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Abstract

In this work, in a first step, a novel methacrylate monomer, 2-(4-hydroxyanilino)-2-oxoethyl-2-methylprop-2-enoate
(HAOEME), was synthesized containing a phenolic hydroxyl group in the side branch. Then, the copolymers of this monomer
were obtained by a free radical solution polymerization method with glycidyl methacrylate (GMA), a commercial monomer,
at 65 °C in 1,4-dioxane solvent. The structural characterization of the synthesized monomers and copolymers was carried
out using Fourier transform infrared (FTIR) spectroscopy, proton nuclear magnetic resonance (‘"H NMR), and '*C NMR
techniques. Based on the monomer reactivity ratios obtained, the HAOEME monomer was found to be more reactive than
GMA. The thermogravimetric analysis results showed that the thermal resistance of copolymers increased with an increase
in the number of HAOEME units in the copolymer. It was also observed that the Tg value of copolymers increased with an
increase of the molar fraction of HAOEMA units in the copolymer. The thermal degradation activation energy values of the
polymers were determined using approaches including the Kissinger and Ozawa methods. The result of the biological activ-
ity studies revealed that the copolymers show moderate activity against different bacterial and fungal species. The swelling
properties of the polymers were investigated using water. The variations in the swelling percentages were examined according

to time and temperature parameters.
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Introduction

Functional polymers are used in different fields for various
applications. Further application areas can be created, espe-
cially in polymeric structures, thanks to modifications on the
minor or main chain, such as promoter in organic synthesis
and catalysis [1, 2]. Some types of polymers are used in
medical applications [3].

Our research group has conducted many studies on the
synthesis and characterization of new polymers. In recent
years, it has been especially focused on the modification
of methacrylate monomers and polymers with different
functional groups and their copolymerization with com-
mercial monomers [4—7]. Homopolymers and copolymers
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of methacrylates are used widely in industry and medicine.
Functional methacrylates are used for various applications
depending on the reactivity of the group they carry. A bio-
compatible polymer molecule can be used as a biological
agent due to its degradation properties in tissue and urine [8,
9]. Methacrylate polymers have good optical clarity and are
therefore called organic glass. They have a wide variety of
applications due to their high light absorption, mechanical
tolerance, and thermal resistance.

Over the past three decades, the use of amphiphilic poly-
mers has been of great interest in a number of applications
[10]. In addition, amphiphilic copolymer types that can
respond to environmental stimuli can be added to biosensors,
innovative drug delivery systems, and bioimaging, which
have attracted much attention in the last few years [11-13].
Polymeric materials based on amphiphilic copolymers have
recently been used for the production of pesticide formula-
tions. As a result, research on the synthesis and characteriza-
tion of amphiphilic block copolymers has increased tremen-
dously. This is due to their unusual molecular composition,
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consisting of at least two distinct chemical properties,
which have an amphiphilic character. The general features
of amphiphilic polymers consist of a hydrophobic (water-
insoluble) chain and a hydrophilic (water-soluble) chain
[14]. Tt is also clear that methacrylate copolymers are a bio-
compatible matrix for tissue engineering [15, 16]. Polyhy-
droxyethyl methacrylate and its copolymers are known to be
biocompatible and create the best alternatives for biomedical
applications [17].

Glycidyl methacrylate (GMA) is a reactive monomer
with a convertible epoxy group enabling various function-
alizations through the epoxy ring-opening. The reaction of
the epoxy group with different nucleophilic reagents con-
taining thiol [18], hydroxyl [19], carboxyl [20], or amine
groups [21] is one way to modify poly(GMA) chemically.
Furthermore, poly(GMA) is a very versatile polymer that
has been used in adhesives [22], surface coatings [23], super
absorbents [24], composites [25], bioreactors [26], and drug
delivery systems [27].

Knowledge regarding the specific properties of copoly-
mers is essential in determining the areas of use. The micro-
structure of copolymers varies according to the reactivity
ratio of the monomers. The most widely validated math-
ematical method of copolymerization is determining the
parameters that will allow the computation of monomer-
reactivity ratios using the relationship between the copoly-
mer combination and the monomer start mixture [28, 29]. To
calculate the monomer-reactivity ratio, the molar fractions
in the initial and copolymer composition of the monomers
used must be known. It is possible to calculate the reactivity
ratios (r; and r,) by determining the copolymer composition
through spectroscopic approaches such as 'H-NMR and *C-
NMR [30, 31] or methods such as elemental analysis.

Thermogravimetric analysis (TGA) has been widely used
for many years to determine the thermal resistance of many
polymeric materials. The data obtained by TGA can be used
to determine the material’s kinetic parameters [32, 33].

This study synthesized a new amphiphilic methacrylate
monomer, 2-(4-hydroxyanilino)-2-oxoethyl-2-methylprop-
2-enoate (HAOEME), carrying a phenolic hydroxyl group
in the side branch. Next, we prepared the copolymers based
on the novel methacrylate monomer (HAOEME) and GMA
monomer through free radical solution polymerization.
HAOEME is a new amphiphilic methacrylic monomer with
a side chain phenolic hydroxyl group. To the best of our
knowledge, a similar methacrylate structure does not exist
in the literature.

The synthesis of a novel methacrylic monomer contain-
ing a phenolic hydroxyl group and copolymerization of this
monomer with an essential commercial monomer such as
GMA is a subject of interest for polymer chemistry. This
manuscript aimed to define the kinetics of radical copo-
lymerization of the new HAOEME monomer with GMA,
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calculate the monomer reactivity ratios, and investigate the
thermal behavior, swelling properties, and biological proper-
ties of the obtained copolymers. The results are discussed
in detail, and the relationship between structure and activity
is revealed.

Materials and methods
Materials

Methacryloyl chloride, chloroacetyl chloride, sodium meth-
acrylate, and 4-aminophenol (Sigma) were used as obtained.
Ethanol, methanol, chloroform, n-hexane, and benzene were
freshly purified in molecular sieves before use. 1,4-Dioxane,
acetonitrile, and potassium carbonate (Sigma) were used as
obtained. Azobisisobutyronitrile (AIBN) was recrystallized
from a mixture of chloroform and methanol (v/v: 1/3). No
further purification was necessary, as all other chemicals
were of analytical quality.

