Polymer Bulletin (2019) 76:3297-3327
https://doi.org/10.1007/500289-018-2543-3

ORIGINAL PAPER =
@ CrossMark

A new synthesis of limonene copolymer: experimental
and theoretical analysis

Nevin Cankaya' - Emine Tanis? - H. EImali Giilbas3 - Niyazi Bulut*

Received: 2 June 2018 / Revised: 9 September 2018 / Accepted: 24 September 2018 /
Published online: 1 October 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

A copolymer of limonene with 2-(4-methoxyphenylamino)-2-oxoethyl methacrylate
(LIM-co-MPAEMA) which is thought to be a non-toxic and used generally as a
dietary supplement was synthesized and characterized for the first time both experi-
mentally and theoretically. The structure of synthesized limonene copolymer was
chemically characterized by Fourier transform infrared and nuclear magnetic reso-
nant (‘"H NMR) spectroscopic techniques and compared with the theoretical calcu-
lated results. Charge transfer that is important in the formation of chemically bonded
adducts causing cancer is quantitatively calculated. It was found that this polymer
can be used as a biomaterial.

Keywords 2-(4-Methoxyphenylamino)-2-oxoethyl methacrylate (MPAEMA) -
Limonene - LIM-co-MPAEMA - Density functional theory (DFT)

Introduction

Polymers today occupy an important place in our lives due to their low cost, durabil-
ity, chemical resistance and easy availability. Polymers are macromolecules formed
by the combination of small units called monomers [1]. If the polymer chains are
composed of a single monomer, then homopolymer of these polymers is called
copolymers if they consist of different monomers. Copolymerization is a highly
effective method for synthesizing products with industrially sought chemical and
physical properties, and the structure—property relationship in the copolymeriza-
tion studies is one of the most investigated. The largest source of raw materials for
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synthetic polymers is oil and petroleum derivatives. Rapid decline in oil resources
leads to a decrease in oil-based polymer raw material resources and an increase in
cost. Therefore, the use of sustainable polymers from natural sources has become
very important nowadays, and scientific studies have been directed toward this direc-
tion, since these natural polymers have excellent properties such as biocompatibility,
non-toxicity, biological degradability and adsorption properties.

One of the most important of the sustainable natural polymer sources is terpe-
nes, which occupy a very large area in organic compounds, which can be obtained
from very different sources such as various plants, some insects, fungi and marine
microorganisms. Many of the terpenes are isoprene derivatives. Terpenes are known
as functional monomers which have commercial importance in the synthesis of
homopolymer and copolymer due to their functional groups and their being optically
active. Limonene is an optically active monocyclic terpene, found in many citrus
fruits. The annual worldwide production of limonene is over 70 million kg [2]. It has
been described that it is an important non-toxic substance both in vitro and in vivo
studies [3, 4]. Today, limonene as an alternative to many solvents, it is reliably used
in industry, such as cosmetics, food industry, medicine and cleaning agents [5-7].
Because of structural two double bonds in the limonene molecules a more sustain-
able structure for the copolymers can be formed. Polymeric materials have a consid-
erable place in our daily lives because of their various properties such as low cost,
chemical resistance and easily manufactural. However, due to the petroleum-based
sources of polymer raw materials, the limited availability of these oil resources cre-
ates problems in terms of cost and sustainability in the production of these mate-
rials. For this reason, sustainable polymer degradation from natural sources such
as terpenes has become important in terms of scientific work. Limonene is also an
important work area for natural polymer resources [8]. First limonene synthesized
by Marvel et al. [9] and Robert and Day [10] and using Friedel-Craft catalyst and
Ziegler—Natta catalyst and, then it was copolymerized with maleic anhydride by
Douchi et al. [11]. Later, Sritavtava et al. reported the synthesis and characterization
copolymerization of limonene with methyl methacrylate [12], styrene [13] and acry-
lonitrile [14]. Zhang and Dube [15] reported the high concentration of high molecu-
lar weight by determining the reactivity ratios of the limonene/butyl methacrylate
copolymer.

In a recent study [16], it was claimed that limonene could be a new key to envi-
ronmentally friendly polymers. In this study, it was shown that it is possible that
limonene could be used instead of bisphenol A, which is the potential carcinogen
in the polycarbonates found in countless products. They also demonstrated that new
limonene-derived biomaterial (poly(limonene)dicarbonate) has the maximum glass
transition temperature observed up to now. When the LIM-co-MPAEMA natural
polymer is used as a biomaterial, that is, when it interacts with a biosystem, the
investigation of the toxic potential is an important consideration. Efforts to deter-
mine the toxic potential of various compounds, from small molecules to biosystems,
are a large part of toxicity studies [17—19]. In this context, recent studies have shown
that the DFT-based reactivity descriptors are advantageous and can be compared
with the experimental observations [20]. The reactivity descriptors calculated using
the DFT method play an important and reliable role in many studies [21-32]. Global
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hardness (1), electrophilicity index (@), chemical potential (1) and electronegativity
(y) are a few examples of these reactivity indicators. In addition, toxicity is thought
to result from possible transfer of charge between a toxin and a biosystem [21, 33,
34]. Here, a model biosystem has been constructed from selective nucleic acid (NA)
bases, since a toxin is expected to interact with NA bases.

