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Abstract Glycerol carbonate methacrylate (GCMA) is a multifunctional monomer that integrates the reactivity of both
cyclic carbonate and methacrylate groups, making it a promising precursor for the development of advanced polymeric
materials. In this study, GCMA was synthesized through a two-step process: first, glycerol was converted into glycerol
carbonate via transcarbonation with dimethyl carbonate under mild, solvent-free conditions using calcium oxide as a catalyst.
Subsequently, the hydroxyl group of glycerol carbonate was functionalized with methacrylic anhydride in the presence of
Amberlite IRC120H, yielding GCMA. The structure and purity of the synthesized monomer were confirmed by NMR and
FTIR spectroscopy. To obtain a fully biobased polymeric material, GCMA was copolymerized with acrylate epoxidized
soybean oil (AESO) at 1:1 and 2:1 molar ratio via free radical polymerization at 140 °C, without the use of any initiator. The
resulting copolymers exhibit potential for sustainable applications due to their renewable origin and tunable thermal and
mechanical properties.
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1. Introduction

In recent years, interest in synthesizing polymers from
bio-based materials has increased significantly due to the
need to reduce dependence on petroleum-derived resources
and the need to reduce greenhouse gas emissions.

Solutions have emerged to replace fossil fuels with
more environmentally friendly renewable energies. In the
transportation sector, biodiesel obtained from vegetable
resources has been developed as a fuel to replace traditional
petroleum-based energy. In different sectors such as
biomedical, textile, automotive, packaging agriculture, and
others, polylactic acid (PLA) has become one of those
biopolymers with excellent potential to replace synthetic
polymers. PLA's properties can be controlled, allowing its
use in a variety of applications [1]. It can be manufactured
from renewable resources such as corn and sugar beets,
which are considered compostable and biodegradable [2].

Glycerol is widely available; in many countries, the level
of diesel production has led to the production of glycerol
as a byproduct of the process [3-6]. In the biodiesel industry,
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approximately 100 kg of glycerol is produced per ton of
biodiesel. It is also a byproduct in soap saponification and
propylene production. Glycerol, also known as glycerin,
is chemically called propane-1,2,3-triol. It is a key material
in the production of high-value bio-based molecules. Its
physical and chemical properties make it a versatile organic
compound,; it is considered non-toxic, edible, bio sustainable,
and biodegradable. [5,6]. Glycerol can be transformed
into a variety of derivatives [7], including the valuable
4-hydroxymethyl-1,3- dioxolan-2-one or carbonate glycerol
(CG) [5,7-10]. CG is a five-membered cyclic carbonate
considered environmentally friendly and low toxicity that
stands out for its physical and chemical properties, as it
achieves an interesting chemical reactivity due to its two
different roles of the hydroxyl group and the cyclic carbonate
group, which act as a nucleophile and electrophile groups,
respectively [11].

There are different synthesis routes for carbonation of
glycerol, each involving numerous reactants as carbonyl
sources, such as phosgene, carbon monoxide, urea, carbon
dioxide, or organic carbonates [8-11]. However, some of
these processes are limited by the toxicity of the reactants
and the difficulty of implementing chemical reactions. The
transesterification of glycerol with dialkyl carbonates is
considered an environmentally benign chemical reaction [8],
and also it is used industrially due to its ease, cheapness, and
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high yields when a basic and heterogeneous catalyst is
employed. Even although many catalysts have been studied
for this transesterification, e.g., inorganic bases [10], ionic
liquids [12,13], lipases [14], and N-heterocyclic carbenes
[15], heterogeneous inorganic bases are preferred for the
industrial preparation of CG from glycerol and DMC, mainly
based on their cost, recovery and reuse [8].

Monomers derived from glycerol, which contain a free-
radical polymerizable group such as acrylate, methacrylate,
allylic, or vinylic groups, along with a secondary cyclo-
carbonate group, are of great interest and widely used in
pharmaceutical and cosmetic applications [16-18]. Their
popularity is due to their low vapor pressure, minimal
flammability and toxicity, excellent biodegradability, and
enhanced polarity properties. Methacrylate monomers
containing cyclic carbonate have been identified having high
reactivity, and also have been studied the free radical
copolymerization of glycerol carbonate methacrylate. This
studies showed that the carbonate group activates the double
bond of the methacrylic function, making copolymerization
with different acrylates such as methyl methacrylate (MMA),
butyl acrylate (BA), and some other types of acrylates that
can be polymerized by free radicals and have an effect on the
thermomechanical properties of the generated copolymers
[18].

