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Abstract: Renewable natural and synthetic basic substances can be used to produce biodegradable
polymers. Several methods of the polymerization of terpene limonene have been evaluated. The
polymerization methods evaluated are radical polymerization, cationic polymerization and thiol-ene
polymerization. The free-radical polymerization of limonene with azobisisobutyronitrile (AIBN) as
an initiator was carried out. The cationic polymerization of limonene was carried out using AlCl3 as
a catalyst. The copolymerization of limonene with mercaptoethanol, 2-mercaptoethyl ether without
an initiator and with an AIBN initiator was studied and it was also shown that polymerization can
proceed spontaneously. The resulting compounds were investigated by NMR and FTIR spectroscopy.
The values of the molecular weight characteristics of the samples obtained are presented, such as:
number-average molecular weight, hydrodynamic radius and characteristic viscosity, depending on
the method of production. The coefficients « (molecular shape) in the Mark-Kuhn-Houwink equation
are determined according to the established values of the characteristic viscosity. According to the
values obtained, the AC molecules in solution have parameters o 0.14 to 0.26, which corresponds to a
good solvent and the molecular shape-dense coil.
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1. Introduction

Polymers are used in everyday life due to their wide range of chemical, mechanical,
thermal and electro-physical properties [1,2]. By now, the problem of using renewable
resources to meet needs without creating harmful effects on human health and the envi-
ronment is quite acute. Nature provides mankind with a rich polymer material on the
basis of which useful products can be obtained. Their production requires a non-renewable,
depleting petroleum feedstock, which has significant energy costs during processing and
produces toxic waste. Renewable natural and synthetic basic substances can be used to pro-
duce biodegradable polymers. There are principles for the selection of suitable monomers
and methods for modifying natural origin polymers in order to impart the desired proper-
ties. One of these substances is limonene [3-5]. Limonene is found in many essential oils
and is an adaptable chemical raw material [6]. As a component of turpentine, limonene
can be obtained as a by-product from over 300 different plants [7-9]. Limonene makes
up 92-97% of citrus rind oils and its global production, around 400,000 tons per year, is
growing [10-13].

One of the promising areas for the application of limonene is its copolymerization to
obtain new functional polymers [14-16].

Many scientific studies have been devoted to the polymerization of limonene [17-19].
It was shown in [20] that D-limonene faces difficulties during polymerization, which lead
to low monomer conversion and molecular weight. To obtain poly (limonene) with a
higher molecular weight, it is necessary to simultaneously reduce the concentrations of the
monomer and initiator.
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To increase the degree of polymerization, it is possible to use the photochemical
radical polymerization of limonene at low temperatures using a combination of type II
photoinitiators and alkyl halide initiators [21].

One of the main problems hindering the extension of the scope of application of
modified polymers from renewable sources of biological origin is the low efficiency and
selectivity of condensation reactions. In this context, there has been genuine interest in the
development of new conjugation methods, collectively called click chemistry. Among the at-
tractive features of click-chemistry methods are soft condensation conditions, high efficiency
and selectivity. A special place among these processes is occupied by radical polymerization
with reversible chain transfer (RCT) according to the addition-fragmentation mechanism
due to tolerance to the functional groups of monomers and soft conditions [22-24]. This
process is based on the use of sulphur-containing compounds of the general structure Z-C
(=S) S-R. Under the right conditions of synthesis, macromolecules are formed whose x-
and w-end groups are determined by the chemical nature of the RCT agent used (R- and
Z-C (=5S) S-, respectively). The use of RCT agents, in which the R SH and C=C groups,
allows such macromolecules to be further used as blanks for click reactions. Terpene-based
monomers can then be used to synthesize various polymers.

This type of reaction can be carried out under soft conditions by simply mixing thiol
and olefin substrates with terminal olefins. It has previously been demonstrated that thiol-
ene systems can lead to extremely homogeneous glasses, elastomers and adhesives [25].

This article presents the results of a study of terpene limonene polymerization using
radical polymerization, cationic polymerization and thiol-ene polymerization methods.