Characterization techniques

The Fourier transform infrared spectroscopy (FTIR) spec-
tra of the molecules were measured with the Shimadzu
IR Affinity-1S FTIR spectrometer. Proton nuclear magnetic
resonance ('"H NMR) and '3C NMR spectra were obtained
using a Bruker DPX 400 MHz spectrometer with tetra-
methylsilane as standard and CDCl; as solvent. An Elemen-
tar CHNS elemental analyzer was used to determine the ratio
of N in the copolymer. The molecular weights (Mw and
Mn) of the polymers were determined using gel permea-
tion chromatography (Waters 410, Canada) equipped with
a differential refractive index detector and calibrated with
polystyrene standards. The thermal stability of the polymers
was determined using a Shimadzu DSC 60H thermogravi-
metric analyzer/differential scanning calorimeter under inert
N, (99.99% purity). Measurements were obtained from room
temperature up to 500 °C at a heating rate of 20 °C/min~".
The polymeric sample weighing about 5-8 mg was packed
in an aluminum pan, and the measurements were made at a
gas flow of 5 L/h ™.

Synthesis of HAOEME monomer

Monomer synthesis was carried out in two steps.

In the first step, the 4-aminophenol compound was
reacted with chloroacetyl chloride as described in the lit-
erature and the 2-chloro-N-(4-hydroxyphenyl)acetamide
compound was prepared [34].

In the second step, 1 mmol of 2-chloro-N-(4-
hydroxyphenyl)acetamide and 1.1 mmol of sodium meth-
acrylate were mixed in 100 ml acetonitrile at 75-80 °C in
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a reflux condenser for 24 h, and 2-(4-hydroxyanilino)-2-
oxoethyl-2-methylprop-2-enoate (HAOEME) monomer was
obtained. After the reaction, the mixture was cooled and
filtered, and the solvent was removed by evaporation. The
monomer obtained was purified by crystallization of ethanol
(yield 80%).

The synthesized monomer was characterized by FTIR and
'H and '3 C-NMR spectra.

1-IR (KBr pellet), cm™'; 3,100 (Ar-H stretch.); 1,680 and
1,722 (C=0 of amide and ester); 3,214 (-NH stretch.); 1,635
(-C=CH,); 1,254 (C-0-C); 2,990 (Alip. C-H).

2-'"H NMR (8, ppm from TMS in DMSO): 6.8-7.5
(Ar-H, 4H); 5.6 (CH,=, 1H); 6.2 (CH,=, 1H); 1.9 (CH;-,
3H), 4.8 (OCH,, 2H), 10 (NH, 1H), 3,3 (OH, 1H).

3-13C NMR (8, ppm from TMS in DMSO): 164 and 168
(two C=O0 carbonyl of amide and ester); 138 (=C); 126
(CH,=); 114-155 (Ar-C); 18 (CH; a-methyl on monomeric
unit).

Synthesis of Poly(HAOEME)

The HAOEME monomer was polymerized using the free
radical solution polymerization method. The polymeriza-
tion reaction was achieved in a solution of 1,4-dioxane with
AIBN (1% by total weight of monomers) as an initiator in
N, atmosphere in glass ampoules at 65 °C in an oil bath.
The homopolymer was obtained by precipitation in ethanol.
The polymers that were precipitated and dried for purifica-
tion purposes were re-dissolved from CH,C1, solution, and
their precipitation was performed in ethanol. The resulting
homopolymer was dried to a constant weight in a vacuum
oven at room temperature.

Copolymerization

Considering the previously calculated monomer composi-
tions, poly(HAOEME-co-GMA) copolymers were prepared
by radical solution polymerization in an inert N, environ-
ment. This was carried out at 65 °C using AIBN (1% of the
total weight of monomers) as an initiator in 1,4-dioxane sol-
vent in the system. The determined amounts of HAOEME
and GMA monomers were mixed in 1,4-dioxane in a polym-
erization tube and degassed with N, for 20 min. The tube was
then allowed to copolymerize at 65 °C in an oil bath. Conver-
sions were kept around 10%. Copolymer samples obtained
were precipitated in ethanol. The polymers obtained were
dissolved in 1,4-dioxane again for purification and precipi-
tated in ethanol. The copolymers obtained in the final step
were dried at 70 °C in a vacuum oven for 12 h. The composi-
tion of resulting copolymers was determined with elemental
analysis (N content of HAOEME units).

Determination of the monomer reactivity ratios

Using the Fineman—Ross (F-R) [35] and Kelen-Tiidos (K-T)
[36] methods, we calculated the monomer reactivity ratio.
For this purpose, we prepared copolymers with different
monomer compositions and low conversions. The com-
position of the copolymers was determined by elemental
analysis. F-R and K-T parameters were calculated using the
following equations:

F=M,/M,

£ = m fm,
H=F/[f
G=F(-1/f
n=G/(a+H)
£=H/(a+H)

a = (Hppe-Hp)'

Reactivity ratio r; and r, values were calculated by substi-
tuting them in their formulas. Here, M, and M, are molar
fractions of the monomers in the mixture, and m; and m, are
the molar fractions in the copolymer composition.

The K-T method equation is below:

n=0l+r2/a)é —r2/a €))

K-T parameters were calculated using the starting mono-
mer and copolymer composition monomer ratios. From
these calculated parameters, n and & were plotted on a graph.
From the graph, the # value for & = 0is72/a.

The F — R method equation is G = Hrl — r2 )

The calculated G and H values were plotted on a graph.
The graph gives a line equation. The slope of the G-H line
is r; and its shift corresponds to the value of r,.

