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Abstract: More environmentally friendly polymeric materials for use in corrosive conditions were ob-
tained in the process of UV polymerization of terpene methacrylate monomers: geranyl methacrylate
and citronellyl methacrylate and the commercially available monomer methyl methacrylate. Selected
properties (solvent resistance, chemical resistance, glass transition temperature, thermal stability,
and decomposition course during heating) were evaluated. It was found that the properties of the
materials directly depended on the monomer percentage and the conditioning temperatures used.
An increase in the geranyl or citronellyl methacrylate monomer content in the copolymers reduced
the solubility and chemical resistance of the materials post-cured at 50 ◦C. The samples post-cured
at 120 ◦C were characterized by high resistance to polar and non-polar solvents and the chemical
environment, regardless of the percentage composition. The glass transition temperatures for samples
conditioned at 120 ◦C increased with increasing content of methyl methacrylate in the copolymers.
The thermal stability of copolymers depended on the conditioning temperatures used. It was greater
than 200 ◦C for most copolymers post-cured at 120 ◦C. The process of pyrolysis of copolymers led to
the emission of geranyl methacrylate, citronellyl methacrylate, and methyl methacrylate monomers
as the main pyrolysis volatiles.

Keywords: UV polymerization; copolymers; geranyl methacrylate; citronellyl methacrylate; methyl
methacrylate; properties

1. Introduction

The UV polymerization process is a process of monomer polymerization in the pres-
ence of a photoinitiator. The photoinitiator absorbs UV radiation within the appropriate
wavelength range (300–400 nm). Thus, it dissociates into radicals that initiate the poly-
merization of monomers with a defined structure [1,2]. Among the monomers, the most
frequently used monomers are acrylate and methacrylate monomers, newly synthesized or
commercially available [3–10].

The UV polymerization process has attracted much interest due to many advantages.
This process is very fast and saves energy. It does not require the use of additional solvents.
It is carried out at ambient temperature. This process can be controlled and take place
where the sample is irradiated. UV polymerization also has some disadvantages, such as
curing only thin layers, the need for additional lamp devices, and the need to eliminate
visible light, which adversely affects the process. However, despite these drawbacks,
the UV polymerization process is widely used. It allows us to obtain a wide range of
polymers with predetermined or unique physico-chemical properties in a short time. UV
polymerization has been widely used in the preparation of polymer-based photoactive
systems that are used in the paint, coating, adhesive, and printing industries, for obtaining
composite materials and optical fibers, and in microelectronics for over 30 years. It is also
used in less traditional but interesting applications including laser video drives, curable
dental fillings, the production of 3D objects, the production of biomaterials used as bone in
tissue engineering, and obtaining photosensitive materials and microchips [11–20].
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According to a literature review, the use of terpene and terpenoid compounds in
the production of biomaterials, both from a sustainable development perspective and an
environmental protection perspective, is widely studied. Terpenes and terpenoids are
compounds of natural origin produced by plants. They are made from relatively quickly
renewable sources and thus can be easily studied. The preparation and testing of new bio-
materials are very important, because currently above 7% of all fossil fuels (petroleum, coal)
extracted worldwide is used for the production of plastics. Consequences of the increasing
mining of non-renewable materials (petroleum, coal, and gas) include increasing amounts
of greenhouse gases, lower air quality, and global warming. Thus, it seems advisable to
undertake research on the use of natural compounds or derivatives of natural compounds
in the preparation of biopolymers, which, due to their properties, could replace synthetic
polymers in many applications. Among the terpene compounds, the polymerization of
β-pinene, monomers derived from pinene and limonene, and the polymerization of pinene
with styrene or acrylates have been investigated [21–25]. Moreover, researchers have de-
scribed the polymerization of citronellol oxide obtained from citronellol, leading to the
production of hyperbranched polymers [26–28], and the graft polymerization of methacry-
late ester derivatives of citronellol, geraniol, or nerol with starch in order to obtain more
environmentally friendly graft materials with modified physicochemical properties [29–32].

The main purpose of this study is to obtain novel, more environmentally friendly
polymeric materials, using different monomer compositions, for use in corrosive condi-
tions and to evaluate their properties (solvent and chemical resistance, glass transition
temperatures, thermal resistance, and decomposition course under heating). The influence
of the structure of the obtained polymeric materials as well as post-curing temperatures on
the abovementioned properties was investigated and is discussed.

2. Materials and Methods
2.1. Materials

Methyl methacrylate (MM) (≥99%), methacryloyl chloride (97%), geraniol (trans-3,7-
dimethyl-2,6-octadien-1-ol, 98%), citronellol (trans-3,7-dimethyl-2,6-octadien-1-ol, 95%),
and trimethylamine (≥99.5%) were purchased in Sigma-Aldrich (St. Louis, MO, USA).
Irgacure 651 (2,2,-dimethoxy-1,2-diphenylethan-1-one), methanol, chloroform, hexane,
toluene, butanol, and silica gel were obtained from Merck. Sodium carbonate, magnesium
sulfate, sodium hydroxide, carbon tetrachloride, hydrochloric acid, magnesium sulfate,
and buffer solutions (pH 5, 7, and 9) were obtained from POCh, Gliwice, Poland.