In this study, the copolymer of methacrylate derivative 2-(4-methoxyphenylamino)-
2-oxoethyl methacrylate (MPAEMA) monomer with a natural monomer—limonene has
been synthesized for investigation of structure—property relationship in the limonene
copolymer. The limonene copolymer was characterized by classic spectroscopic meth-
ods (FTIR, 'H-NMR). Meth/acrylates are very important in the production of poly-
meric materials due to their chemical and physical properties [35-37]. In recent years,
a lot of studies on limonene- and methacrylate-based polymers are available. However,
vibration wave numbers, electronic properties, molecular electrostatic potential and
chemical shifts are not yet available. This lack of literature encouraged us to determine
many physical and chemical properties of this polymer. We have been calculated the
amount of charge transfer between a model biosystem and a LIM-co-MPAEMA mol-
ecule, which is thought to be non-toxic, to have information about toxic behavior in
a biosystem using HOMO-LUMO energy values. We chose nucleic acid (NA) bases
(adenine, thymine, cytosine, uracil and guanine), as a model of biomolecules in this
study.

Experimental
Materials and methods

Triethylamine, p-methoxyaniline, chloroacetyl chloride, sodium methacrylate,
Tebax, Nal, D-limonene, 2,2-azobisisobutyronitrile (AIBN) and hydroquinone
were purchased from Aldrich Chemical Reagent CO. Ltd. 1,4-Dioxane was pur-
chased from Merck Chemical Reagent CO. Ltd. All the solid chemicals were used as
received without further purification. All solvents were distilled under vacuum.

Measurements

Fourier transform infrared (FTIR) studies were performed by ATR equipment using
Perkin-Elmer FTIR spectroscope. The scanned wave numbers range from 4000 to
400 cm~!. 'TH-NMR measurements was taken on Bruker 400 MHz in CDCl, as sol-
vent with tetramethylsilane (TMS) as the internal reference. The molecular weight
of the LIM-co-MPAEMA was determined by using gel permeation chromatography
(GPC) on Waters 996 apparatus equipped with evaporative mass detector, CHCl,
solvent with polystyrene standards. Thermal analyzation of the LIM-co-MPAEMA
was obtained with a Hitachi 7000 TGA/DTG (thermogravimetric analysis/derivative
thermal gravimetric analysis) simultaneous system and a heating rate of 10 °C min™!
in nitrogen atmosphere, from 40 to 550 °C temperatures.
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Synthesis of LIM-co-MPAEMA

MPAEMA monomer was synthesized and characterized in the presence of p-meth-
oxyaniline, triethylamine, chloroacetyl chloride, sodium methacrylate, Tebax and
Nal in our laboratory [38]. The two appropriate monomers, MPAEMA (1 mmol)
and D-limonene (1 mmol), with the radical initiator AIBN in 1,4-dioxane solution
were added into polymerization flask. The system was kept under inert gas at 70 °C
in 24 h. The resulting copolymer was crystallized 3 times to remove impurities with
ethyl alcohol. Synthesis of limonene with MPAEMA (LIM-co-MPAEMA) is shown
in Fig. la and b, respectively. The chemical structure of LIM-co-MPAEMA was
characterized by spectroscopic methods (FTIR, 'H-NMR) [39].
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Fig. 1 a Synthesis of MPAEMA. b Synthesis reaction of LIM-co-MPAEMA
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Theoretical calculations

The geometrical, spectroscopic and electronic properties of LIM-co-MPAEMA have
been investigated using DFT [40] at the B3LYP level [41-43]. The 6-311G++(d,p)
basis set has been used in the calculations. The calculations have been performed
using the GAUSSIANOQ9 program [44]. The optimized geometric parameters (bond
lengths, bond angles and dihedral angles) are given in Table 1. The optimized struc-
tural parameters were used in calculating vibrational frequency and isotropic chemi-
cal shift. In order to make the calculated vibrational frequencies more compliant
with the experimental results, they were multiplied by 0.935 [45] as a global scal-
ing factor for B3LYP/6-3114++G(d,p). Vibrational modes were assigned through
VEDAA4 program [46]. Later, TD-DFT method used to get maximum wavelengths,
HOMO, LUMO and other electronic properties, such as chemical hardness, chemi-
cal potential, electronegativity, and electrophilicity index in different solvents.
HOMO and LUMO orbitals are used to find ionization energy and electron affinity,
namely /=—Eyomo. A=—E;ymo, =T —A)/2 and p=1+A)/2.

Interaction between the compounds and NA bases (adenine, thymine, cytosine,
uracil and guanine) has been determined using the parameter AN transferred from a
system A to system B and is represented by Parr formula [47]:

_ Hp — Ha
2(ny + 1, M

'H and"*C NMR isotropic chemical shifts were calculated via GIAO [48, 49] with
the basis set of B3LYP/6-311++G(d,p) in DMF (N,N-dimethylformamide), acetoni-
trile, chloroform solvents. GaussSum2.2 program [50] was used to analyze the spec-
tra of the total density of state (TDOS or DOS), partial density of state (PDOS)
overlap population density of states (OPDOS or COOP) and the group contributions
of molecular orbitals.

Results and discussion

Spectroscopic characterization of LIM-co-MPAEMA with vibrational frequencies
and infrared spectra

The reaction scheme for the synthesis of copolymer LIM-co-MPAEMA is given in
Fig. 1. The synthesis of copolymer LIM-co-MPAEMA was carried out by free radi-
cal polymerization of MPAEMA and D-limonene in the preference of AIBN as an
initiator.