Antimicrobial activity of the polymers

The antimicrobial effects of the poly(HAOEMA) and
copolymers on various microorganisms were investigated
in DMSO solution at two different concentrations (50 and
100 pg). To do this, Staphylococcus aureus ATCC 29,213,
Escherichia coli ATCC 25,922, Pseudomonas aeruginosa
ATCC 27853, Proteus vulgaris, Salmonella enteritidis, and
Klebsiella pneumoniae were used as bacteria, and Candida
albicans CCM 31 as fungus. A medium cell culture of yeast
extract peptone dextrose (YEPD) was prepared according to
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the methods in the literature [37]. A solid medium (Mueller
Hinton agar [MHA]) suitable for the microorganism was
prepared and poured into petri dishes to examine its anti-
biotic sensitivity. The turbidity of the 24-h liquid micro-
organism culture was adjusted to 0.5 McFarland. A swab
was dipped into the liquid culture and kept there until the
culture was thoroughly absorbed. The microorganism cul-
tivation was carried out by rubbing the swab on the culture
petri surface at an angle of 120°. The process was carried
out at least six times to spread the microorganisms onto the
entire petri dish. Antibiotic discs were placed on the surface
of the implanted petri dish, depending on the size of the petri
dish, and lightly pressed with forceps. The petri dish with
antibiotic discs was incubated at the temperature and time
(37 °C, 24 h) the microorganism would be able to grow. The
biocidal susceptibility of the polymers was investigated as
determined in the antibiotic disc test [38], and these pre-
pared antibiotic disks (50 and 100 pg) were settled on the
outer surface of the agar medium [39]. After incubation,
the transparent inhibition zones formed on the surface of
the petri dish around the disc were measured in millimeters.
We compared the measured value with the standard values
, and the activity of the microorganism against bacteria was
determined. This proved that when an inactive material is
released from the disc, bacterial growth around the sample
is inhibited. The width of this region refers to the diffusion
of the antimicrobial effect.

Standard deviation (SD) values of the detected biological
activity results were calculated. SD is a measure of how far
each data point in a study group deviates from the mean—in
other words, how wide the distribution is. Defined another
way, the indication of how wide (or narrow) a range a stud-
ied trait (or particularly relevant values or measurements)
is distributed in a given population is the variance and the
standard deviation, which is its derivative. By comparing the
values obtained from the test statistics with the two or one
end of the probability density function of our theoretical dis-
tribution, p values were obtained. This value gives the prob-
ability that the difference between variables is by chance.
The mean + standard deviation (SD) values of the results
were determined by one-way analysis of variance using
SPSS software (IBM Corp, Armonk, NY, USA), where the
level of significant difference was determined as p < 0.05.

Swelling

The swelling properties of the polymers were investigated
using the gravimetric method considering time and tempera-
ture parameters. In the first step, the polymer samples in
pressed disc form were weighed and allowed to swell in
a buffer solution (pH = 7) for 72 h at room temperature.
The swollen polymers, which were taken from the swell-
ing medium at certain times, were carefully dried with filter
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paper. The reweighed polymers were placed in the same
bath. The same procedure was carried out for each poly-
mer sample until it reached a constant weight. The percent
swelling (%S) values were calculated according to Eq. 3. All
results were accepted as the mean value of three repeated
measurements.

S(%) = 22— 5 100

(%) = T X 3)
where m,, is the wet weight of the sample and m,, is the dry
weight of the sample before swelling.

In the second step, the effect of temperature on the swell-
ing behavior of polymers was investigated. For this purpose,
the dried and weighed polymers were allowed to swell in a
buffer solution (pH = 7) at different temperatures ranging
from 30 to 70 °C. After 36 h, the swelling samples were
removed, carefully dried with filter paper, and weighed.
The %S values were calculated according to Eq. 3. All
results were accepted as the mean value of three repeated
measurements.

Results and discussion

The synthesis of phenolic hydroxyl-based methacrylate
monomer was carried out in two steps. First, 2-chloro-N-
(4-hydroxyphenyl)acetamide intermediate (I) was obtained
by acylation reaction of chloroacetyl chloride with 4-
aminophenol. Second, the target methacrylate monomer was
obtained by a nucleophilic substitution reaction of 2-chloro-
N-(4-hydroxyphenyl)acetamide with sodium methacrylate in
acetonitrile. Based on the spectroscopic data obtained from
the 'H NMR and '*C NMR techniques, it appears that the
synthesized phenolic hydroxyl-based methacrylate monomer
conforms to the chemical structure shown in Scheme 1.

Characterization of the HAOEME and its
homopolymer

Figure 1 shows the important peaks in the FTIR spec-
trum of the HAOEME monomer. There was a good match
between structure and spectrum. In the FTIR spectrum of
poly(HAOEME), the most prominent peak was the stretch-
ing vibrations of the ester and amide carbonyl groups at
1640 and 1724 cm™!, and the OH stretching vibration bands
at 3500 cm™!. The stretching vibration bands belonging to
N-H groups were observed at approximately 3300 cm™".
During the polymerization process, the (C=C) peaks seen
at 1635 cm™! were lost, and the ester carbonyl stretching
vibration bands shifted to approximately 1742 cm™'. One of
the most important results of our study is that some typical
signals of double bonds disappeared with polymerization.
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Scheme 1 Synthesis of
HAOEME monomer

These were the absorption peak at 921 cm™! of the C-H
bending of geminal = CH, and the C=C stretching vibra-
tion bands at 1605 cm™'. The disappearing peaks represent
the characteristic -C=CH, structure belonging to the vinyl
monomeric structure, and as a result of polymerization, this
structure turns into a -C—CH, structure containing single
bonds.

The 'H and '3C NMR spectra of poly(HAOEME) char-
acterized the structure significantly. The disappearance of
the two vinyl protons at 5.6 and 6.2 ppm in the '"H NMR
spectrum and the presence of a broad peak at 1.2 and 2.1
ppm of the new aliphatic protons were indicative of the
formation of polymers. The peak changes with polymeri-
zation were observed in the proton-decomposed '*C NMR
spectrum of poly(HAOEME). The signals at 165 and 169
ppm are attributed to two carbonyl groups (amide and ester)
in the polymeric structure. Signals belonging to the poly-
meric a-methyl group were observed at 14 ppm. Signals of
aromatic carbons were detected between 120 and 160 ppm.
Figure 2 shows the 'H NMR spectrum of poly(HAOEME).
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Characterization of the copolymers
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The monomeric components of the copolymer can be seen
in Scheme 2.

Spectroscopic characterization
FTIR spectrum

The FTIR spectrum of a copolymer sample shown in Fig. 3
is in good agreement with the structure. The NH and OH
stretching vibration bands of HAOEME units in the copol-
ymer appear as a flat peak at approximately 3500 cm™!
This is due to the dense H bonds between the HAOEME
and the GMA unit in the copolymer. The absorption band
at 3080 cm™! is assigned to the C—H stretching vibration
bands belonging to the aromatic groups. Ester stretching
vibration bands in the HAOEME and GMA units appear as
broad peaks at approximately 1737 cm™!. The amide car-
bonyl absorption band in the HAOEME units is found at

Fig.1 The FTIR spectrum of
poly(HAOEME)
g
o
Q
c
a
&
E
w
c
o
=
— \\
-0C=0 N
-OH -NH \ -C=CH,,
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumbers(cm'l)

@ Springer



372 Page6of17

Journal of Polymer Research (2021) 28: 372

Fig.2 "H NMR spectra of
poly(HAOEME)
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1640 cm™!. The double bond peaks of the aromatic rings are
observed at 1610, 1508, and 1480 cm ~'.