2.2. Synthesis of Methacrylate Monomers

Methacrylate ester monomers (geranyl methacrylate and citronellyl methacrylate)
were obtained in the process of esterification of methacryloyl chloride with one of the natu-
ral terpene alcohols (geraniol or citronellol) in the presence of trimethylamine according to
the procedure described in [30–33]. Terpene methacrylate esters were used as monomers in
the preparation of copolymers with the commercially available methyl methacrylate (MM)
monomer. The structures of the obtained terpene methacrylate monomers were confirmed
and are described in [34].

2.3. UV-Polymerization

UV polymerization of geranyl methacrylate (GM), citronellyl methacrylate (CM),
methyl methacrylate (MM), and monomer mixtures of various compositions in the presence
of Irgacure 651 (3% mass) was initiated with a TL20W/05 SLV low-pressure mercury lamp
(340–365 nm). The samples (circle-shaped samples with a diameter of 30 mm and a
thickness of 5 mm) were irradiated for 10 min at 25 ◦C. After irradiation, all samples were
conditioned, first at 50 ◦C for 5 h (series 1) and then at 120 ◦C for 3 h (series 2), Table 1.
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Table 1. Composition of monomer mixtures.

Polymer Name Geranyl Methacrylate
(GM)/g

Citronellyl
Methacrylate (CM)/g

Methyl Methacrylate
(MM)/g

Mass Ratio of
Monomers (GM, CM

to MM)/%

Poly(geranyl
methacrylate) (PGM) 3.0 - - 100:0

Poly(citronellyl
methacrylate) (PCM) - 3.0 - 100:0

Poly(methyl
methacrylate) (PMM) - - 3.0 0:100

Copolymer 1 2.4 - 0.6 80:20

Copolymer 2 1.5 - 1.5 50:50

Copolymer 3 0.6 - 2.4 20:80

Copolymer 4 - 2.4 0.6 80:20

Copolymer 5 - 1.5 1.5 50:50

Copolymer 6 - 0.6 2.4 20:80

2.4. Characterization of Copolymers
2.4.1. ATR-FTIR

The ATR-FTIR spectra for methacrylate monomers, homopolymers, and copolymers
were collected in the range 600–4000 cm−1 and at a 4 cm−1 resolution using 64 scans per
spectrum. A FTIR Tensor 27 equipped(Bruker, Germany) with a diamond crystal produced
by Bruker was applied.

2.4.2. Conversion of Double Bonds

The conversion of methacrylate monomers was measured by FTIR spectroscopy. The
conversion was determined by the comparison of the area of the C=C stretching vibrations
band at 1633 cm−1 (methacrylate bonds) and at 1672 cm−1 (ethylenic bonds) with the area
of the C=O stretching vibration band at 1716 cm−1. The conversion degree (DC) of the
analyzed polymeric materials was calculated by the following equation:

DC/% = 100 × [1 − (Rpolymer/Rmonomer)]

where R is the surface area of the C=C absorption band/surface area of the C=O absorp-
tion band.

2.4.3. Solubility Tests

The solubility tests for the obtained copolymers were carried out at 25 ◦C with the
following solvents: water, methanol, butanol, toluene, hexane, carbon tetrachloride, and
chloroform. The sample mass was approximately 0.2 g. The samples were poured into
a suitable solvent (10 mL) and kept in these solvents until constant mass was obtained.
Then, the solvent was filtered off. The polymer sample was dried on tissue paper and
weighed. The solubility tests were carried out over a period of 6 months. The solubility
was determined based on the equation:

∆mS = (m1 − m2)/m1 × 100%

where m1—the initial mass of the sample, m2—the final mass of the sample, and ∆mS—the
percentage change in mass.
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2.4.4. Chemical Resistance

The chemical resistance tests for copolymers were performed using 1M NaOH, buffer
solutions with pH 5, 7, and 9, and 1M HCl. About 0.2 g of the sample was immersed in
the solutions (10 mL). The sample solutions were left until constant mass was obtained.
Then, the samples were filtered, carefully washed with distilled water, dried, and weighed.
The percentage change in mass loss (∆mR) for materials was evaluated from the equation
given in [33]:

∆mR = (m1 − m2)/m1 × 100%

where m1—the initial mass of the sample and m2—the final mass of the sample.

2.4.5. Glass Transition Temperature

The glass transition temperature (Tg) of the obtained polymeric materials was eval-
uated with a use of a DSC 204 calorimeter (Netzsch, Selb Germany). The heating of the
materials was performed in two scans from −120 ◦C to 120 ◦C with a heating rate of
10 K min−1. The sample mass was ca. 10 mg. The analyses were done in aluminum
crucibles with a pierced lid under an argon atmosphere (a flow rate of 40 mL min−1). The
calorimeter was calibrated according to the manufacturer’s instructions. Tg was read from
the second DSC scan.

