing 78% MMOAB. The PI value of 
Poly(MMOAB) was also found to be 1.52. The theoretical 
value of Mw/Mn is 1.5–2.0 means that the termination is 
disproportionate [34]. When the poly (MMOAB) polydis-
persity index was examined, the disproportionate chain ter-
mination was higher than the union.

An important parameter used in the characterization of 
polymers is their average molecular weight and molecular 
weight distribution. The average molecular weight and dis-
tribution of a polymer affects all its properties and directly 
determines its uses. With increased molecular weight in pol-
ymers, interpenetration and intermolecular attraction forces 
in the polymer structure increase. This situation causes sig-
nificant changes in the mechanical, thermal, electrical, opti-
cal, and chemical properties of the polymer.

Antimicrobial screening of the polymers

By the disc diffusion method were determined the biological 
activities [35]. In this method, the inoculated microorganism 
is first spread on the solid nutrient medium in Petri dishes. 
Then, the substance to be tested is impregnated with com-
mercially available paper discs and placed in petri dishes 
and zone formation is observed in the presence of activ-
ity. The results of the biological activity tests are shown in 
Tables 12 and 13. All polymers were most effective against 
Staphylococcus aureus bacteria. This bacterium is gram-
positive and is a hospital (hospital infection) agent. It is also 
found commensal in the human skin flora. The effectiveness 

Fig. 10  The Kissinger graphs 
of for poly(MMOAB-co-GMA)
(0.47:0.53)

Table 8  Ea values of the polymers calculated by the Kissinger 
method

Polymer Ea(kJ/mol) R2

Poly(MMOAB) 129.03 0.99
Poly(MMOAB 78%-co- GMA) 121.22 0.97
Poly(MMOAB 65%-co- GMA) 117.54 0.98
Poly(MMOAB 55%-co- GMA) 111.71 0.98
Poly(MMOAB 47%-co- GMA) 109.10 0.98
Poly(MMOAB 31%-co- GMA) 107.45 0.97
Poly(MMOAB 17%-co- GMA) 104.31 0.99
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of poly(MMOAB) against the microorganisms used in the 
study is higher than the copolymers formed with GMA. 
According to the results, it was observed that the biological 
activity increased with the increase of polymer concentra-
tion and MMOAB unit in copolymers. The possible reason 
for this is the methylparaben group carried by the polymer. 
Parabens have long been used in injections and ophthalmic 
preparations because of their antimicrobial activity. It has a 
wide range of antimicrobial activity against parabens, espe-
cially gram-positive bacteria and fungi, and is chemically 
stable and effective over a wide pH range. It is an actual 
result in polymer science that our new methacrylate deriva-
tive polymers, which carry a pharmacophore group such as 
methylparaben, are effective on some bacteria.

The biological activity of a molecule is closely related to 
the functional groups it contains. The presence, position, and 
stereochemistry of atoms and groups called pharmacophores 

play a leading role in biological activity. The lipophilic char-
acter is essential for that drug to pass through living cell 
membranes and interact with the receptor. The electronic 
effect is one of many physicochemical parameters on which 
the bioactivity of a compound depends. The ionization 
and polarity of a drug are affected by the electronic effects 
of different substituents. A drug may have a static effect 
at low concentrations and a cidal effect at more extreme 
dilutions. Although growth in static density is not visible 
to the naked eye, growth can be observed or some colonies 
may occur when sowing in liquid or solid media that does 
not contain antibiotics. However, not much reproduction 
may be found. There is no reproduction in sowing made 
from dilution showing cidal effect. To determine the cidal 
or static effect, it is more appropriate to try their cultiva-
tion in a liquid medium without antibiotics. Because the 
antibiotic contained in the inoculum taken for sowing is 

Fig. 11  The Kissinger–
Akahira–Sunose graphs for 
poly(MMOAB-co-GMA)
(0.47:0.53)

Table 9  Ea values of the 
polymers calculated by the KAS 
method

Activation Energy (kJ/mol) at the Conversion (%)