NMR spectrum

Figure 4 shows the 'H and '>*C NMR spectrum of a copoly-
mer sample and characteristic peaks in both spectra cor-
responding to the copolymer formula. It is consistent with
the molecular structure in both sets of spectroscopic data. In
the 'H NMR spectrum, the peak seen at 10 ppm is attributed
to the amide HN proton. The peaks at 6.8—7.8 ppm repre-
sent aromatic protons. Signals of the epoxide ring protons
are observed at 2.4 and 3.3 ppm. The peak belonging to
the proton in the OH group found in the HAOEME units
is observed at 3.2 ppm. The characteristic peaks in the *H
NMR spectrum are as follows: 166—169 ppm amide and
ester carbonyl peaks, 115-155 ppm aromatic carbon peaks,
48 and 55 ppm epoxide ring carbons. The 'H and '°C NMR
evaluations of the other unspecified groups are shown in
Fig. 3.

Scheme 2 Synthesis of
poly(HAOEME-co-GMA)

{
.

HAOEME

@ Springer

Copolymer compositions

By free radical solution polymerization, seven different
ratios of HAOEME-GMA copolymers were prepared in the
1,4-dioxane solvent with AIBN as initiator. The composition
of the copolymer was determined with the aid of elemental
analysis (N content of HAOEME units). Table 1 shows the
values obtained.

Molecular weights of polymers

Gel permeation chromatography was used to determine the
molecular weights of the polymers using polystyrene as
standard and tetrahydrofuran as solvent. Table 2 displays the
Mw and Mn values and polydispersity index (Mw/Mn) of the
polymers. The polydispersity index values of the polymers
varied between 1.66 and 1.91. The theoretical value of Mw/
Mn is 1.5-2.0, which means that the termination is radical
and disproportionate. It is well known that the termination

AIBN, 1,4 - dioxane
—_—
65 °C

i o

o) HN i%

GMA (0]
OH

Poly(HAOEME-co-GMA)
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Fig.3 The FTIR spectrum
of poly(HAOEME-co-GMA)
(0.53:0.47)

Transmittance(%)
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4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
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results in disproportionality in the homopolymerization of
GMA. When the poly(HAOEME) and poly(GMA) polydis-
persity indices were examined, the disproportionate chain

termination was higher than the combination. It is also clear
that the Mw/Mn values in copolymerization depend on chain
termination reactions in homopolymerization.

Fig.4 (A), 'HNMR and (B), '*C NMR spectra of poly(HAOEME-co-GMA) (0.53:0.47)
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Table 1 The monomer

o Feed composition Conv. N Copolymer composition

compositions in the feed and the (mol fraction) (%) Content (%) (mol fraction)
copolymer

Sample HAOEME (M,) GMA (M,) HAOEME (m;)  GMA(m,)

1 0.20 0.80 8.50 2.78 0.34 0.66

2 0.30 0.70 9.50 3.54 0.46 0.54

3 0.40 0.60 9.90 3.77 0.51 0.49

4 0.50 0.50 8.90 3.89 0.53 0.47

5 0.60 0.40 9.25 4.12 0.57 0.43

6 0.70 0.30 9.50 4.53 0.66 0.34

7 0.80 0.20 9.80 4.95 0.74 0.26
Hydrogen bonding effects on the copolymerization Methods " 6 o U U
The functional groups (C=0, NH, OH) that HAOEME and F-R 0.50 029 0.5 200 345
GMA monomers had in the side branch were electron accep- KT 050 025 0.3 200 4.00
tors. N and O donor atoms in particular could form strong H ~ Average 0.50 027 0.14 200 3.73

bonds thanks to their unpaired electrons. In addition, these
monomers were likely to interact between functional groups
or via H bonds between macro radicals. This situation did
not prevent HAOEME-GMA monomer pairs from provid-
ing sufficient activity in free radical copolymerization. This
effect is displayed in Scheme 3.

The effect of hydrogen bonds on methacrylate-based pol-
ymers is manifested in applications such as surface coatings
and self-healing adhesives [40, 41]. In addition, hydrogen
bonds are present in many other functional groups and posi-
tively affect the molecule.

Monomer reactivity ratios

The r; and r, values of the HAOEME and GMA monomers
were obtained by the F-R and K-T linearization method.
Table 3 shows the parameters obtained with the F-R and
K-T equations. Figure 5a, b shows the graphs drawn using
the F-R and K-T parameters.

The values are presented as follows:

Table 2 Molecular weights and polydispersity index of polymers

Polymer ml®  M,x10°  Mx10* M, M,
Poly(HAOEME) 1.00 525 2.90 1.81
Poly(HAOEME-co-GMA)  0.34  4.59 276 1.66
046 482 2.82 1.71
051 488 2.77 1.76
053  5.19 2.86 1.81
057 538 2.92 1.84
0.66 5.67 3.00 1.89
074  6.80 3.56 1.91
Poly(GMA) 0.00 4.6l 236 1.95

?m, is the mole fraction of HAOEME in the copolymer.
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The r; and r, values calculated by the F-R and K-T meth-
ods were less than 1. The ry,opve Value was greater than the
rma Value. This indicates that HAOEME had higher reactiv-
ity than GMA. HAOEMA was more involved in the copoly-
mer due to the hydrogen bonds likely to occur between the
OH and NH groups in the copolymeric HAOEME units. The
calculated r,.r, value close to zero means that this type of
copolymer has an alternative tendency. In the HAOEMA-
GMA system, monomers that are the active centers always
tend to add other types of monomers. The monomers are
neatly arranged in the polymer chain. The entry of mono-
mer molecules into the copolymer chain does not depend
on the starting composition. The monomers are neatly lined
up in the copolymer. The reason why HAOEMA was more
active can be explained by the constitution of the H bond
between OH groups and the carbonyl groups shown in
Scheme 3. Therefore, it can be said that the formation of the
copolymer proceeds by adding mainly GMA comonomers
to the HAOEME macroradical. However, the same situa-
tion was not observed in radical copolymerization between
other methacrylate monomers [42] due to the lack of H
bond between monomeric structures. In such copolymeric
systems, alternating copolymers containing predominantly
methacrylate monomers are formed [43]. The H bond effect
in the poly(HAOEMA-co-GMA) system was the most effec-
tive parameter in determining copolymer type.