Optimized ground-state structure of LIM-co-MPAEMA with atom num-
bering calculated by B3LYP/6-311++4+G(d,p) is shown in Fig. 2. The chemical
structure of the LIM-co-MPAEMA was confirmed by FTIR and 'H-NMR. The
recommended structure is in full agreement with all spectroscopic data. Meas-
ured and calculated FTIR spectrum of the copolymer LIM-co-MPAEMA is
shown in Fig. 3. The theoretical vibrational frequencies are multiplied by the
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Table1 Some geometrical
parameters optimized in LIM-
co-MPAEMA [bond length A)
and bond angle (°)]

@ Springer

Limonen
Bond length
Cl1-C2 1.40
C1-C6 1.40
C1-029 1.39
C2-C3 1.39
C2-H7 1.08
C3-C4 1.41
C3-H8 1.08
C4-C5 1.40
C4-N11 1.42
C5-C6 1.40
C5-H9 1.08
C6-H10 1.08
N11-H12 1.01
N11-C13 1.36
C13-014 1.25
C13-C15 1.52
C15-H16 1.09
C15-H17 1.09
C15-018 1.47
018-C20 1.39
019-C20 1.23
C20-C21 1.53
C21-C22 1.56
C21-C30 1.54
C21-C34 1.55
C22-H23 1.09
C22-H24 1.09
C22-C60 1.56
C25-H26 1.09
C25-H27 1.09
C25-H28 1.08
C25-029 1.45
C30-H31 1.09
C30-H32 1.09
C30-H33 1.09
C34-H35 1.09
C34-H36 1.09
C34-H37 1.09
C38-C39 1.54
C38-C40 1.54
C38-H41 1.10
C38-C60 1.56




Polymer Bulletin (2019) 76:3297-3327 3303

Table 1 (continued)

Limonen
C39-C42 1.54
C39-H43 1.09
C39-H44 1.09
C40-C45 1.51
C40-H46 1.10
C40-H47 1.10
C42-C48 1.52
C42-H49 1.10
C42-H55 1.10
C45-C48 1.34
C45-H50 1.09
C48-Cs51 1.51
C51-H52 1.09
C51-H53 1.10
C51-H54 1.10
C56-H57 1.09
C56-H58 1.09
C56-H59 1.09
C56-C60 1.54
C60-H61 1.10
Bond angles
C2-C1-C6 119.75
C2-C1-029 115.73
C6-C1-029 124.52
C1-C2-C3 120.89
C1-C2-H7 118.37
C3-C2-H7 120.75
C2-C3-C4 119.71
C2-C3-H8 120.85
C4-C3-H8 119.44
C3-C4-C5 119.16
C3-C4-N11 123.17
C5-C4-N11 117.67
C4-C5-C6 121.04
C4-C5-H9 119.82
C6-C5-H9 119.14
C1-C6-C5 119.45
C1-C6-H10 121.35
C5-C6-H10 119.20
C4-N11-H12 116.76
C4-N11-C13 128.62
H12-N11-C13 114.62
N11-C13-014 125.92
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Table 1 (continued)
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Limonen
N11-C13-C15 115.63
014-C13-C15 118.44
C13-C15-H16 109.65
C13-C15-H17 109.75
C13-C15-018 109.86
H16-C15-H17 108.25
H16-C15-018 109.57
H17-C15-018 109.74
C15-018-C20 117.45
018-C20-019 120.94
018-C20-C21 112.41
019-C20-C21 126.65
C20-C21-C22 109.37
C20-C21-C30 108.67
C20-C21-C34 108.77
C22-C21-C30 111.60
C22-C21-C34 108.97
C30-C21-C34 109.41
C21-C22-H23 106.69
C21-C22-H24 107.53
C21-C22-C60 116.06
H23-C22-H24 106.34
H23-C22-C60 110.08
H24-C22-C60 109.67
H26-C25-H27 109.73
H26-C25-H28 109.60
H26-C25-029 111.32
H27-C25-H28 109.58
H27-C25-029 111.36
H28-C25-029 105.15
C1-029-C25 118.94
C21-C30-H31 109.49
C21-C30-H32 110.76
C21-C30-H33 111.87
H31-C30-H32 108.54
H31-C30-H33 108.79
H32-C30-H33 107.30
C21-C34-H35 111.04
C21-C34-H36 109.34
C21-C34-H37 111.42
H35-C34-H36 108.01
H35-C34-H37 108.36
H36-C34-H37 108.57
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Table 1 (continued)

Limonen
C39-C38-C40 109.28
C39-C38-H41 107.01
C39-C38-C60 114.43
C40-C38-H41 106.61
C40-C38-C60 112.72
H41-C38-C60 106.30
C38-C39-C42 110.83
C38-C39-H43 109.32
C38-C39-H44 110.92
C42-C39-H43 108.99
C42-C39-H44 109.82
H43-C39-H44 106.87
C38-C40-C45 112.61
C38-C40-H46 110.15
C38-C40-H47 109.26
C45-C40-H46 109.53
C45-C40-H47 109.50
H46-C40-H47 105.54
C39-C42-C48 112.89
C39-C42-H49 109.74
C39-C42-H55 109.99
C48-C42-H49 109.30
C48-C42-HS55 109.12
H49-C42-H55 105.54
C40-C45-C48 124.58
C40-C45-H50 116.34
C48-C45-H50 119.08
C42-C48-C45 121.40
C42-C48-C51 116.06
C45-C48-Cs51 122.54
C48-C51-H52 111.68
C48-C51-H53 111.07
C48-C51-H54 111.25
H52-C51-H53 107.89
H52-C51-H54 108.04
H53-C51-H54 106.70
H57-C56-H58 107.44
H57-C56-H59 107.52
H57-C56-C60 110.72
H58-C56-H59 107.92
H58-C56-C60 111.87
H59-C56-C60 111.17
C22-C60-C38 111.33
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C22-C60-C56 111.18
C22-C60-H61 107.96
C38-C60-C56 113.30
C38-C60-H61 105.63
C56-C60-H61 107.05
Dihedral angles
C6-C1-C2-C3 0.04
C6-C1-C2-H7 179.99
029-C1-C2-C3 —-179.92
029-C1-C2-H7 0.02
C2-C1-C6-C5 —0.05
C2-C1-C6-H10 —179.99
029-C1-C6-C5 179.91
029-C1-C6-H10 —0.03
C2-C1-029-C25 179.40
C6-C1-029-C25 —-0.57
C1-C2-C3-C4 -0.01
C1-C2-C3-H8 179.81
H7-C2-C3-C4 —179.96
H7-C2-C3-H8 -0.13
C2-C3-C4-C5 0.00
C2-C3-C4-N11 —179.91
H8-C3-C4-C5 —179.83
H8-C3-C4-N11 0.27
C3-C4-C5-C6 -0.01
C3-C4-C5-H9 179.82
N11-C4-C5-C6 179.90
N11-C4-C5-H9 —-0.27
C3-C4-N11-H12 178.64
C3-C4-N11-C13 -2.09
C5-C4-N11-H12 —-1.27
C5-C4-N11-C13 178.01
C4-C5-C6-Cl1 0.04
C4-C5-C6-H10 179.97
H9-C5-C6-Cl1 —-179.79
H9-C5-C6-H10 0.14
C4-N11-C13-014 0.28
C4-N11-C13-CI15 —179.68
H12-N11-C13-014 179.56
H12-N11-C13-C15 -0.39
N11-C13-C15-H16 120.24
NI11-C13-C15-H17 —120.98
N11-C13-C15-018 —-0.23
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Table 1 (continued)