2. Materials and Methods

The following reagents were used to carry out the polymerization: toluene (99.5%,
for synthesis), methanol (for analysis, Sigma Aldrich, Saint Louis, MO, USA), Limonene
(b.p. =176-177 °C, [x]20 = + 113 £ 2, d = 0.8411, Sigma Aldrich), Azobisisobutyronitrile
(98%, Fluka), twice reprecipitated from methanol, AICl3 (anhydrous, 99.5%, Sigma Aldrich),
2-mercaptoethanol (99.0%, Sigma Aldrich), 2-Mercaptoethyl ether (95%, Sigma Aldrich).

The results for determining the structure of the resulting compounds are obtained
using measuring instruments: VERTEX 70 FTIR spectrometer (Bruker, Ettlingen, Germany);
AVANCE IIT HD NMR spectrometer (400 MHz, Bruker, Ettlingen, Germany).

Molecular mass characteristics: weight-average molecular weight (Mw), number-
average molecular weight (Mn) and polydispersity of the samples were determined by gel
permeation chromatography using an Agilent 1260 Infinity II Multi-Detector GPC/SEC
System (Agilent Technologies, Santa Clara, CA, USA) chromatograph with triple detec-
tion. Separation was carried out on a PLgel Mixed-E column designed for the analysis
of oligomers and low molecular weight polymers using tetrahydrofuran stabilized with
250 ppm ionol as mobile phase. The column was calibrated using polydisperse polystyrene
standards (Agilent, USA). The eluent feed rate is 1 mL/min; the sample volume is 100 pL.
The alkyd resin samples are dissolved in tetrahydrofuran at a concentration of 5 mg/mL
and held for 12 h until completely dissolved. All samples are filtered through a 0.22 pm
polytetrafluoroethylene membrane filter Millipore (Merck KGaA, Darmstadt, Germany)
after complete dissolution. Data are collected and processed using Agilent GPC/SEC
MDS software.

3. Results and Discussion
3.1. Radical Polymerization

The free-radical polymerization of limonene with azobisisobutyronitrile (AIBN) as an
initiator was carried out. The process of the radical polymerization of limonene involves
the following steps:

I.  Initiation (Figure 1a);
II.  Chain propagation (Figure 1b);
III. Interruption (Figure 1c).
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Figure 1. Reaction schemes of various stages of limonene radical polymerization: (a) initiation;
(b) chain growth; (c) break.

No polymer precipitation was observed when the crude reaction mixture was pre-
cipitated with cooled methanol. Figure 2 shows the 'H NMR spectrum of the resulting
product; there are no characteristic peaks of the polylimonene, and there is no decrease in
the peaks of the inner double bond a (5.4 ppm) and the outer double bond b (4.7 ppm);
i.e., the spectrum is identical to that of the initial monomer. The peak around 1.4-1.7 ppm
corresponds to six protons in the limonene methyl groups (C-H).

The homopolymerization of monoterpenes by the free-radical mechanism is difficult
due to the presence of allylic C-H bonds. The reason for this effect is that the chain transfer
to the allylic monomer leads not only to the decay of the growing macroradical, but
also to a complete interruption of the kinetic chain due to the abstraction of a hydrogen
atom in the «-position to the allylic bond with the formation of a resonantly stabilized
allylic radical. Limonene has two unconjugated double bonds due to steric effects and
different radical stability [26,27]; it is difficult to homopolymerize limonene during free-
radical polymerization due to destructive chain transfer caused by more reactive allyl
hydrogen [28] (Figure 3).
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Figure 2. 'H-NMR spectrum of the free radical polymerization reaction mixture of limonene with
AIBN as initiator.
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Figure 3. Alyl carbons in the structure of limonene.

This so-called degradation chain transfer to monomer or autoinhibition is the main rea-
son for the low molecular weight of polymers and their inhibitory effect in polymerization
processes derived from allyl monomer products.

3.2. Cationic Polymerization

The cationic polymerization of limonene using AICl3 as a catalyst was carried out
according to the following scheme. Equal parts by weight of limonene and dried toluene
were cooled down to 0 °C or —10 °C in a nitrogen atmosphere in a round bottom flask. A
5% wt. % AICl; equivalent to limonene was added to the solution. Then, the temperature
was slowly increased from 0 °C to 50 °C in intervals of 20 min. 'H-NMR analysis was used
to monitor the reactions.