Sample 10 20 30 40 50 60 70 80

Poly(MMOAB) 123.77 131.12 118.91 129.73 124.65 126.32 118.76 138.32
Poly(MMOAB 78%-co- GMA) 131.13 107.45 135.44 115.76 115.09 108.54 99.12 128.12
Poly(MMOAB 65%-co- GMA) 114.54 101.22 125.87 101.54 139.66 123.31 104.12 111.14
Poly(MMOAB 55%-co- GMA) 113.11 99.54 111.76 121.65 117.11 99.76 119.45 115.22
Poly(MMOAB 47%-co- GMA) 106.44 121.34 110.87 105.98 107.22 103.92 110.22 108.62
Poly(MMOAB 31%-co- GMA) 104.35 102.43 112.98 104.34 99.76 111.12 109.22 107. 76
Poly(MMOAB 17%-co- GMA) 100.22 101.34 103.23 99.57 94.87 103.32 97.23 94.13
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diluted in the liquid medium and its effectiveness is lost. 
A drug may be cidal for one microorganism and static for 
another. This situation depends on the resistance mechanism 
of the host microorganism. Because microorganisms show 
resistance to drugs in various ways (extrachromosomal, 
chromosomal, and other factors). According to the results 
obtained, poly(MMOAB-co-GMA) polymers can be used 
as biomaterials.

PMMA is preferred as a biomaterial in different areas of 
the health sector. It has been used in dentistry for many years, 
especially as a denture base material. Since the introduction 
of PMMA, its physical and chemical properties have been 
greatly improved. In addition, PMMA-based cross-linked res-
ins, fiber-specific resins, radiopaque resins, and high-impact 
resins are also available. PMMA is widely used as a biomedi-
cal material in intraocular and hard contact lenses due to its 
good light transmittance, hardness, and stability.

Antimicrobials caused by microorganisms are drugs used 
to treat infectious diseases. Their common disadvantages 
are that they have side effects and cause the development 
of resistance in microorganisms. Antibiotics act on bacteria 
through different mechanisms of action. These antimicrobi-
als, which have bactericidal effects, stop cell wall synthesis 
by binding to transpeptidase and carboxypeptidase enzymes, 
which are located in the cell wall of bacteria and serve in 
the last step of peptidoglycan synthesis. These molecules 
also bind to ribosomes and inhibit protein synthesis. Some 
antibiotics, on the other hand, inhibit DNA replication by 
inhibiting the nNA gyrase (topoisomerase II) enzyme.

Photo‑stability of the copolymers

The exposure times to sunlight and some artificial lights of 
the samples, whose behavior against external environmental 

Fig. 12  The Ozawa plot of 
poly(MMOAB-co-GMA)
(0.47:0.53)

Table 10  Ea values of the 
polymers calculated by the 
FWO method

Activation Energy (kJ/mol) Conversion (%)

Sample 10 20 30 40 50 60 70 80

Poly(MMOAB) 118.43 126.21 120.15 128.67 125.76 124.34 123.43 136.16
Poly(MMOAB 78%-co- GMA) 120.13 103.51 126.73 134.54 133.87 129.18 117.53 119.72
Poly(MMOAB 65%-co- GMA) 118.93 105.13 127.92 105.88 144.11 124.34 115.11 113.43
Poly(MMOAB 55%-co- GMA) 112.98 98.35 120.23 141.66 112.87 101.32 128.22 114.54
Poly(MMOAB 47%-co- GMA) 108.41 127.07 115.12 109.91 105.817 106.91 109.12 106.61
Poly(MMOAB 31%-co- GMA) 110.98 99.62 116.76 108.81 98.65 105.43 104.54 102.76
Poly(MMOAB 17%-co- GMA) 103.32 100.12 107.65 102.39 100.14 108.16 97.54 100.54
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effects were examined, have a negative effect on their life-
time. UV radiation causes the breakdown of chemical bonds 
in polymeric structures. Many polymers have bond energies 
in the wavelength range of 280–400 nm at the molecular 
level and are therefore severely affected by this portion of 
solar radiation. Photodegradation begins when the photon 
energy is absorbed by the polymer and the molecular chain 
is activated.

Most synthetic polymers undergo photodegradation 
by absorbing UV light through functional groups. In the 
UV–Vis spectra of the poly(MMOAB-co-GMA) copoly-
mers, the maximum wavelength of the peaks belonging to 
the π-π* transition of the aryl and carbonyl chromophore 
groups C = C and C = O was observed around 280 nm. Sig-
nificant changes were observed in the absorption values of 
the carbonyl region of the copolymers exposed to UV light 
for 12,18,24,36,48,60, and 72 h. Methacrylate polymers 
showed photodegradation [36]. All copolymers were soluble 
in polar solvents such as  CH2Cl2, Acetone, DMF, DMSO, 

and 1,4-dioxane before exposure to UV light, while none 
were dissolved in a solvent after 72 h due to crosslinking. 
This result shows that the polymer undergoes photodegrada-
tion by absorbing UV light. After photodegradation in the 
UV spectrum, peaks appeared, indicating conjugate unsatu-
ration at 245 nm and carbonyl groups at 290 nm. The results 
obtained from UV stability studies of poly(MMOAB-co-
GMA) copolymers showed that these polymers have similar 
photodegradation behavior with other methacrylates in the 
literature [37].