Limonen

014-C13-C15-H16
014-C13-C15-H17
014-C13-C15-018
C13-C15-018-C20
H16-C15-018-C20
H17-C15-018-C20
C15-018-C20-019
C15-018-C20-C21
018-C20-C21-C22
018-C20-C21-C30
018-C20-C21-C34
019-C20-C21-C22
019-C20-C21-C30
019-C20-C21-C34
C20-C21-C22-H23
C20-C21-C22-H24
C20-C21-C22-C60
C30-C21-C22-H23
C30-C21-C22-H24
C30-C21-C22-C60
C34-C21-C22-H23
C34-C21-C22-H24
C34-C21-C22-C60
C20-C21-C30-H31
C20-C21-C30-H32
C20-C21-C30-H33
C22-C21-C30-H31
C22-C21-C30-H32
C22-C21-C30-H33
C34-C21-C30-H31
C34-C21-C30-H32
C34-C21-C30-H33
C20-C21-C34-H35
C20-C21-C34-H36
C20-C21-C34-H37
C22-C21-C34-H35
C22-C21-C34-H36
C22-C21-C34-H37
C30-C21-C34-H35
C30-C21-C34-H36
C30-C21-C34-H37
C21-C22-C60-C38
C21-C22-C60-C56

-59.72
59.07
179.81
—174.23
65.25
—53.48
-0.03
179.98
—59.78
178.17
59.14
120.23
—1.82
—120.85
178.44
64.69
—58.50
-61.28
—175.03
61.77
59.66
—54.09
—177.28
179.98
-60.35
59.30
59.29
178.96
-61.38
-61.39
58.27
177.93
60.11
179.20
—-60.78
179.27
-61.64
58.38
—58.46
60.63
—179.35
127.34
—105.30
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C21-C22-C60-H61
H23-C22-C60-C38
H23-C22-C60-C56
H23-C22-C60-H61
H24-C22-C60-C38
H24-C22-C60-C56
H24-C22-C60-H61
H26-C25-029-Cl1

H27-C25-029-Cl1

H28-C25-029-Cl1

C40-C38-C39-C42
C40-C38-C39-H43
C40-C38-C39-H44
H41-C38-C39-C42
H41-C38-C39-H43
H41-C38-C39-H44
C60-C38-C39-C42
C60-C38-C39-H43
C60-C38-C39-H44
C39-C38-C40-C45
C39-C38-C40-H46
C39-C38-C40-H47
H41-C38-C40-C45
H41-C38-C40-H46
H41-C38-C40-H47
C60-C38-C40-C45
C60-C38-C40-H46
C60-C38-C40-H47
C39-C38-C60-C22
C39-C38-C60-C56
C39-C38-C60-H61
C40-C38-C60-C22
C40-C38-C60-C56
C40-C38-C60-H61
H41-C38-C60-C22
H41-C38-C60-C56
H41-C38-C60-H61
C38-C39-C42-C48
C38-C39-C42-H49
C38-C39-C42-H55
H43-C39-C42-C48
H43-C39-C42-H49
H43-C39-C42-H55

11.83
—111.39
15.97
133.10
5.27
132.63
—110.24
—-60.98
61.82
—179.58
61.47
—58.68
—176.27
—-53.61
—173.76
68.65
—171.08
68.77
—48.82
—44.68
7791
—166.59
70.65
—166.76
-51.26
—173.09
—-50.50
65.00
71.67
-54.53
—-171.39
—162.65
71.15
—45.72
—46.21
—172.40
70.73
—46.16
—168.34
75.98
74.19
—48.00
—163.68
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Table 1 (continued)