2.4.6. Thermal Properties

The TG/DTG analyses for the tested materials were performed using a STA 449 Jupiter
F1 instrument produced by Netzsch, Selb, Germany. Ten milligrams (10 mg) of the sample
was put into an Al2O3 crucible and heated between the temperatures of 40 ◦C and 550 ◦C
with a heating rate of 10 K min−1 in the presence of a helium atmosphere (a flow rate of
40 mL min−1). The initial decomposition temperatures (T5%), maximum decomposition
temperatures (Tmax), and mass losses (∆m) at each stage of the decomposition and the
residual masses at 550 ◦C (rm) were determined.

2.4.7. Simultaneous TG–FTIR Analysis

The decomposition course of the tested materials during heating in an inert atmo-
sphere was monitored by simultaneous TG–FTIR analysis. The FTIR analyzer (FTIR TGA
585, Bruker, Mannheim, Germany) was connected on-line to a STA instrument through
a Teflon tube of 2 mm in diameter heated to 200 ◦C. The FTIR spectra of volatiles were
collected from 600 cm−1 to 4000 cm−1 at a 4 cm−1 resolution.

3. Results and Discussion
3.1. ATR-FTIR of Monomers

Scheme 1 shows chemical formulae of terpene methacrylate monomers. Methacrylate
monomers were obtained as colorless liquids with a yield of over 95% using the synthesis
method described previously in [30–33]. The structure of monomers and their purity
were confirmed by 1HNMR, 13CNMR, and FTIR and the data were previously presented
in [34]. In this paper, only the ATR-FTIR spectra are shown (Figure 1) to show that
compounds with the assumed structure were obtained. As can be seen, the process of
esterification of geraniol or citronellol with methacryloyl chloride and the process of
purifying a crude reaction product allow us to obtain terpene methacrylate monomers
of high purity. As marked in Figure 1, absorption signals for all characteristic functional
groups in the structure of methacrylate esters are visible. Moreover, basic properties of
methacrylate monomers are presented in Table 2.
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Figure 1. ATR-FTIR spectra for terpene methacrylate monomers.

Table 2. Basic properties of methacrylate monomers.

Monomer Molecular
Formulae

Molecular
Mass/g/mol

Density/g/mL
(25 ◦C)

Refractive
Index n20/D Purity/% State

Geranyl methacrylate C14H22O2 222.32 0.976 1.468 ≥99% liquid

Cironellyl methacrylate C14H24O2 224.34 0.955 1.443 ≥99% liquid

Methyl methacrylate * C5H8O2 100.12 0.936 1.414 ≥99% liquid

* As cited in Ref. [35].

3.2. Conversion of Double Bonds

ATR-FTIR spectra for the selected copolymers post-cured at 120 ◦C are presented
in Figure 2.

Additionally, the values of the degree of conversion (DC) are placed in Table 3. The
degree of conversion of double bonds after irradiation of the samples was above 68%.
A lower conversion of double bonds in the poly(citronellyl metacrylate) homopolymer
indicates the lower reactivity of the citronellyl methacrylate monomer during UV poly-
merization as compared with the reactivity of the geranyl methacrylate monomer. For
samples conditioned at 50 ◦C, an increase in DC to values above 80% was observed. The
maximum conversion in the range of 90%–95% was obtained for the samples conditioned
at 120 ◦C. The presented FTIR spectra for copolymers and the conversion studies proved
that both types of double bonds (methacrylate and ethylenic double bonds) took part
in the polymerization and post-curing processes. As a result, polymeric materials with
cross-linked network structures were obtained (Scheme 2) [36,37].
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Table 3. Conversion degree (DC) of double bonds.

Polymer Name
DC/%

Irradiation 50 ◦C 120 ◦C

PGM 78 85 92
PCM 68 80 90
PMM 80 88 95

Copolymer 1 75 85 90
Copolymer 2 78 88 92
Copolymer 3 78 88 94
Copolymer 4 70 80 90
Copolymer 5 72 83 93
Copolymer 6 75 87 95
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3.3. Solubility Tests

Tables 4 and 5 present the percentage change in mass in selected solvents for the
tested polymeric materials conditioned at 50 ◦C (Table 2) and 120 ◦C (Table 3). By com-
paring the results in both tables, differences in the solubility of the polymeric materials
conditioned at different temperatures can be noticed. The samples conditioned at 50 ◦C
(series 1) are characterized by a lower solvent resistance as compared with the samples
conditioned at 120 ◦C (series 2). The percentage change in mass loss is between 3.2% and
19.0% for the poly(geranyl methacrylate) homopolymer and between 2.1% and 17.6% for
the poly(citronellyl methacrylate) homopolymer. The solubility of copolymers conditioned
at 50 ◦C slightly increases with the increase in methyl methacrylate content, which may be
due to the formation of less cross-linked structures and/or unreacted monomers. However,
the solubility of all polymeric materials (homopolymers and copolymers) conditioned at
120 ◦C is very small. It is between 0% and 0.7% and it is independent of the content of
methyl methacrylate in the copolymers. Such a low solubility of copolymers in polar and
non-polar solvents may be caused by additional cross-linking reactions of carbon–carbon
double bonds derived from aliphatic side chains (geranyl and citronellyl side chains) at
higher temperatures. Moreover, comparing the results obtained for copolymers condi-
tioned at both temperatures with the results obtained for the poly(methyl methacrylate)
homopolymer, the copolymers are characterized by significantly higher solvent resistances
in toluene and chloroform. However, the solvent resistances of copolymers conditioned at
120 ◦C in other solvents are comparable to that of poly(methyl methacrylate).