Glass transition temperatures

The glass transition temperatures of the copolymers were
determined with DSC. DSC thermograms of samples were
recorded at a heating rate of 10 °C/min by heating up to 250
°C in N, atmosphere. The midpoint of the process zone in
the DSC thermograms was accepted as the Tg. Endothermic
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Scheme 3 Hydrogen bonding effects on copolymerization

transition was observed in DSC thermograms of all poly-
mers. A single Tg value was determined from DSC thermo-
grams of all copolymers. This is the most important proof
that copolymeric structures are not a mixture of homopoly-
mers. Figure 6 shows DSC curves for some copolymers. The
Tg value of poly(GMA) was 74 °C, and poly(HAOEME)
was 119 °C. The high Tg value of poly(HAOEME) was due
to the strong H bonds between HAOEME units. The H bond
causes the free volume of the poly(HAOEME) to decrease
and the Tg value to increase. Hydrogen bonds decrease the
polymer molecule mobility. One of the main properties of
the polymer with side chain hydroxyl groups is the hydrogen
bonding between the ester and hydroxyl groups on adjacent
chains, and the inter-chain interaction resulting from dipole-
dipole interactions [44]. This is an important result of the
hydroxyl group in the side branch of poly(HAOEME).
Table 4 reveals that the Tg values of the copolymers are
among those of the homopolymer. The thermal properties of
copolymers are closely related to the microstructure of the
copolymeric structure. The elasticity of the polymer chains
and the value of the intermolecular interaction energy signif-
icantly affect the Tg value. All structural features that reduce

intermolecular flexibility, such as H bonds, cause an increase
in the Tg value. When the poly(HAOEME-co-GMA) system
was examined, it was clear that the Tg value increased with
an increase in the HAOEME units in the copolymeric struc-
ture. This was due to the strong H bonds between HAOEME
units. H bonds decreased the flexibility of copolymer mol-
ecules and caused an increase in Tg values.

According to the theory of Gibbs and Di Marzio, the glass
transition process of a polymer is considered in terms of
the thermodynamic state of the system determined by the
number of possible conformations of the macromolecule. In
this theory, the glass transition is regarded as a second-order
phase transition.

The Gibbs—Di Marzio equation is given below. [45]:

T, = PppopmeT suaoeme + PomaTGma

“

where @ is the mole fraction of the monomers in the com-
position and Tg is the glass transition temperature of the
respective homopolymer.

Another relationship showing the effect of the compo-
sition on Tg in copolymers was proposed by Fox [46], as
shown in the equation below:

Table3 F-R and K-T

Sample F f G H n €

parameters for poly(HAOEME-

co-GMA) systems 1 0.250 0.515 —0.235 0.121 —0.409 0.211
2 0.429 0.852 -0.075 0.216 -0.111 0.322
3 0.667 1.041 0.026 0.427 0.023 0.485
4 1.000 1.128 0.113 0.887 0.084 0.662
5 1.500 1.326 0.368 1.697 0.171 0.789
6 2333 1.941 1.131 2.805 0.403 0.861
7 4.000 2.846 2.595 5.622 0.461 0.925

o = (Hmax. Hmin)"? = 0.454.
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Fig.5 (a), F-R plots and (b), K-T plots for determining the monomer
reactivity ratios in the copolymerization of poly(HAOEME-co-GMA)
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Fig.6 Variation of Tg (°C) with composition of poly(HAOEME-co-
GMA) system. 1 (66% HAOEME by mole in copolymer), 2 (53%
HAOEME by mole in copolymer), 3 (46% HAOEME by mole in
copolymer)
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Table 4 Comparison of observed Tg value of copolymers with calcu-
lated Tg value from Fox and Gibbs—Di Marzio equations

Sample w2 W,° Tg(°C)° Tg(°C)¢ Tg(°C)°
GMA 0 110 - - 74

1 0.34 0.66 85 89 79

2 0.46 0.54 89 94 85

3 0.51 0.49 92 97 91

4 0.53 0.47 92 98 95

5 0.57 0.43 94 99 100

6 0.66 0.34 99 104 106

7 0.74 0.26 103 107 113
HAOEME 100 0 - - 119

*Weight fraction of HAOEME in the copolymer.
"Weight fraction of GMA in the copolymer.
‘Calculated by Fox equation.

dCalculated by Gibbs-Di Marzio equation.

®Observed in relating DSC curve.

where W is the weight fractions of related monomers in the
copolymer. Table 4 shows the Tg values obtained from the
Gibbs-Di Marzio and Fox equations.

Positive deviations were observed in the Tg values
obtained by both methods. These methods do not consider
parameters such as free volume, steric effect, copolymer
type, or thermodynamic and energetic interactions that
affect the glass transition temperature. Therefore, the values
obtained by both methods showed positive deviations from
the Tg values obtained by DSC.

Thermogravimetric analysis

Figure 7 shows TGA curves for poly(HAOEME),
poly(GMA), and three copolymers. The initial decompo-
sition temperature values (IDT) of poly(HAOEME) and
poly(GMA) were determined as 285 and 184 °C, respec-
tively. Thermal degradation of poly(HAOEME) occurred
in one step. The thermal resistance of this polymer is
higher than poly(GMA). The high thermal resistance of
poly(HAOEME) is because of the strong H bonds between
the NH and OH groups in its structure. It is known that
polymers with similar structures have high thermal stabil-
ity [47]. Thermal degradation of poly(GMA) took place in
two steps. In the first step, the depolymerization process
began at the unsaturated chain ends, followed by random
chain breakage at higher temperatures. The residual % left
by poly(HAOEME) and poly(GMA) at 450 °C was 39 and 2,
respectively. For HAOEME-GMA copolymers, the residual
amount at 450 °C was increased with increasing HAOEME
units in the copolymer.
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Fig.7 TGA curves for
homopolymers and some 100
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According to the TGA data, it was observed that the
thermal stability of the copolymers was between 190 and
275 °C depending on the composition. Table 5 gives a com-
parison of some thermogravimetric data of copolymer and
homopolymers.