Polymers frequently encounter factors and substances 
such as high heat and UV-rays, humidity, ozone, and chemi-
cals during production, processing, or use. The mentioned 
factors and substances can change the physical properties 
or chemical structures of polymers at a certain level or in a 
way that completely prevents the use of polymeric materi-
als. Photodegradation causes a decrease in the molecular 
weight of the polymer by breaking the bonds, which leads 
to changes in the mechanical properties of the polymer over 
time. The change in these properties causes the material to 
degrade and the bonds to break, increasing the chemical 
reactivity of the system.

The energy of the beam, which has a wavelength of 
280 nm, is high enough to break the carbon–carbon bonds. 
Therefore, UV-rays with wavelengths lower than 300 nm are 
more effective in the degradation of polymers. UV-Stabilizers 
should be used against this degradation. These are generally 
peroxide scavengers and free radical scavengers, UV absorb-
ers, and excited-state scavengers, which are believed to be the 
most effective. These materials effectively reduce the rate of 
radical formation by absorbing UV radiation before the pho-
tochemical reaction starts. The main mechanisms of action 
are based on absorbing harmful UV radiation and converting 

Fig. 13  The Graph of the 
change in the average Ea values 
of the copolymers mole fraction 
of in MMOAB in copolymers

Table 11  Molecular Weights and Polydispersity Index of the Poly-
mers

PI: Polydispersity Index

Polymer w ×  10–4 n ×  10–4 PI

Poly(MMOAB) 5.82 3.82 1.52
Poly(MMOAB 78%-co- GMA) 6.18 3.57 1.73
Poly(MMOAB 65%-co- GMA) 5.92 3.52 1.68
Poly(MMOAB 55%-co- GMA) 6.87 4.43 1.55
Poly(MMOAB 47%-co- GMA) 6.01 3.55 1.69
Poly(MMOAB 31%-co- GMA) 5.45 3.36 1.62
Poly(MMOAB 17%-co- GMA) 6.45 3.77 1.71



Journal of Polymer Research           (2022) 29:93  

1 3

Page 17 of 21    93 

it into much less harmful heat energy. It can be said that 
poly(MMOAB) and its copolymers doped with such a system 
will gain photostability. It is planned to carry out studies in 
this direction in the future.

Dielectric properties of the polymers

Dielectric materials do not allow the free movement of 
charged particles. In this case, a dielectric material can gen-
erally be thought of as an insulator. Dielectrics are electri-
cally insulating materials, store charge under an external 
electric field, and have high polarization capability. It is 
essential to measure the dielectric properties of materi-
als under different temperature and frequency conditions 
to prevent leakage currents in a circuit and produce high-
performance materials and devices. The resulting electric 
dipoles are electrically conductive on the surface of the 
dielectric material, allowing charge accumulation. For this, 
they are used in the construction of capacitors. They are 
used as insulators to prevent charge transfer in the electrical 

circuit. Dielectric materials do not allow the free movement 
of charged particles. If a dielectric material is placed in an 
electric field, it is called polarization when it changes infi-
nitely small depending on the frequency but independent of 
the electric field strength.

These polarizations occur in different ways depending 
on the structure of the material. They are divided into elec-
tronic, ionic (atomic), dipolar (orientation), and interface 
(space-charge) polarization. Depending on the type of mate-
rial, its polarization mechanisms may be different, may or 
may not include all mechanisms. The dielectric constant of 
a substance with respect to vacuum is expressed as the ratio 
of the capacitance of a capacitor filled with that substance 
to its capacity in a vacuum under a certain external field. 
Some materials contain permanent dipoles in their structure 
and are oriented in the direction of the applied area when 
an electric field is applied. When the applied electric field is 
removed, the dipoles remain oriented, causing polarization. 
Permanent dipoles are also found in polymeric structures 
containing asymmetric units.