Table 4. Percentage change in mass (∆mS) for samples conditioned at 50 ◦C (series 1).

Polymer Name
∆mS/%

Water Methanol Butanol Hexane Toluene Chloroform CCl4

PGM 19.0 4.8 3.2 10.8 18.2 15.0 16.4
PCM 10 3.7 2.1 10.2 17.6 11.0 13.2
PMM 0 0 0 5.0 100 100 4.0

Copolymer 1 6.3 4.2 2.4 5.2 8.7 7.6 8.2
Copolymer 2 8.4 6.7 4.8 6.6 10.2 9.3 11.3
Copolymer 3 10 8.0 5.3 8.2 15.6 12.3 14.7
Copolymer 4 4.8 2.5 1.5 5.2 7.3 6.5 8.0
Copolymer 5 5.5 3.1 2.0 6.5 9.1 9.3 11.0
Copolymer 6 8.3 4.2 2.4 8.0 10.4 11.2 12.8

Table 5. Percentage change in mass (∆mS) for samples conditioned at 120 ◦C (series 2).

Polymer Name
∆mS/%

Water Methanol Butanol Hexane Toluene Chloroform CCl4

PGM 0.3 0.2 0.1 0.5 0.6 0.4 0.3
PCM 0.4 0.3 0.3 0.8 0.7 0.6 0.6
PMM 0 0 0 0 100 100 0

Copolymer 1 0.2 0.1 0.1 0.3 0.4 0.4 0.2
Copolymer 2 0.1 0.1 0.0 0.3 0.4 0.4 0.1
Copolymer 3 0.1 0.1 0.0 0.3 0.3 0.4 0.2
Copolymer 4 0.2 0.1 0.1 0.4 0.5 0.6 0.7
Copolymer 5 0.3 0.1 0.1 0.3 0.5 0.4 0.3
Copolymer 6 0.1 0.1 0.0 0.1 0.4 0.3 0.2

Additionally, the solubility of the copolymers conditioned at 50 ◦C depends on the
type of solvent. Generally, the materials stand out by a higher solubility in non-polar
solvents as compared with their solubility in polar solvents. This is predicted, since the
formed polymers are hydrophobic-type materials that contain aliphatic substituents as
side chains. The type of solvent has no effect on the solubility of the polymeric materials
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conditioned at 120 ◦C. This may be the result of additional cross-linking and the type of
methacrylate monomers used for the polymerization process.

3.4. Chemical Resistance

As can be seen from Tables 6 and 7, all tested polymers show high chemical stability
in alkaline, acid, and buffer environments. After 6 months, the percentage of mass loss for
polymeric materials conditioned at 50 ◦C was below 10%. However, the percentage of mass
loss for polymers conditioned at 120 ◦C was below 0.5%. No mass change was observed
for samples stored in 1M HCl and buffer with a pH of 5. The polymers conditioned at the
higher temperature have higher chemical stability due to the formation of cross-links in
the polymer network.

Table 6. Percentage change in mass loss (∆mR) for samples conditioned at 50 ◦C (series 1).

Polymer Name
∆mR/%

1M NaOH 1M HCl Buffer pH = 5 Buffer pH = 7 Buffer pH = 9

PGM 10.2 8.3 7.5 6.4 9.3
PCM 6.7 5.5 4.8 4.6 6.5
PMM 5.0 2.0 1.0 0 4.0

Copolymer 1 6.5 6.0 6.0 5.5 6.3
Copolymer 2 7.8 6.5 6.3 5.8 8.0
Copolymer 3 9.8 8.0 7.5 6.1 9.2
Copolymer 4 5.5 5.3 5.0 5.0 5.5
Copolymer 5 7.4 7.0 6.9 6.3 7.5
Copolymer 6 7.6 7.4 7.0 6.9 7.7

Table 7. Percentage change in mass loss (∆mR) for samples conditioned at 120 ◦C (series 2).

Polymer Name
∆mR/%

1M NaOH 1M HCl Buffer
pH = 4

Buffer
pH = 6

Buffer
pH = 10

PGM 0.5 0.0 0.0 0.0 0.2
PCM 0.4 0.0 0.0 0.1 0.1
PMM 0 0 0 0 0

Copolymer 1 0.3 0.0 0.0 0.1 0.2
Copolymer 2 0.2 0.0 0.0 0.1 0.1
Copolymer 3 0.4 0.0 0.0 0.1 0.2
Copolymer 4 0.2 0.0 0.0 0.0 0.2
Copolymer 5 0.2 0.0 0.0 0.1 0.1
Copolymer 6 0.3 0.0 0.0 0.0 0.1