The thermal resistance of the copolymers was between
the stability of the homopolymer that formed them. It was
observed that the thermal resistance of copolymers increased
with an increase in the number of HAOEME units in the
copolymeric structure. The thermal degradation behavior
of homopolymers and copolymers is parallel to that of like
methacrylate derivatives mentioned in the literature [48].

In this context, it is necessary to draw attention to the
thermal degradation behavior of poly(methacrylate) carrying
different functional groups in the side chain. Some polym-
ethacrylates break down relatively easily into their monomer
by the effect of heating. On the other hand, in some poly-
mers, ester decomposition occurs without depolymerization.
In some methacrylate polymers, thermal degradation takes
place in the form of breakage in the main chain, which is
called depolymerization, and degradation continues with
ester decomposition at high temperatures; the elimination
of small molecules and the cyclic anhydride structure occurs
as the temperature rises further [49].

Decomposition kinetics

The Ozawa and Kissinger integral methods, which are inde-
pendent of the reaction order, are widely used in calculating
the thermal degradation activation energy value of polymers.
The decrease in the mass of the polymers due to the pro-
grammatically increased or decreased temperature in the TG

200 300
Temperature (°C)

method can be examined as a function of temperature or
time. The activation energy (Ea) values can be calculated
using the data obtained from TG. Commonly used methods
have been developed for this purpose.

TG curves were obtained at various heating rates of
synthesized polymers, and the Ea value of polymers was
calculated using Ozawa methods. Thermograms of all-
polymer samples were obtained at five different heating
rates (5.0, 10.0, 20.0, 30.0 and 40.0 °C min_l) in an inert
N, atmosphere. While obtaining the thermograms, a posi-
tive change was observed in the upper temperatures of
the curves with an increase in the heating rate. At high
rates, an increase in peak temperatures occurs because of
the shorter time the polymeric material is exposed to the
decomposition temperature. At higher rates, a heat mis-
match occurs between the outer surface and the interior of
the deformed polymer. Since the outer surface of the poly-
mer becomes hotter than the inner section, fragmentation

Table 5 Some TGA results of the copolymers

Temperature (°C)  Residue
for a weight loss (%) at 450
of % °C
Polymer IDT* 10 35 50
Poly(HAOEME) 282 301 361 398 28
Poly(GMA) 184 205 233 246 2
Poly(HAOEME-co-GMA)
(51/49) 222 247 298 320 12
(57/43) 248 280 320 360 28
(74/36) 270 281 340 390 35
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Fig.8 Ozawa plots of the logarithm of the heating rate (log f) ver-
sus the reciprocal of the temperature (1/7) at different conversions for
poly(HAOEME-co-GMA) (0.53:0.47)

occurs on the outer surface at higher temperatures due to
the increase in the heating rate.

The Ea of the obtained polymers was determined
according to the equation of Ozawa [50]:

_ _R| dlogp
"__Z[da/r)]

(6)

where R is the gas constant, b is the constant (0.4567), and
is the heating rate.

The Ozawa method is an excellent isothermal method that
does not consider the degree of reaction. When the results
of the Ozawa analysis for poly(HAOEME-co-GMA) (34:66)
were plotted, the data consisting of parallel lines confirm-
ing the accuracy of the method used were as those in Fig. 8.
The average Ea value of poly(HAOEME) was calculated as
around 150 kJ/mol. The Ea values of the copolymers showed
a random distribution independent of the copolymer compo-
sition. The calculated Ea values of the polymers at different
transformations can also be seen in Table 6.

-10.41

)

2
)

-10.8 4

/T,

In(l

-11.24

-11.6 T T T
1.50 151 1.52 1.53

1/7,10°

1.54

Fig.9 For first degradation steps, Kissinger plot of poly(HAOEME-
co-GMA) (0.53:0.47)

The Kissinger method is another method used to calcu-
late the Ea values of polymers regardless of the reaction
order [51]. The thermal decomposition activation energy of
the prepared polymer samples was also calculated using the
Kissinger method:

dn(e/1) _E,
aum) R v

where S is the heating rate, Tp is the maximum tempera-
ture, and R is the ideal gas constant. From a plot of In (5/
T‘,,2 ) versus I/T, and fitting to a straight line, the activa-
tion energy E, can be calculated from the slope. Figure 9
shows the Kissinger plot of the first degradation stage of
the poly(HAOEME-co-GMA) (0.53: 0.47) copolymer sam-
ple. The thermal degradation activation energy values of the
polymers in two different temperature ranges were calculated
by Kissinger method.

The Ea values calculated for poly(HAOEME) are 175.23
and 181.38 kJ/mol for the first and second degradation steps,

Table 6 Evident activation energy of examined thermal degradation copolymers in N,

Activation energy (kJ/mol)

Conversion (%)

Sample 10 15 20 30 35 45 50 55 60

Poly(HAOEME) 131.93 149.44 152.23 147.71 157.50 168.54 169.33 155.53 144.60
Poly(HAOEME 34%-GMA) 98.45 126.46 146.21 145.40 132.93 125.80 125.30 128.18 154.14
Poly(HAOEME 46%-co-GMA) 129.18 136.10 138.22 129.18 132.36 135.22 133.31 131.42 138.12
Poly(HAOEME 51%-co-GMA) 135.45 139.69 139.19 127.74 134.47 127.29 129.16 126.60 165.80
Poly(HAOEME 53%-co-GMA) 139.27 145.76 137.36 141.53 135.19 126.74 143.56 138.25 171.96
Poly(HAOEME 57%-co-GMA) 139.91 148.58 133.93 136.97 144.53 168.80 135.41 155.27 143.47
Poly(HAOEME 66%-co-GMA) 135.80 113.53 150.86 149.80 159.87 147.58 165.39 171.38 177.37
Poly(HAOEME 74%-co-GMA) 133.14 110.40 143.12 131.21 165.10 125.49 155.32 143.54 168.62
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Table 7 Regression coefficients