Limonen
H44-C39-C42-C48 —169.05
H44-C39-C42-H49 68.76
H44-C39-C42-H55 —46.92
C38-C40-C45-C48 14.34
C38-C40-C45-H50 —165.13
H46-C40-C45-C48 —108.59
H46-C40-C45-H50 71.93
H47-C40-C45-C48 136.12
H47-C40-C45-H50 —43.36
C39-C42-C48-C45 14.82
C39-C42-C48-C51 —165.63
H49-C42-C48-C45 137.25
H49-C42-C48-C51 —43.20
H55-C42-C48-C45 —107.80
H55-C42-C48-C51 71.75
C40-C45-C48-C42 1.39
C40-C45-C48-C51 —178.14
H50-C45-C48-C42 —179.15
H50-C45-C48-C51 1.33
C42-C48-C51-H52 —178.03
C42-C48-C51-H53 —57.54
C42-C48-C51-H54 61.17
C45-C48-C51-H52 1.52
C45-C48-C51-H53 122.01
C45-C48-C51-H54 —119.28
H57-C56-C60-C22 59.65
H57-C56-C60-C38 —174.07
H57-C56-C60-H61 —58.04
H58-C56-C60-C22 179.47
H58-C56-C60-C38 —54.26
H58-C56-C60-H61 61.77
H59-C56-C60-C22 —59.80
H59-C56-C60-C38 66.48
H59-C56-C60-H61 —177.49

scaling factors of 0.935 for DFT/B3LYP/6-3114+4G(d,p) to compare the theoreti-
cal vibrational frequencies with the experimental ones. As seen from the corre-
lation graph (Fig. 4), the correlation coefficient is 0.999. At the same time, the
theoretical wave numbers and the potential energy distributions (PED values) of
the vibrational modes for headline polymer are listed in Table 2, in comparison
with the observed vibrational spectra of this molecule.
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Fig.2 Optimized geometric structures of LIM-co-MPAEMA

N-H aromatic stretch appears at 3390+60 cm™! [51]. N-H stretching frequency
was observed at 3317 cm™' and calculated as 3368 cm™'. The contribution of
PED of N-H band was 100%. C=0 stretching vibration was observed in the range
1850-1550 cm™! [52]. In this study, C=0 ester band was recorded at 1736 cm™".
The calculated scaled frequency at 1673 cm™ and its contribution of PED was 90%.
O=C-NH amide stretch was observed 1678 cm™' and calculated 1633 cm™!. C=C
stretches on aromatic ring which are not significantly influenced by the nature of the
substituents are expected in the region 16501100 cm™' [53]. The C=C stretching
vibrations of title molecule were observed 1538 and 1603 cm™'. They were calcu-
lated 1550 and 1614 cm™'. It is seen that there is a great deal of agreement between
the experimental and theoretical IR data in Table 2.

Spectroscopic characterization of LIM-co-MPAEMA with '"H-NMR

The isotropic chemical shifts were used in the identification of ionic species
and reactive organic. 'H NMR spectra were obtained on a Bruker 400 MHz
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Fig. 3 Experimental and theoretical FTIR spectra of LIM-co-MPAEMA

spectrometer in chloroform and 'H and '*C chemical shifts were calculated in
DMF, acetonitrile and chloroform solvents by using the gauge-independent
atomic orbital (GIAO) method at B3LYP/6-311++4+G(d,p) level of theory, as
depicted in Table 3. TMS was considered internal reference. The numbering of
the atoms has been determined as in Fig. 2. The experimental 'H spectra are
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Fig.4 Correlation graphic of calculated and experimental frequencies for LIM-co-MPAEMA

shown in Fig. 5. Correlation graphic between the observed and calculated 'H
chemical shift is drawn in Fig. 6. The squared root correlation factor (R?) for 'H
was calculated to be 0.9713. Experimental shifts of the prepared in chloroform
solvent are observed as follows: 'H-NMR spectrum, NH structure at 7.3 ppm,
ring protons at 6.9-7.5 ppm, O-CH; protons at 3.9 ppm, endocyclic—exocyclic
—CH cyclohexene protons 4.9-4.6 ppm, CH cyclohexene 1.3 ppm, CH, cyclohex-
ene 2.2-1.8 ppm and polymer chain -CH, 1.5 ppm. Theoretical chemical shifts
are calculated in the ranges 0.9-7.5 ppm. Except for 8H, 12H, 7H, 28H, 24H
and 31H atoms, it seems that there is a general conformity between experimental
and theoretical results. These atoms were affected by electronegative atoms such
as oxygen and nitrogen in their surroundings and showed a higher shift in ppm.
The formation of the copolymer can be identified by comparing the 'H-NMR
spectrum of the monomer MPAEMA and its D-limonene copolymer. 'H-NMR
spectrum of the monomer MPAEMA revealed two multiples in the range of the
5.7-5.6 and 4.5-4.6 ppm olefinic protons (1H, CH and 2H, CH,). As seen in the
"H-NMR spectrum of LIM-co-MPAEMA (Fig. 5), olefinic protons in the range
of 5.7-4.6 ppm are not observed. Also, 1*C and 'H chemical shifts are nearly the
same for all solvent. So the molecule may not be affected by the solvents.

GPC and thermal characterization of LIM-co-MPAEMA
Molecular weight and molecular weight distribution of copolymer were detected

by GPC. The highest molecular weight of the LIM-co-MPAEMA [weight-average
molecular weight (M,,) =44,789, number-average molecular weight (M,)) =23,687]
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3313

Table 2 Comparison of the selected experimental and theoretical vibrational frequencies of LIM-co-

MPAEMA

Frequencies (cm™)

B3LYP/6-311++G(d,p)

Experimental

s COCC(61), T, CCCO(17)
Iors CNCC(11), Ty, CCCC(14)
s CCCC(17), Ty CNCC(37)
Iors CNCC(17), T,y CCCO(14)

tors

8,endCOC(12), 8y, CCN(12), I, CCCO(17)

T,.s OCCN(17)

T, CCCC(17), T,,,, CNCC(17), T, COCC(17)

s CCCC(38), T,y CCCO(17)
oy CCCC(17), Ty CCCO(12)
I, COCC(10)