3.5. Glass Transition Temperature

The glass transition temperature (Tg) for the polymeric materials conditioned at 120 ◦C
was studied with the use of a DSC method. The course of DSC curves is presented in
Figure 3. The Tg values are placed in Table 8. The Tg for poly(methyl methacrylate) obtained
under experimental conditions is 91.7 ◦C. However, the poly(geranyl methacrylate) and
poly(citronellyl methacrylate) homopolymers are characterized by much lower Tg values
(24.1 ◦C and 3.1 ◦C, respectively). The Tg values for copolymers are directly depended on
their composition. With increasing methyl methacrylate content in copolymers, an increase
in Tg values is observed. Moreover, one Tg value is observed for all tested copolymers.
This further confirms that the polymeric materials are copolymers and not blends.
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Table 8. Glass transition temperatures (Tg) for the obtained polymeric materials.

Polymer Name Tg/◦C

PGM 24.1
PCM 3.1
PMM 91.7

Copolymer 1 24.9
Copolymer 2 32.6
Copolymer 3 53.0
Copolymer 4 15.7
Copolymer 5 38.6
Copolymer 6 48.6

3.6. Thermal Properties

Thermal properties of the obtained materials were studied with the use of a STA
method. The course of the TG and DTG curves for polymeric materials conditioned at
50 ◦C (series 1) is presented in Figure 4. Moreover, thermal data, including the initial de-
composition temperature (marked as the temperature where 5% of mass loss was observed
(T5%)), the maximum decomposition temperature for each decomposition stage (Tmax),
the mass loss in each decomposition stage (∆m), and the residual mass at 540 ◦C (rm), are
collected in Table 9. In addition, the thermal results for the tested materials conditioned at
120 ◦C (series 2) are placed in Table 10. As can be clearly seen, PMM conditioned at 50 ◦C
is characterized by the highest thermal stability (218 ◦C). However, PGM and PCM show
the following thermal stabilities: 158 ◦C and 153 ◦C, respectively. The thermal resistance of
the copolymers depends on their content. The addition of MM to copolymers with GM
and CM in each case leads to materials with higher thermal stability as compared with
the PGM and PCM homopolymers. As the content of MM in the copolymers increases (to
the value of 50 mass%), an increase in the thermal stability of the copolymers is observed.
After exceeding the content of 50 mass% of MM, a decrease in the thermal stability of the
polymeric materials is noticed.

Moreover, as can be seen from the data in Table 9, CM/MM copolymers are more
thermally stable compared with GM/MM copolymers. Among the copolymers, copolymer
5 shows the highest thermal stability (224 ◦C).

The thermal analysis clearly confirmed that the tested materials decomposed in at least
two main stages under inert conditions, with the note that the first decomposition stage
may involve several undivided steps. The first decomposition stage is visible between
T5% and 320–340 ◦C with the Tmax1 given in Table 9. The second one appeared from
temperatures of approx. 320–340 ◦C to 440–540 ◦C with the Tmax2 given in Table 9. Almost
all tested materials decomposed completely (no residue) when heated to 540 ◦C (except
PGM and copolymer 1).
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Figure 4. TG/DTG curves for polymeric materials obtained in helium (samples conditioned at
50 ◦C—series 1).
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Table 9. TG/DTG data for the materials studied in helium (conditioned at 50 ◦C—series 1).

Polymer Name T5%/◦C Tmax1/◦C ∆m1/% Tmax2/◦C ∆m2/% rm/%

PGM 158 228 48.5 434 42.7 8.8
PCM 153 252 28.8 407 71.2 0.0
PMM 218 235/272/295 34.1 374 65.9 0.0

Copolymer 1 161 245 45.2 437 52.4 2.4
Copolymer 2 192 276 36.7 418 62.5 0.8
Copolymer 3 175 183/213/294 40.2 401 59.8 0.0
Copolymer 4 195 211 24.6 404 75.4 0.0
Copolymer 5 224 219 9.0 395 91.0 0.0
Copolymer 6 221 213/297 28.0 386 72.0 0.0

Table 10. TG/DTG data for the materials studied in helium (conditioned at 120 ◦C—series 2).

Polymer Name T5%/◦C Tmax1/◦C ∆m1/% Tmax2/◦C ∆m2/% rm/%

PGM 189 235 54.0 434 46.0 0.0
PCM 251 396 99.0 577 1.0 0.0
PMM 230 378 100 - - 0.0

Copolymer 1 195 231 50.0 435 50.0 0.0
Copolymer 2 220 236 43.0 430 57.0 0.0
Copolymer 3 219 231 29.5 411 70.5 0.0
Copolymer 4 243 265 78.8 408 21.2 0.0
Copolymer 5 250 261 52.3 401 47.7 0.0
Copolymer 6 228 255 32.6 400 67.4 0.0

However, the polymeric materials conditioned at 120 ◦C (series 2, Table 10) were
characterized by a higher thermal resistance as compared with the samples conditioned at
50 ◦C. The PCM homopolymer was the most thermally stable material (251 ◦C). In turn,
the PGM homopolymer had the lowest thermal stability (189 ◦C). The same relationship
in thermal stability for copolymers conditioned at 50 ◦C and at 120 ◦C was noticed. With
increasing content of MM in copolymers up to a value of 50 mass%, an increase in the value
of T5% was observed. In addition, except for copolymer 1, all of the polymeric materials
showed thermal stability above 219 ◦C. Copolymers 1–6 decomposed in two well-marked
stages. The first decomposition stage spreads from T5% up to ca. 340 ◦C. The second one
appeared between the temperatures of ca. 340 ◦C and 540 ◦C. All of the tested copolymers
fully decomposed when heated to 540 ◦C (rm 0).