. Polymer First stage Second stage R

and degradation apparent TG ranee(°C) Ea(ki/mol TG ranee(°C) Ea(ki/mol

activation energies (Ea)

by Kissinger equation for Poly(HAOEME) 290-350 175.23 350445 181.38 0.98

copolymers and HAOEME and

GMA homopolymers Poly(GMA) 195-345 117.2 340450 169.33 0.99
Poly(HAOEME 34%-co-GMA) 235-345 138.66 345450 119.48 0.99
Poly(HAOEME 46%-co-GMA) 240-350 143.39 340445 138.24 0.98
Poly(HAOEME 51%-co-GMA) 250-355 151.60 340450 148.86 0.98
Poly(HAOEME 53%-co-GMA) 260-350 159.43 340445 185.20 0.99
Poly(HAOEME 57%-co-GMA) 270-345 157.98 345440 177.82 0.99
Poly(HAOEME 66%-co-GMA) 275-355 155.20 345445 147.17 0.98
Poly(HAOEME 74%-co-GMA) 280-345 145.53 345450 189.94 0.99

respectively. The same values are 117.2 and 169.33 kJ/mol
for poly(GMA). The Ea values of the copolymers were also
determined at two different decomposition temperatures. The
first temperature range was 235-345 °C, and the average Ea
value for this range was 150.2 kJ / mol. The second tempera-
ture range was 255—450 °C and the average activation energy
for this range was found to be 158.1 kJ / mol. The Ea values
obtained showed a random distribution independent of the
copolymer composition. The probable reason for this may be
the different distribution of monomers in the microstructure
of the copolymers. In particular, 53% and 74% HAOEME
copolymers have higher Ea values for the second degrada-
tion step than poly(HAOEME). Table 7 presents Ea values of
polymers obtained from the Kissinger method [52].

Antimicrobial screening
All polymers showed moderate activity similar to stand-

ard drugs. The average of three experiments was calcu-
lated and is displayed in the data listed in Tables 8 and 9.

Table 8 Antimicrobial effects of the compounds (mm of zones)

The results show that biological activity increases with
increasing polymer concentration. The findings show
that the polymers analyzed have mild biological activ-
ity similar to conventional drugs such as penicillin and
teicoplanin. The biological activity of poly(HAOEME)
was better than that of copolymers. A possible reason for
this is the phenolic. hydroxyl groups carried by the poly-
mer. The hydroxyl group of poly(HAOEME) was shown
to be important for its effect on membrane properties and
probably for its antimicrobial activity. These results are
related to the O-H bond dissociation energy of the phe-
nolic hydroxyl group in poly(HAOEME) and the proton
affinity involved in the electron donating ability. To sum
up, phenolic hydroxyl and amide / ester groups signifi-
cantly increase the biological activity of the molecule in
which they are located. In addition, phenolic hydroxyls are
electron-donating groups and contribute to the biological
activity of the molecules [53, 54].

As expected, the activity of the copolymers against micro-
organisms increased with the increase in the HAOEME

Compounds Pseudomonas Escherichia Proteus Salmonella Klebsiella Staphylococcus Candida
aeruginosa coli vulgaris enteritidis pneumoniae aureus albicans
Poly(HAOEME) 11+1 10+0.5 11+1 10+2 - 11+0.5 10+1
Poly(HAOEME-co-GMA)
34766 6+1 5+0.5 5+0.5 - 6+0.75 6+1 7+0.5
46 /54 7+1 6+0.25 T+ 5+0.5 7+0.75 7+0.75 -
51749 9+1 7+0.75 8+0.5 6+1 - - 8+1.5
53747 10+0.75 8+1 - - 9+0.5 9+0.25 10+1
571743 11+0.25 - - 7+0.5 10+2 10+0.25 -
66 /34 13«1 9+0.25 8+0.25 9+1 - - 11+0.5
74126 14+0.75 10+1 8+0.5 - 12+1 11+0.5 -
Penicillin G 16+0.5 12+0.5 9+0.25 16+1 18+1 17+1 35+0.75
Teicoplanin 18+1 18+2 11+1 22+2 25+2 12+1 15+1
DMSO - - - - - - -

Compound concentration: 50 pg/disc; the symbol (-) indicates that the compounds do not have any activity against the microorganisms. DMSO:
dimethyl sulfoxide (control). Results calculated are means + SD, superscript means are statistically significance at p < 0.05.
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Table 9 Antimicrobial effects of the compounds (mm of zones)

Compounds Pseudomonas Escherichia Proteus Salmonella Klebsiella Staphylococcus Candida
aeruginosa coli vulgaris enteritidis pneumoniae aureus albicans
Poly(HAOEME) 14+2 12+1 13+1 12+0.5 13+1 14x1.5 12+1
Poly(HAOEME-co-GMA)
34 /66 8+0.5 6+1 7+0.75 - 9+1 9+0.5 9+1
46 /54 10+£2 7x1 8+0.5 7+0.5 10+1 10+1 -
51/49 11+1 7+0.25 9+1 8+2 - - 10+1
53 /47 13£1.5 8+0.5 - - 11+0.5 11+1 11+1
571743 14+2 - - 9+1 12+0.5 12+0.75 -
66 /34 15+0.75 9+1 10+0.5 10+0.25 13+1 - 12+1.5
74126 15+2 11+1 11+£0.5 - 14+1 13+0.25 142
Penicillin G 16x1.5 12+1 9+0.5 1612 18+1 172 35+2
Teicoplanin 18+1 18+2 11£1.5 22+1 25+1 1212 15+1.5
DMSO - - - - - - -

Compound concentration: 100 pg/disc; the symbol (-) indicates that the compounds do not have any activity against the microorganisms.
DMSO: dimethyl sulfoxide (control). Results calculated are means + SD, superscripts indicate statistical significance at p < 0.05.

content of the copolymers. The obtained values indicate
that poly(HAOEME) and certain copolymers have strong
biological activity in Pseudomonas aeruginosa bacteria..
Pseudomonas is an important bacteria genus that is
widely found in the environment and in soil and water. Pseu-
domonas aeruginosa can cause infections in the blood, lungs
(pneumonia), or other parts of the body after surgery.
Tables 8 and 9 reveal that the biological activity of the
copolymers is lower than that of the drugs. It can be said
that the antibacterial and antifungal effect of the synthe-
sized copolymers was due to functional groups such as phe-
nolic hydroxyl, ester, and amide in HAOEME and GMA
units. The donor systems such as OH, NH, and C=0 in the

copolymer structure might have inhibited the enzyme devel-
opment, because enzymes looking for a free hydroxyl group
tend to be extremely sensitive to deactivation by copolymers.
The results obtained are consistent with the literature [55].