The AICI; catalyst was removed by stirring with 0.1 M HCI until the orange color
disappeared and the organic phase was washed four times with 0.1 M NaOH and twice
with deionized water. The organic phase was then dried with magnesium sulphate and the
toluene was evaporated. The resulting reaction products were dissolved in tetrahydrofuran
and precipitated with cold methanol and dried.

Cationic polymerization, as with radical polymerization, is a chain reaction consisting
of four stages: preinitiation, initiation, propagation and interruption (Figure 4).
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Figure 4. Cationic polymerization of limonene.

The 'H NMR spectrum of the resulting product is shown in Figure 5. It can be seen
that the peak of about 1.4-1.7 ppm corresponds to six protons in the methyl groups of
limonene (C-H). It is noted that this peak also appears at about 0.8 m.d. for polylimonene.
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Figure 5. 'H-NMR spectrum of the product of cationic polymerization of limonene with AICl;
as initiator.

In addition, in the poly (limonene) spectrum, a peak is observed at ~1.2 m.d. cor-
responding to the protons of the methylene group (-CHj-), which is not observed in the
monomer spectrum, which indicates the break of the double bond and is an indication of
the polymerization of limonene. It is also noted that the peaks related to the endocyclic
and exocyclic double bonds of limonene are located at 5.4 (one proton) and 4.7 ppm (two
protons), respectively. The ratio of peak intensities of exocyclic/endocyclic double bonds
is 2:1, which is lower, indicating that the exocyclic double bonds of limonene mainly re-
act through an additional radical reaction, confirming the result previously mentioned
regarding the polymerization process.

It is expected that only these exocyclic double bonds will participate in polymerization,
whereas endocyclic double bonds will remain in the polymer chain. However, a small
amount of unreacted exocyclic double bond of limonene was also observed, with a peak
of about 4.7 ppm, indicating that in addition to the limonene link included as a result of
propagation, a different type of limonene link that contains endocyclic and exocyclic alkene
groups is formed in the process. This result indicates that there was a case of destructive
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chain transfer caused by allyl hydrogen. Limonene contains more than one allyl hydrogen,
and all of them can become reactive centers for this parallel reaction. Although the highly
substituted tertiary allyl radical usually represents the highest degree of stability, in the
case of limonene, the formation of a primary allyl radical is more likely due to less steric
difficulties, and it is the dominant compound formed during the chain transfer reaction.
Given that these allyl radicals are not prone to propagate, they eventually reproduce with
each other or, more likely, with radicals in the propagation chain near the end of the process.
Despite this expected behavior during the polymerization of limonene, it is extremely
important to make sure that the intensity of these peaks is significantly reduced, which
may indicate a decrease in the frequency of these chain transfer reactions. It is necessary to
highlight some new peaks that have appeared in the spectrum. The peak is about 3 ppm.
It is characteristic of a proton bound to an alcohol bond of the initiator (R-OH), which
indicates the presence of part of its structure in the polymer. It is worth noting that the
peak at 5.0 ppm refers to the myrcene links included in the polymer. Myrcene is the main
impurity found in limonene; due to similar boiling points, limonene and myrcene are not
easily separated.

Based on this analysis, it was possible to estimate the conversion of the monomer at
about 10%.

The FTIR spectra of limonene (Figure 6) show an absorption band of valence vibrations
at 1640 cm~! corresponding to the exocyclic double bond, which disappears during the
polymerization process.
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Figure 6. The FTIR spectrum of limonene (a) and cationic homopolymerization product (b).

3.3. Thiol-Ene Polymerization

The copolymerization of limonene with mercaptoethanol, 2-mercaptoethyl ether with-
out an initiator and with an AIBN initiator was studied and it was also shown that the
polymerization could proceed spontaneously.

The reactivity of the endocyclic and exocyclic double bond in the limonene structure
is different, resulting in different monomers depending on the reaction time (Figure 7). The
reaction of 2-mercaptoethanol and limonene, obtained at room temperature after 24 h, gives
the addition products at the exocyclic bond. After 48 h, both the double bonds of limonene
react with thiol to form a difunctional monomer with end hydroxyl groups, most suitable
for polycondensation. Increasing the reaction temperature to 60 °C results in a polymer.
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Figure 7. Reaction of 2-mercaptoethanol and limonene for 24 and 48 h at room temperature.