Comparing the T5% values for series 1 and series 2, it can be concluded that the samples
conditioned at 120 ◦C are more thermally stable. This indicates additional polymerization
and cross-linking reactions in the tested materials at a higher temperature.

3.7. Simultaneous TG–FTIR Analysis

The decomposition course of the tested copolymers was analyzed using a coupled
TG–FTIR method. The FTIR spectra of the emitted gaseous decomposition products
gathered at Tmax1 and Tmax2 are presented in Figures 5 and 6. As can be seen, on the
FTIR spectra gathered at Tmax1 one can notice the presence of the following vibrations: the
stretching vibrations for the OH group in water vapor at 3500–3900 cm−1; the stretching
vibrations for =C–H at 3095 cm−1; the stretching vibrations for C–H at 2840–2980 cm−1;
the stretching vibrations for C=O at 1733–1785 cm−1; the stretching vibrations for C=C at
1627–1633 cm−1 and 1670 cm−1; the deformation vibrations for C–C at 1375–1440 cm−1;
the stretching vibrations for C–O at 1160–1300 cm−1; and the out-of-plane deformation
vibrations characteristic of =C–H at 820–980 cm−1. The occurrence of the abovementioned
vibrations characteristic of the functional groups of emitted volatiles may indicate the
cleavage of C-C bonds in the structure of obtained copolymers. Thus, the release of geranyl
methacrylate or citronellyl methacrylate esters as a result of the depolymerization of
copolymers is clearly observed in the first decomposition stage. In addition, with respect to
methacrylate ester emissions, the emission of water was also detected by the FTIR analysis.
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These observations are in accordance with our previous studies [29], where the emission of
methacrylate esters as a result of the pyrolysis of other structure copolymers was indicated.
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Meanwhile, in the second decomposition stage (Tmax2), the vibrations responsible
for the characteristic groups in gaseous decomposition products at almost similar wave-
lengths appeared on the gaseous FTIR spectra. The absorption bands characteristic
of the stretching vibrations for =C–H (3085 cm−1), the stretching vibrations for C–H
(2842–2950 cm−1), the stretching vibrations for C=O (1735–1747 cm−1), the stretching
vibrations for C=C (1633 cm−1), the deformation vibrations for C–H (1380–1445 cm−1),
the stretching vibrations for C–O (1168–1300 cm−1), and the out-of-plane deformation
vibrations for =C–H (811–990 cm−1) are clearly observed. The presence of these absorption
bands confirms the formation of methyl methacrylate as the main decomposition product
at the higher temperature (Tmax2). Besides the formation of methacrylate monomer, a
small amount of water vapor (the bands above 3500 cm−1) is visible. The obtained results
are in accordance with the literature data, where the depolymerization of poly(methyl
methacrylate) is the main decomposition process [38,39].

4. Conclusions

The UV polymerization process was applied in order to prepare novel, more en-
vironmentally friendly polymeric materials from two methacrylate monomers: geranyl
methacrylate or citronellyl methacrylate and methyl methacrylate. The performed tests
proved that the copolymers conditioned at 120 ◦C had high solvent resistance and high
chemical resistance, which were due to the formation of cross-links in the polymer network.
The glass transition temperatures directly depended on the methyl methacrylate monomer
(MM) content in the copolymers. An increase in Tg as the content of MM increased was
observed. The thermal stability of the copolymers depended on the content of MM. It was
in the range of 195–250 ◦C. The copolymers decomposed in at least two stages with the
emission of methacrylate monomers as the main decomposition products.

In summary, the prepared polymeric materials, due to their properties, may find
application as materials for the manufacture of parts operating in aggressive environments
or at high temperatures, e.g., as column packing in gas or liquid chromatography or as
machine parts in contact with solvents, acids, bases, buffers, coatings, etc.
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10. Chylińska, M.; Kaczmarek, H.; Moszyński, D.; Królikowski, B.; Kowalonek, J. Surface studies of UV irradiated polypropylene

films modified with mineral fillers designed as piezoelectric materials. Polymers 2020, 12, 562. [CrossRef] [PubMed]
11. Sutton, P.; Airoldi, M.; Porcarelli, L.; Olmedo-Martínez, J.L.; Mugemana, C.; Bruns, N.; Mecerreyes, D.; Steiner, U.; Gunkel, I.