[rs COCC(29)

I,s CCCC(39)

[ors COCC(69)

BendCNC(12), 8, dNCC(15)
BendCCC(14)
BpendCCC(10)
8endCCC(15)
e CCCC(39), T
I, HCCC(67)
Iors HCCC(23)
Ie HCCC(39)
B0, i CCC(10)
BpendCCC(10), I,y CCCC(39)
I, HCCC(39)

B1endOCC(10)

I HCCC(39)

BendOCC(11), 8y, dCOC(12)
I,,s HCOC(68)

B1e,dCCC(30)

s HCCC(18), T, CCCC(18)
I, HCCC(58)

8,endCOC(14), 8y, (CCO(12)
8endCCC(12), ¥CCCC(12)
8endCCC(33)

BpendCCC(46)

CCNC(23)

tors

BbendOCN(16), 8y, [NCC(24), 8., (COC(12)

BbendCCC(31)

T, CCCC(31), yOCCC(21), ¥NCCC(20)

B CCC(13), ¥CCCC(23)
ByendCCC(12)
T, CCCC(75). T, HCCC(22)

9
14
23
28
34
42
48
53
59
74
85

107
124
151
159
164
169
170
193
203
206
216
21
224
230
242
259
263
278
299
319
333
347
356
364
386
398
410
418
425
444
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Table 2 (continued)

Frequencies (cm™h B3LYP/6-3114+4+G(d,p) Experimental
¥CCCC(32) 480
8,ndCCC(11) 483
8p,endCCC(13) 493
BpendCCC(23) 525
BendCCC(10), 8,ngOCC(15), 6,,,,qCOC(24) 536
8,ndCCC(24) 544
I' s CCCC(10), YOCNC(31) 565
8endCCN(14), 8,.,dCCO(21) 340
I HNCC(18), T, HCOC(38), YOCNC(45) 603
YCC(11), §,,,dOCO(14) 617
8,ndCCC(10) 631
I'rs HNCC(71), xOCNC(17) 677
8,endCCC(16), 8,,.,OCC(12) 713
YCC(13), 8;,.,dCCC(12) 721
I' ;s HCCC(38), yOCCC(49), ¥YNCCC(49) 732
YCC(34) 750
¥CC(12), yOCOC(49) 751
YeOC(19), 8., d CCC(18) 762
I HCCC(13) 773 776
I':s HCCC(81) 800
I HCCC(45), ', HCCC(11) 808
YCC31) 818
I, HCCC(46), I',,,, HCCN(29), ¥OCCC(12) 828 829
Y CC(11), §;,,dCCC(18) 854
Y:CC(32) 859
I, HCCC(18) 863
YOC(11), 74, CC(25) 868
I HCCC(73), I, CCCC(22) 890
8,ndCCC(16), I, HCCC(14) 894
I HCCC(15) 914
¥CC24), I, HCCC(22) 917
Y NC(12) 921
YCC(15) 922
I HCCC(23), I, HCCN(57) 945
8,endHCO(15), I, HCOC(45), YOCNC(24) 951
8,ndCCC(12) 953
¥,OC(29) 958 960
Sy,.ndHCH(76) 963
YCC(19), 7, 0C(18) 969
I',,,s HCCC(26) 977
YCC(19) 991
I HCCC(32) 993
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Table 2 (continued)
Frequencies (cm™h B3LYP/6-3114+4+G(d,p) Experimental

Ys«CC(10),y, OC(73)

Y CC(10)

Ys+CC(10)

YCC(13)

1 CCQ2T), 8,0, HCC(37)
Y:OC(28)

SpungHCH(27), T, HCOC(73)
Y CC28), 840 CCC(10)
BpendHCC(33)

1,CC(14), T\, HCCC(16)
B1,endHCC(72)

8yena HCH(16).T,, HCOC(61)

8endHCC(21), I, HCCC(10)
YwCC(1), ', HCCC(20)
YsuNCBD), 14, CC(15)

Op,endHCC(23)

8,endHCO(79), ', HCOC(11)
Y«CC(11), v, OC(17)

SendHCC(35), ', HCCC(21)
YsrOC(24), 74 NC(12), 8y, HNC(16)
SpendHCC(14), ', HCCC(10), T’
8,.ndHCC(32), I, HCCC(10)
8,.ndCOC(22)

By,endHCC(70)

8,endHCC(19), I, HCCC(15)
SpendHCC(12)

YsCC(11), 8y, dHCC(12)
OendHCC(20), ', HCCC(15)
OpengdHCH(15),I . HCOC(10)
8,endHCC(12), T, HCCC(11)
Sp,endHCC(10)

8endHCC(15), T, HCCH(15)
Sy, ndHCH(59)
I'rs HCCC(16)
S,end HCH(79)
SendHCH(33), T
8,endHCH(87)
¥CC(40)
8,.ndHCH(83)
S,endHCH(67)
8,.ndHCH(35)
S,endHCH(37)

tors

ors

tors

HCCC(16)

tors

HCCH(26)

1024
1034
1054
1055
1066
1079
1091
1095
1099
1110
1120
1123
1149
1150
1159
1163
1170
1174
1192
1209
1224
1229
1240
1247
1253
1254
1255
1276
1283
1292
1300
1306
1313
1315
1321
1324
1334
1353
1379
1381
1384
1384

1030

1134

1169

1236

1300
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Table 2 (continued)