Table 12  Antimicrobial Effects 
of the Compounds (mm of 
zones)

Compound concentration: 50 µg/disc; the symbol (-) reveals that the compounds had no activity against the 
microorganisms. DMSO (control). Results calculated are means ± SD, superscript means are statistically 
significance at p˂0.05

Compounds Pseudomonas
aeruginasa

Escherichia
coli

Salmonella
enteridis

Klebsiella 
pneumoniae

Staphylococcus
aureus

Candida
albicans

Poly( MMOAB) 14 ± 1 13 ± 0.5 12 ± 1 14 ± 0.25 17 ± 2 12 ± 0.5
78 / 22 13 ± 0.25 12 ± 0.5 11 ± 1 13 ± 2 15 ± 0.75 11 ± 0.25
65/ 35 12 ± 1 11 ± 1.5 9 ± 0.75 - 13 ± 1 -
55 / 45 11 ± 0.75 10 ± 0.25 - 11 ± 1 12 ± 0.75 9 ± 0.25
47 / 53 - 8 ± 1 9 ± 1 - 12 ± 1 11 ± 0.5
31/ 69 10 ± 0.25 - 8 ± 0.25 12 ± 0.75 11 ± 1 -
17/ 83 7 ± 0.75 7 ± 0.25 7 - 9 ± 0.75 11 ± 0.25
Penicillin G 16 ± 0.25 12 ± 0.25 16 ± 0.25 18 ± 1 8 ± 0.25 35 ± 1
DMSO - - - - - -

Table 13  Antimicrobial Effects 
of the Compounds (mm of 
zones)

Compound concentration: 100 µg/disc; the symbol (-) reveals that the compounds had no activity against 
the microorganisms. DMSO (control). Results calculated are means ± SD, superscript means are statisti-
cally significance at p˂0.05

Compounds Pseudomonas
aeruginasa

Escherichia
coli

Salmonella
enteridis

Klebsiella 
pneumoniae

Staphylococcus
aureus

Candida
albicans

Poly( MMOAB) 15 ± 0.5 15 ± 1 14 ± 1.25 15 ± 0.75 19 ± 1.25 14 ± 0.75
78 / 22 14 ± 1.25 - 14 ± 1 14 ± 2 17 ± 0.75 14 ± 0.25
65/ 35 - 13 ± 1.5 - - 13 ± 1 -
55 / 45 11 ± 0.75 14 ± 0.25 13 ± 0.75 11 ± 1.50 14 ± 1.75 13 ± 0.25
47 / 53 - - 11 ± 1 - 13 ± 1 12 ± 0.25
31/ 69 10 ± 0.75 14 ± 0.5 10 ± 0.75 12 ± 0.25 13 ± 1 -
17/ 83 11 ± 1.75 8 ± 0.75 - - 12 ± 0.75 13 ± 0.75
Penicillin G 16 ± 1.25 13 ± 0.75 17 ± 0.25 19 ± 1.25 13 ± 0.75 37 ± 1.25
DMSO - - - - - -
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Dielectric loss is the loss of electric field energy as heat 
that cannot be recovered in the dielectric.

The dielectric constant of a polymer is calculated by the 
following Eq. (16) [38].

Here “C” is parallel capacitance, “Ɛ0” is permittivity in 
free space (Ɛ0 = 8.854.10−12 F/m), “d” is the thickness of 
the polymer sample and A is the surface area of the sample.

The dielectric loss factor can be calculated by Eq. (17) [38].

Here Df is the loss factor and Ɛ'' is the dielectric loss.
Figure 14a, b shows the variation of dielectric constant 

(ε′) and dielectric loss factor (ɛ′′) of poly(MMOAB) and 
poly(MMOAB-co-GMA) copolymers with frequency. It was 
observed that ε′ and ε′' values were high at low frequencies. It 
is known that ε′ and ɛ′′ values of polymers are more stable at 
1 kHz. [39]. It can be said that this situation is due to polarization 
effects. It is known that orientation and interface polarization 
are effective in the high ε′ and ɛ′′ values at low frequencies [40]. 
The ε′ and ɛ′′ values of Poly(MMOAB) at 1 kHz were found to 
be 5.89 and 0.091, respectively. It was observed that the ε′ val-
ues of the copolymers decreased with the decrease of MMOAB 
units in the copolymer composition and varied between 5.67 
and 3.98. The same trend was observed for the ε′' values of the 
copolymers. The main reason for this result is the aromatic ring 
and polar ester groups of MMOAB units. The dipole–dipole 
interactions formed by these groups increase in the polarity of 
the copolymers, thus increasing the ε′ and ɛ′′ values [41].

The reason for this increase can be because of polar 
groups [42] such as C–O and OC = O groups in polymer 
structure. The rotational motion of the polar molecules in 

(16)�� = C
d

�0A

(17)��� = ��.Df

the structure of a dielectric sample at low frequencies is fast 
thanks to the applied field. The event that causes this situ-
ation can be described by dielectric relaxation. When the 
frequency rises, the impact of the dipoles ups, resulting in 
polarization and ε′ and ε′' value decreases. Similar results 
have been recorded in the litarature [43].