Tuning the properties of a UV-polymerized, cross-linked solid polymer electrolyte for lithium batteries. Polymers 2020, 12, 595.
[CrossRef]

12. Sanai, Y.; Kubota, K. Effect of UV-curing conditions on the polymer structures: A comparison between coating and adhesive.
Polym. J. 2020, 52, 1153–1163. [CrossRef]

13. Li, Y.; Sawut, A.; Hou, G.; He, M.; Yimit, M. UV polymerization and property analysis of maleacylated methyl cellulose acrylic
acid absorbent resin. Pol. J. Chem. Technol. 2020, 22, 34–41. [CrossRef]

14. Bagheri, A.; Jin, J. Photopolymerization in 3D Printing. ACS Appl. Polym. Mater. 2019, 1, 593–611. [CrossRef]
15. Fouassier, J.P.; Allonas, X.; Burget, D. Photopolymerization reactions under visible lights: Principle, mechanism and examples of

applications. Prog. Org. Coat. 2003, 47, 16–36. [CrossRef]
16. Garra, P.; Dietlin, C.; Morlet-Savary, F.; Dumur, F.; Gigmes, D.; Fouassier, J.P.; Lalevée, J. Photopolymerization processes of thick

films and in shadow areas: A review for the access to composites. Polym. Chem. 2017, 8, 7088–7101. [CrossRef]
17. Baroli, B. Photopolymerization of biomaterials: Issues and potentialities in drug delivery, tissue engineering, and cell encapsula-

tion applications. J. Chem. Technol. Biotechnol. 2006, 81, 491–499. [CrossRef]
18. Kaur, M.; Srivastava, A.K. Photopolymerization: A review. J. Macromol. Sci. Polym. Rev. Part C 2002, 42, 481–512. [CrossRef]
19. Lin, J.T.; Cheng, D.C.; Chen, K.T.; Liu, H.W. Dual-wavelength (UV and blue) controlled photopolymerization confinement for

3D-Printing: Modeling and analysis of measurements. Polymers 2019, 11, 1819. [CrossRef] [PubMed]
20. Elias, H.G. Macromolecules: Synthesis, Materials and Technology; Springer Science: New York, NY, USA, 1984.
21. Lu, J.; Kamigaito, M.; Higashimura, T.; Deng, Y.X. Living cationic isomerization polymerization of β-pinene. 1. Initiation with

HCl-2-chloroethyl vinyl ether adduct/TiCl3(OiPr) in conjunction with nBu4NCl. Macromoelules 1997, 30, 22–26. [CrossRef]
22. Satoh, K.; Sugiyama, H.; Kamigaito, M. Biomass-derived heat-resistant alicyclic hydrocarbon polymers: Poly(terpenes) and

hydrogenated derivatives. Green Chem. 2006, 8, 878–882. [CrossRef]
23. Yu, P.; Li, A.; Liang, H.; Lu, J. Polymerization of β-pinene with Schiff-base nickel complexes catalyst: Synthesis of relatively high

molecular weight poly(β-pinene) at high temperature with high productivity. J. Polym. Res. Part A Polym. Chem. 2007, 45, 3739–3746.
[CrossRef]

24. Kukhta, N.A.; Vasilenko, I.V.; Kostujk, S.V. Room temperature cationic polymerization of β-pinene using modified AlCl3 catalyst:
Toward sustainable plastics from renewable biomass resources. Green Chem. 2011, 13, 2362–2364. [CrossRef]

25. Wang, Y.; Li, A.; Liang, H.; Lu, J. Reversible addition-fragmentation chain transfer radical copolymerization of β-pinene and
methyl acrylate. Eur. Polym. J. 2006, 42, 2695–2702. [CrossRef]

26. Firdaus, M.; Espinosa, L.M.; Meier, M.A.R. Terpene-based renewable monomers and polymers via thiol-ene addition. Macro-
molecules 2011, 44, 7253–7262. [CrossRef]

27. Nair, D.P.; Podgórski, M.; Chatani, S.; Gong, T.; Xi, W.; Fenoli, C.R.; Bowman, C.N. The thiol-Michael addition click reaction:
A powerful and widely used tool in materials chemistry. Chem. Mater. 2014, 26, 724–744. [CrossRef]

28. Lu, J.; Liang, H.; Li, A.; Cheng, Q. Synthesis of block and graft copolymers of β-pinene and styrene by transformation of living
cationic polymerization to atom transfer radical polymerization. Eur. Polym. J. 2004, 40, 397–402. [CrossRef]

29. Worzakowska, M. The preparation, physicochemical and thermal properties of the high moisture, solvent and chemical resistant
starch-g-poly(geranyl methacrylate) copolymers. J. Therm. Anal. Calorim. 2020, 140, 189–198. [CrossRef]

30. Worzakowska, M. Novel starch-g-copolymers obtained using acrylate monomers prepared from two geometric isomers of terpene
alcohol. Eur. Polym. J. 2019, 110, 265–275. [CrossRef]