Frequencies (cm™ D) B3LYP/6-3114+4+G(d,p) Experimental
8y, endHCH(79) 1385

Sy, endHCH(70), T, HCOC(10) 1388

SpendHCH(59) 1393

BpendHCH(76), T, HCOC(16) 1395

Sy endHCH(35) 1395

8,endHCH(33) 1395

Sy, endHCH(58) 1400

Sy,endHCH(56) 1403

Sy, endHCH(46) 1406

Sy endHCH(45) 1406

8y, end HCH(68) 1410

Sy ndHCH(42) 1418 1415
BpendHCC(59), 81, dCCC(12) 1441 1442
YueNC(13), 8., dHNC(39) 1467 1464
YeCC(42), 8o, dHNC(15), §,,.,qCCC(10) 1523 1512
¥ CC(64) 1550 1538
Y:CC(72) 1614 1603
¥,OC(82) 1633 1678
¥OC(90) 1673 1736
YCH(82) 2789

¥CH(89) 2790

Y«CH(O7) 2800

¥CH(89) 2803

YCH(93) 2805

Y.CH(96) 2809

Y CH(O1) 2816

Y.CH(86) 2825

YCH(89) 2826

YCH(77) 2828

Y.CH(89) 2832

Y CH(81) 2836 2836
YCH(87) 2843

¥CH(100) 2847

YCH(90) 2855

YswCH(99) 2859

YCH(95) 2866

Y.CH(99) 2872

¥ CH(88) 2890

YCH(92) 2891

¥CH(85) 2894

YCH(95) 2897

Y.CH(90) 2904
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Table 2 (continued)

Frequencies (cm™") B3LYP/6-3114++G(d,p)  Experimental
7,CH(90) 2906

7,CH(99) 2915

7, CH(94) 2916

7 CH(98) 2922

7, CH(92) 2929 2038
7, CH(97) 2949

7, CH(98) 2983

7, CH(O7) 2997

7,CH(98) 3028

7.,NH(100) 3368 3317

v stretching &: in-plane bending y: out-of-plane bending I': torsion

was determined, and polydispersity index (PDI) of LIM-co-MPAEMA (Mw/
Mn)=1.890 was detected by GPC based on polystyrene standards. All the values
shown that limonene can be successfully copolymerized with MPAEMA via free
radical route. GPC plots of LIM-co-MPAEMA are shown in Fig. 7.

The thermal properties of LIM-co-MPAEMA were determined by thermal gravi-
metric analysis (TGA). The initial decomposition temperature (IDT) and the tem-
perature at 50% weight loss are taken as a measure of thermal stability. It has been
observed that degradation from the thermogram occurs at two levels. Important val-
ues for copolymer of limonene with MPAEMA are: Initial decomposition tempera-
ture is 258 °C, decomposition temperature at 30% is 346 °C, decomposition tem-
perature at 50% is 363 °C, weight loss at 300 °C is 17%, weight loss at 450 °C is
65%, and residue at 450 °C and 500 °C is 10% and 0%, respectively. Also, the first
maximum decomposition temperature is 357 °C and the second maximum decom-
position temperature is 437 °C. The TGA curve of the copolymer is given in Fig. 8.

Frontier molecular orbitals analysis

The frontier molecular orbitals (FMOs) were calculated by B3LYP/6-3114++G(d,p)
method in DMF, acetonitrile and chloroform solutions. HOMO-LUMO shapes of
the studied polymer are given in Fig. 9. The energy gap which is the energy differ-
ence between HOMO and LUMO orbital is a critical parameter in measuring the
electron conductivity and molecular reactivity. This value is the same for the three
solvents and is 5.2 eV as shown in Table 4. 5.2 eV gap (238.6 nm) is in the UV-C
region when considering light absorption and is suitable for stable and organic
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Table 3 Experimental and

calculated chemical shifts (ppm) Atom B3LYP/6-311G++(d,p) Experimental
for LIM-co-MPAEMA DMF Acetonitrile Chloroform Chloroform

20-C 185 185 184

13-C 169 169 168

1-C 163 163 163

48-C 144 144 144

4-C 137 137 137

45-C 127 127 127

2-C 123 123 124

3-C 123 123 123

5-C 123 123 122

6-C 113 113 112

15-C 67 67 67

25-C 55 55 54

22-C 51 51 51

21-C 50 50 50

38-C 45 45 45

60-C 38 38 38

40-C 35 35 35

42-C 35 35 35

34-C 30 30 30

39-C 25 25 25

51-C 24 24 24

30-C 23 23 23

56-C 16 16 16

8-H 8.9 8.9 9.0 7.5
12-H 8.3 8.3 8.1 7.4
7-H 7.2 7.2 7.2 6.9
9-H 7.2 7.2 7.0 7.3
10-H 6.9 6.9 6.8 6.9
50-H 5.7 5.7 5.6 49
16-H 44 44 44 49
17-H 4.4 4.4 4.4 4.9
28-H 4.1 4.1 4.1 39
27-H 3.7 3.7 3.7 39
26-H 3.7 3.7 3.7 39
46-H 2.2 2.2 2.2 1.8
24-H 2.2 2.2 2.1 1.5
49-H 1.8 1.8 1.8 1.8
47-H 1.8 1.8 1.8 1.8
55-H 1.8 1.8 1.8 1.8
54-H 1.6 1.6 1.6 1.8
44-H 1.6 1.6 1.5 1.8
37-H 1.6 1.6 1.5 1.5
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Table 3 (continued) Atom  B3LYP/6-311G++(d,p) Experimental