Polarization is one of the electrical insulating materials 
characteristics and is due to their structure. Each polymer, 
under the influence of an electric field, is polarized. The 
degree of polarization in a material, ε (dielectric constant), 
shows. The degree of polarization depends on the density 
and size of the dipoles formed in the material and is oriented 
by the effect of the external electric field.

The conductivity measurements of the copolymer system 
were studied at 100 Hz and 20 kHz, depending on the alternat-
ing current (AC) conductivity. The visual figure of the device, 
on which dielectric measurements are made, is shown in 
Fig. 15. It has been observed that conductivity values increase 
with frequency [44]. The σac value for Poly(MMOAB 17%-co-
GMA) is 2.27 ×  10−9, while the same value is 3.93 ×  10−9 at 
25 °C and 1 kHz for Poly(MMOAB 78%-co-GMA). The elec-
trical conductivity of a polymer depends on the free electrons 

Fig. 14  (a) The dielectric constant change (b) the dielectric loss factor change of polymers

Table 14  Dielectric properties of poly(MMOAB) and poly(MMOAB-
co-GMA) system at 1 kHz at 300 K

Polymer Ɛ' Ɛ'' σac (S/cm)

Poly(MMOAB) 5.89 0.091 4.34 ×  10–9

Poly(MMOAB 78%-co- GMA) 5.67 0.082 3.93 ×  10–9

Poly(MMOAB 65%-co- GMA) 5.36 0.074 3.58 ×  10–9

Poly(MMOAB 55%-co- GMA) 4.98 0.066 3.13 ×  10–9

Poly(MMOAB 47%-co- GMA) 4.64 0.051 2.86 ×  10–9

Poly(MMOAB 31%-co- GMA) 4.32 0.043 2.57 ×  10–9

Poly(MMOAB 17%-co- GMA) 3.98 0.037 2.27 ×  10–9
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and ions in its structure [45]. The obtained σac values show 
that the copolymer is close to the semiconductor band. The ɛ′, 
ɛ′′ and σac values obtained for the copolymer are presented in 
Table 14. Polymers with dielectric properties are used as elec-
trical insulators, dielectric capacitors, or parts of microwave 
devices. The polarization degree of the material is the most 
important parameter affecting the dielectric properties. The 
properties of dielectric materials are commonly expressed in 
terms such as dielectric constant, dielectric loss factor, and 
resonance frequency temperature coefficient. These properties 
of dielectric materials, which have a wide range of application 
areas, must have the desired values in terms of the design and 
performance of the devices.

Conclusions

A new methacrylate containing methylparaben group in the 
side branch and its copolymers with GMA were synthesized 
by radical solution polymerization. All molecules were char-
acterized by FTIR and NMR techniques. The copolymer 
composition was determined by 1H-NMR spectrum data. 
FR and KT methods were used to determine the monomer 
reactivity ratios. The mean  rMMOAB value determined by both 
methods was 0.35, and the  rGMA value was 0.60. It was con-
cluded that the  rGMA value was greater than  rMMOAB and thus, 
the copolymer was rich in GMA. The  rMMOAB.rGMA value 
of 0.20 indicated that this copolymer trend is alternative. 
Poly(MMOAB) was found to be more thermally stable than 
poly(GMA) due to the dipole–dipole interactions formed 
between the carbonyl functional groups carried by the 

MMOAB units. Thermal degradation activation energy (Ea) 
values   were calculated for polymers using the methods of 
Kissinger–Akahira–Sunose, Flynn–Wall–Ozawa and Kiss-
inger. The Ea values determined by the three methods for 
poly(MMOAB) are close to each other. It was observed that 
the thermal stability increased as the amount of MMOAB 
in the copolymer increased. By DSC obtained Tg values of 
the copolymers were between of the its homopolymers. It 
was observed that the biological activities of the copoly-
mers depended on the MMOAB units and were effective 
against some microorganisms. It was determined that the 
copolymers exposed to UV light for a certain time (72 h) 
underwent photodegradation. The dielectric properties of 
poly(MMOAB-co-GMA) were measured using an imped-
ance analyzer as a function of temperature and frequency. 
It is observed that the ɛ′ and ɛ′′ value increased with the 
MMOAB content in the copolymers. Also, the conductivity 
(σ) indicates a strong dependence on the frequency of the 
applied field. The σ value increased linearly with increas-
ing MMOAB content. In addition, the impedance value 
decreases with increasing frequency due to the increase in 
conductivity. Poly(MMOAB) and its copolymers can be 
used in applications such as electronic devices and capaci-
tors, high voltage electrical insulators, air capacitors, trans-
formers due to their dielectric properties.
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