A similar situation was observed with 2-mercaptoethyl ether; polymerization could
not be achieved (Figure 8).
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Figure 8. Scheme of addition of mercaptoethyl ether to limonene at room temperature.

The copolymerization of limonene with 2-mercaptoethyl ether using AIBN as an
initiator was carried out to obtain high molecular weight products. These reactions follow a
free-radical chain mechanism and generally lead to anti-Markovnik products. The initially
formed thiol radical attacks limonene, forming a carbon radical. The carbon radical then
reacts with the thiol molecule to form the final product and a new thiol radical, thereby
lengthening the radical chain (Figure 9). Since this involves the cleavage of the S-H bond,
the overall rate of reaction will strongly depend on the thiol structure as well as the lifetime
of the thiol. The unpaired electron on the sulphur atom is in the highest binding orbital.
This determines their electrophilic properties, and the electron affinity of thiol radicals is
higher than that of hydroxyl HO-. As a result, thiol radicals recombine with each other
more easily than hydroxyl radicals.

Limonene and 2-mercaptoethyl ether were mixed and stirred in a nitrogen atmosphere
for 15 min. After 15 min, AIBN, 1 wt. % was added. (per monomer). The mixture was
lowered into a preheated oil bath and left to polymerize for three hours. 'H-NMR analysis
was carried out after polymerization. The mixture was then dissolved in tetrahydrofuran
and added drop by drop to the cold methanol. The polymer was collected by decanting
the solvent.
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Figure 9. Scheme of the reaction of copolymerization of limonene with 2-mercaptoethyl ether using
AIBN as an initiator.
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The 'H-NMR spectra of the sample after precipitation are shown in Figure 10. It can
be seen that the exocyclic double bond signals have disappeared.
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Figure 10. "H-NMR spectrum of the polymerization product of limonene and 2-mercaptoethyl ether
with AIBN as initiator.

The number-average molecular weight (Mn) of the synthesized samples was deter-
mined using an Agilent 1260 Infinity II Multi-Detector GPC/SEC System chromatograph.
The data obtained are presented in Table 1.
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Table 1. The value of the molecular-weight characteristics of the samples depending on the synthesis.

Number Average Parameters of the

Hydrodynamic Intrinsic Viscosity, _ _ . :
Sample Molecular Weight Value Rac}llius I{hn m) IVn (dL/g) Y, Mark-Kuhn-Houwink Equation
Mn (g/mol) ! o K
Limonene/AIBN 1500 3.05 0.222692 0.29 1664.71
Limonene AICl; 2486 4.33 0.399749 0.08 18,981.87
Limonene/2-
Mercapto- 3100 4.37 0.395570 0.13 11,453.21
ethyl ether
Limonene/
2-Mercapto- 5400 5.12 0.370520 0.17 6523.38
ethyl ether/AIBN

Two main regions can be distinguished on the curves of the molecular mass distri-
bution of the synthesized samples (Figure 11): a range of about 1000 g/mol, in which a
mixture of monomeric and primary dimeric condensation products is identified, and with
an increase in the duration of the process, the intensity of this region decreases signifi-
cantly; a high-molecular region of 10,000-10,000,000 g/mol corresponding to oligomeric
compounds. The coefficients o (molecular shape) in the Mark-Kuhn-Houwink equation
are determined according to the established values of the characteristic viscosity. According
to the values obtained, the AC molecules in solution have parameters o 0.14 to 0.26, which
correspond to a good solvent and the molecular shape-dense coil.
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Figure 11. Molecular mass distribution of the synthesized samples.

4. Conclusions

The samples obtained by thiol-ene polymerization have the highest molecular weight;
homopolymerization in the presence of aluminum chloride gives a product with a low
molecular weight. The free radical polymerization of limonene with AIBN does not give
the possibility to produce polylimonene; however, as a general conclusion it is shown that
limonene can polymerize and thus has the properties necessary for the subsequent creation
of materials based on it.
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Further research will be aimed at increasing the yield of the limonene polymerization
reaction and effective synthesis methods, as well as the search for practically important
copolymers of limonene.
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