DMF Acetonitrile Chloroform Chloroform

52-H 1.5 1.5 1.5 1.8
33-H 1.4 1.4 1.5 1.4
53-H 1.4 1.4 1.4 1.8
41-H 1.3 1.3 1.3 1.3
23-H 1.3 1.3 1.3 1.5
32-H 1.2 1.2 12 1.4
36-H 1.2 1.2 1.2 1.5
35-H 1.2 1.2 1.2 1.5
43-H 1.2 1.2 1.2 1.8
61-H 1.1 1.1 1.2 1.1
57-H 0.9 0.9 0.9 0.9
58-H 0.9 0.9 0.9 0.9
31-H 0.6 0.6 0.6 1.4
59-H 0.6 0.6 0.6 0.9

_

" YW

Fig.5 'H-NMR spectrum of LIM-co-MPAEMA

molecules. In addition, energy values of other important HOMO-1 and LUMO+ 1
orbitals, which determine parameters such as molecular reactivity and electron
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Fig.7 GPC curve of the LIM-co-MPAEMA

conductivity, are presented in Fig. 9. The value of chemical hardness (%) is 2.6 eV in
all solvents. Electronegativity, chemical potential and electrophilicity index are the
same for DMF and acetonitrile solvents, but they are different in chloroform solvent.
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Fig.8 TGA curves of LIM-co-MPAEMA

Table 5 reports the total electronic energy (E) and global reactivity descriptors (y,
n and u) for nucleic acid bases, viz. adenine, guanine, cytosine, thymine and uracil.
There are always electron flows from less electronegative system to more electron-
egative system [54]. To quantitatively estimate the electron transfer in the interac-
tion of nucleic acid bases with LIM-co-MPAEMA, we have calculated the amount
of charge transfer between LIM-co-MPAEMA and model biomolecules by applying
Eq. 1. It is seen that all AN values are negative, and thus, LIM-co-MPAEMA acts as
an electron donor in its reactions with its receptors. This causes the electron density
to drop, and thus, the ability to form a reaction causes the reactivity to decrease.

Total, partial and population density of states (DOS, PDOS and OPDOS)

Molecular orbitals close to each other in a boundary region of a molecule may have
semi-degenerate energy levels [55]. Therefore, defining the HOMO-LUMO orbitals
is not the true definition of the molecular boundary orbitals. In this context, TDOS,
PDOS and OPDOS (or COOP) density of states [S6-58] were calculated and formed
via GaussSum2.2 program [51/50] by convoluting the molecular orbital informa-
tion with Gaussian curves of unit height with full width at half maximum (FWHM)
of 0.3 eV. TDOS, PDOS and OPDOS graphs are presented in Figs. 10, 11 and 12.
Positive, negative and zero values in the OPDOS diagram indicate interactions with
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LUMO=-0.79 eV LUMO+1= -0.68 eV
:|> AE,p=5.2 6V
HOMO=-5.98 eV HOMO-1= - 6.42 eV

Fig. 9 Frontier molecular orbitals of LIM-co-MPAEMA

bonding, antibonding and non-bonding, respectively [58]. In addition, with the OPDOS
diagram, it helps to identify orbitals that do binding and non-binding and at the same
time to determine the donor—acceptor properties of the ligand. Figure 12 denotes some
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Table 4 Calculated energies

Dmf Acetonitrile  Chloroform
values for LIM-co-MPAEMA

E, . (Hartree)

Eyomo (€V) -6.01 -6.01 -5.98
E; ymo (€V) -081 -0.81 -0.79
Exomo-1 (€V) -643 —-643 —-6.42
E; ymo+1 (€Y) -071 -=0.71 —0.68
EjoMO-1-LuMO+1 gap (€V) =572 =572 -5.74
EHoMo-LUMO gap (€V) =52 -52 =52
Chemical hardness (/) 2.6 2.6 2.6
Electronegativity (y) -341 =341 —-3.38
Chemical potential (y) 341 341 3.38
Electrophilicity index (o) 2.24 2.24 2.20

Table 5 Calculated electronic energy, chemical hardness, chemical potential of LIM-co-MPAEMA mol-
ecule and calculated charge transfer between LIM-co-MPAEMA molecule and NA bases

Bases Electronic energy (eV) Chemical Hardness ~Chemical Potential AN
eV) (eV)

Adenine —12,720.504 2.68 -3.79 —1.004

Thymine —12,362.028 2.70 —-4.17 —2.004

Guanine —14,768.821 2.67 -3.51 —0.258

Cytosine —10,750.465 2.52 -3.92 —-1.296

Uracil —11,291.830 2.80 —-4.37 —2.601

of orbitals energy values of the interactions among the selected groups. The interac-
tion between methacrylate and phenylamino is positive and demonstrates bond inter-
action. The interaction between oxoethyl and methacrylate, oxoethyl and phenylamino
and limonene and methacrylate is negative and has antibond interaction. Interactions
among the remaining groups are zero, indicating non-binding orbitals.

Conclusion

In this study, a copolymer of limonene with MPAEMA (LIM-co-MPAEMA) was
synthesized, characterized by FTIR and '"H NMR spectroscopy techniques. The
molecular weight of the copolymer is determined by using GPC and thermal prop-
erties of copolymer detected by the TGA. Both experimental and theoretical meth-
ods showed that the compound was successfully synthesized. The results showed
that the calculated frequencies and chemical shifts correspond to the experimental
values. Considering the total thermal characterization and decomposition tempera-
ture (258 °C), it can be said that LIM-co-MPAEMA copolymer has thermal stabil-
ity. Similarly, it appears to be energetically stable with an energy interval of 5.2 eV
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Fig. 11 Partial electronic density of states diagram of LIM-co-MPAEMA

determined by HOMO-LUMO analysis. In addition, this polymer can be used as a
biomaterial since it behaves as an electron donor when compared with a biosystem.
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Fig. 12 Overlap population electronic density of states diagram of LIM-co-MPAEMA
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