The results show that HAOEME-GMA copolymers can
be used as biomaterials. These copolymers can be used in
paints on hospital room walls and everyday objects such
as doorknobs, children's toys, computer keyboards, and
telephones. The antimicrobial properties of a polymer play
an important role in many of its applications. Contamina-
tion by microorganisms is of great concern in fields such
as medical devices, health care products, water purification
systems, and hospital and dental equipment. One possible

7
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5 1 —
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Fig. 10 Variation of S% values with time at 37 °C at pH 7
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Fig. 11 Variation of S% values with temperature for 24 h at pH 7

way to avoid microbial contamination is to develop materials
possessing antimicrobial properties.

Swelling behavior of the polymers

Figure 10 shows the change of average % swelling val-
ues of polymers over time. As seen in Fig. 10, the %
swelling value of all polymers over time increased and
reached equilibrium at around 43 h. The highest swelling
value belonged to poly(HAOEME), and this value varied
between 2.0 and 6.4% from the initial measurement to the
last measurement. With the rise of HAOEME amounts
in the copolymer structure, the swelling rate of copoly-
mers increased. While the swelling values of the copoly-
mer sample containing 34% HAOEME are between 1 and
3.45, this value was between 1.9 and 5 for the copolymer
containing 74% HAOEME. It was observed that the %
swelling values of all polymers reached equilibrium after
about 50 h. Thanks to the hydroxyl group HAOEME
units carry, the hydrophilic character of the copolymers
is becoming dominant. Thus, more water molecules can
enter the copolymeric structure via H bonds. Over time,
the adherence of water molecules increased and then
reached equilibrium.

Figure 11 shows the results of temperature change
of average % swelling values of polymers, and it can be
inferred from the figure that swelling values for all poly-
mers can be changed with temperature. All polymers first
increased with the increase in temperature, then reached
equilibrium around 70 °C. The highest % swelling value
belonged to poly(HAOEME), and this value was 7.5 at 70
°C. The swelling values of other polymers were similar to
the data presented in Fig. 10. All polymers showed a rapid

swelling behavior between 40 and 70 °C. This situation
increased the temperature of the polymer molecules, which
can be attributed to their increased mobility [56]. Also,
the possibility of H bonds forming between HAOEME
and GMA units in the copolymer can be explained as
follows. The swelling percentage increases as a result of
breaking of possible H bonds between the HAOEME and
GMA units in copolymers with rising temperature. Simi-
lar results can be found in the literature [57, 58]. As the
amount of GMA increased in the copolymer, the swelling
values against temperature remained lower. In general, a
significant increase in swelling values of copolymers was
observed with the rise in temperature.

Conclusion

A new HAOEME monomer was synthesized containing a
phenolic hydroxyl group in the side branch. The new mono-
mer and homopolymer were characterized using spectro-
scopic methods. Then, copolymers of HAOEME monomer
and commercial GMA monomer were synthesized by free
radical polymerization method at seven different feed rates.
The structural characterization of the copolymers obtained
was carried out using FTIR and NMR techniques.

The composition of the poly(HAOEME-co-GMA) sys-
tem was calculated by the amount of N in HAOEME units.
r; and r, values of HAOEME-GMA system were calculated
using the F-R and K-T linear graphic methods. The reactiv-
ity ratios of the copolymers were determined by the F-R
and K-T methods. The average r value of poly(HAOEME)
was 0.5, and for poly(GMA) was 0.27. The r,.r, value of
this system was 0.14. It was concluded that the HAOEME
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monomer is more reactive, so the copolymers are rich in
HAOEME. Looking at the 1/ r; value of the GMA mono-
mer, it is seen that it tends to add more other monomers.
The fact that the r,.r, value is close to zero indicates that
this type of copolymerization is optional. Poly(HAOEME)
and poly(GMA) monomers are alternately arranged along
the chain, and an alternating copolymer is obtained. The
reason why poly(HAOEME) is more involved in the
copolymer is the strong H bonds formed by the OH groups
it carries. The Tg value of poly(GMA) was 74 °C, and
poly(HAOEME) was 119 °C. It was observed that the Tg
values of the copolymers were between the Tg values of the
homopolymers and were between 113 and 119 °C. In addi-
tion, the theoretical Tg values were calculated using the Fox
and Gibbs—Di Marzio equations, and it was determined that
they were compatible with the real Tg. The initial decom-
position temperature values (IDT) of poly(HAOEME) and
poly(GMA) were determined as 285 and 184 °C. It was
seen from TGA curves that poly(HAOEME) was more sta-
ble than poly(GMA). The reason for this is the hydrogen
bonds formed by the OH groups carried by the HAOEME
units. It was also observed that the thermal stability of
the copolymers increased as the HAOEME content in
the copolymer increased. From the non-isothermal deg-
radation data, the kinetic parameters such as Ea for the
polymer have been calculated using Ozawa and Kissinger
methods. From the Kissinger method, the first tempera-
ture range was 195-345 °C, and the average Ea value for
this range was 150.2 kJ/mol, and the second temperature
range was 340-450 °C, and the average activation energy
for this range was found to be 158.1 kJ/mol. Similar results
were obtained with the Ozawa method. There is a good
correlation between the calculated values for activation
energy between methods, and there is a similar change
trend of Ea between the two methods. The polydispersity
index determined by GPC was around 2, indicating that
the termination reactions in this system are dispropor-
tionate. The antimicrobial effects of poly(HAOEMA) and
copolymers on various microorganisms were investigated
in DMSO solution at two different concentrations (50 and
100 pg). Biological activity increased with increasing
sample concentration. According to the biological activ-
ity tests performed, the copolymer has strong activity on
the Pseudomonas aeruginosa microorganism. The water
absorption capacity of the copolymers was investigated by
swelling experiments. The highest swelling value belonged
to poly(HAOEME), and this value varied between 2.0 and
6.4% from the initial measurement to the last measure-
ment. With temperature and time, the swelling capacity
of the polymers increased and stabilized after a certain
value. With increasing HAOEME units in the copolymer,
the % swelling values of polymers increase. This is prob-
ably because of the hydrophilic OH groups they carry.
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