31. Worzakowska, M. Synthesis and some physico-chemical properties of novel starch-g-poly(citronellyl acrylate) copolymers. Starch
2018, 70, 1700330. [CrossRef]

http://doi.org/10.1039/C4PY00072B
http://doi.org/10.1002/app.1965.070090308
http://doi.org/10.3390/ma11040509
http://www.ncbi.nlm.nih.gov/pubmed/29597257
http://doi.org/10.1021/acs.macromol.9b01439
http://doi.org/10.3390/polym12030562
http://www.ncbi.nlm.nih.gov/pubmed/32143428
http://doi.org/10.3390/polym12030595
http://doi.org/10.1038/s41428-020-0347-4
http://doi.org/10.2478/pjct-2020-0014
http://doi.org/10.1021/acsapm.8b00165
http://doi.org/10.1016/S0300-9440(03)00011-0
http://doi.org/10.1039/C7PY01778B
http://doi.org/10.1002/jctb.1468
http://doi.org/10.1081/MC-120015988
http://doi.org/10.3390/polym11111819
http://www.ncbi.nlm.nih.gov/pubmed/31698682
http://doi.org/10.1021/ma960118t
http://doi.org/10.1039/b607789g
http://doi.org/10.1002/pola.22124
http://doi.org/10.1039/c1gc15593h
http://doi.org/10.1016/j.eurpolymj.2006.06.015
http://doi.org/10.1021/ma201544e
http://doi.org/10.1021/cm402180t
http://doi.org/10.1016/j.eurpolymj.2003.09.016
http://doi.org/10.1007/s10973-019-08801-9
http://doi.org/10.1016/j.eurpolymj.2018.11.024
http://doi.org/10.1002/star.201700330


Polymers 2021, 13, 1659 15 of 15

32. Worzakowska, M. Chemical modification of potato starch by graft copolymerization with citronellyl methacrylate. J. Polym.
Environ. 2018, 26, 1613–1624. [CrossRef]

33. Kaith, B.S.; Singha, A.S.; Grupa, S.K. Graft copolymerization of flax fibres with binary vinyl monomer mixtures and evaluation of
swelling, moisture absorbance and thermal behavior of the grafted fibres. J. Polym. Mater. 2003, 20, 195–199.

34. Worzakowska, M. High chemical and solvent resistant, branched, terpene methacrylate polymers-Preparation, thermal properties
and decomposition mechanism. Polym. Adv. Technol. 2018, 29, 1414–1425. [CrossRef]

35. Available online: https://www.sigmaaldrich.com/catalog/product/aldrich/m55909?lang=pl&region=PL&gclid=EAIaIQobCh-
MIsu3bot6r8AIVideyCh2sPgUGEAAYASAAEgJSrPD_BwE (accessed on 15 April 2021).

36. Albeladi, H.K.; Al-Romaizan, A.N.; Hussein, M.A. Role of cross-linking process on the performance of PMMA. Int. J. Biosens.
Bioelectron. 2017, 3, 279–284.

37. Gziut, K.; Kowalczyk, A.; Schmidt, B. Free-radical bulk-photopolymerization process as a method of obtaining thermally curable
structural self-adhesive tapes and effect of used type I Photoinitiators. Polymers 2020, 12, 2191. [CrossRef] [PubMed]

38. Godiya, C.B.; Gabrielli, S.; Materazzi, S.; Pianesi, M.S.; Stefanini, N.; Marcantoni, N. Depolymerization of waste poly(methyl
methacrylate) scraps and purification of depolymerized products. J. Environ. Manag. 2019, 231, 1012–1020. [CrossRef] [PubMed]

39. Malhotra, S.L.; Minh, L.; Blanchard, N.P. Thermal decomposition and glass transition temperature of poly(methyl methacrylate)
and poly(isobutyl methacrylate). J. Macromol. Sci. Part A Chem. 1983, 19, 579–600. [CrossRef]

http://doi.org/10.1007/s10924-017-1062-x
http://doi.org/10.1002/pat.4253
https://www.sigmaaldrich.com/catalog/product/aldrich/m55909?lang=pl&region=PL&gclid=EAIaIQobCh-MIsu3bot6r8AIVideyCh2sPgUGEAAYASAAEgJSrPD_BwE
https://www.sigmaaldrich.com/catalog/product/aldrich/m55909?lang=pl&region=PL&gclid=EAIaIQobCh-MIsu3bot6r8AIVideyCh2sPgUGEAAYASAAEgJSrPD_BwE
http://doi.org/10.3390/polym12102191
http://www.ncbi.nlm.nih.gov/pubmed/32987966
http://doi.org/10.1016/j.jenvman.2018.10.116
http://www.ncbi.nlm.nih.gov/pubmed/30602225
http://doi.org/10.1080/10601328308056536

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Methacrylate Monomers 
	UV-Polymerization 
	Characterization of Copolymers 
	ATR-FTIR 
	Conversion of Double Bonds 
	Solubility Tests 
	Chemical Resistance 
	Glass Transition Temperature 
	Thermal Properties 
	Simultaneous TG–FTIR Analysis 


	Results and Discussion 
	ATR-FTIR of Monomers 
	Conversion of Double Bonds 
	Solubility Tests 
	Chemical Resistance 
	Glass Transition Temperature 
	Thermal Properties 
	Simultaneous TG–FTIR Analysis 

	Conclusions 
	References