Another important biobased acrylate monomer is the
acrylate epoxidized soybean oil (AESO), Figure. 1, which is
one of the commercial monomers of great interest in various
industrial applications [19-22]. Some of its most important
characteristics include high compatibility with polymers
and low toxicity, allowing its use in medical and food
applications. It is sustainable, since it is derived from renewable
sources like soybean oil and it is a more environmentally
friendly option compared to petroleum-based polymers.
Thanks to these properties, acrylate epoxidized soybean oil
is used in the production of coatings, adhesives, plasticizers,
and other advanced materials. AESO-based coatings offer
low toxicity, high efficiency, and environmental benefits,
making them a promising alternative to petroleum-based
resins.

Acrylate epoxidized soybean oil has been widely used in
surface coatings to provide hydrophobicity. With the
addition of acrylates, the triglyceride can react via addition
polymerization. Also, it has been copolymerized with
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monomers derived from petroleum, such as styrene and
methylmethacrylate copolymers [23,24], used in UV-curable
coatings. These copolymers improve adhesion, flexibility,
and thermal stability [25,26]. Other acrylate copolymers are
actually developed for 3D printing resins; these copolymers
offer high reactivity and durability in biomedical scaffolds.

In the present work, two copolymers derived from AESO
and GCMA were prepared, and their thermal properties were
compared with those of the corresponding homopolymers,
Poly-AESO and PolyGCMA. With the aim of obtaining
a fully biobased crosslinked polymer, the thermal
copolymerization of GCMA was evaluated in the absence of
solvent and initiator.

2. Materials and Methods

Powdered Calcium Carbonate, CaO3, ACS reagent, > 99%;
Glycerol > 99.5%; Dimethyl carbonate (DCM) > 99%;
Methacrylic Anhydride, AESO 1.04 g/mL at 25<T (lit.),
Amberlite IRC-120(H) 16-50 mesh; Dichloroethane RA,
Ethyl Acetate RA, hexane RA; and Deuterated Chloroform,
were all purchased from Sigma-Aldrich Co., M&ico. The
acrylate functionality of AESO and the molecular weight
was determined by H-NMR to be 2.5 acrylate groups per
molecule and 1130 g/mol, respectively. Prior to use, the
inhibitor in AESO was removed by passing it through a
column packed with MEHQ scavenger beads.

FT-IR spectra were recorded using an IRPrestige-21
Shimadzu spectrometer equipped with a diamond crystal
in horizontal attenuated total reflectance (HATR) mode. All
spectra were collected in absorbance mode with 64 scans
and a resolution of 4 cm2 over a wavenumber range of
560—4000 cm™.

Raman spectroscopy was performed using an Xploraplus
[tRaman spectrometer (Horiba Jobin) coupled to an
Olympus microscope. The CaO sample was analyzed using
532 nm excitation, with an acquisition time of 60 s and a
10% filter.

Nuclear Magnetic Resonance (NMR) spectra were recorded
on a Bruker Avance |1l spectrometer operating at 300 MHz,
using deuterated chloroform as solvent and tetramethylsilane
(TMS) as internal standard. Chemical shifts are reported
in ppm. Samples were prepared by dissolving 10-20 mg of
product in 0.5 mL of deuterated chloroform.
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Figure 1. Acrylate epoxidized soybean oil (AESO)
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Thermal analysis: DSC measurements were conducted
using a TA Instruments Q20 calorimeter. Glass transition
temperatures (Ty) were determined by heating 5 mg of
sample from —40 to 200C under a nitrogen atmosphere
at a rate of 10<C/min. TGA analysis was performed using
a TA Instruments Q50 system, heating samples from 30 to
600<C under nitrogen at 10<C/min, to determine the onset
decomposition temperature.

X-ray diffraction (XRD) patterns were obtained using a
Bruker D8 Advance diffractometer with a Cu Ka source (A =
0.1542 nm), operating at 30 kV and 30 mA. Patterns were
recorded at 25<C over a 20 range of 10-90< with a step size
of 0.05<

2.1. Preparation of the CaO Catalyst

In this study, CaO was used as a basic catalyst for the
carbonation reaction. CaO is among the most widely studied
heterogeneous basic catalysts for transcarbonation and
transesterification due to its high activity, mild reaction
conditions, reusability, availability, and low cost [27].

The CaO catalyst was prepared by calcining and
decomposing CaCO:; in a Carbolite tubular furnace at 900 C
for 8 hours. After calcination, the CaO was gradually cooled
inside the furnace to minimize moisture absorption from the
environment.

CaCO, —2 3 Ca0 + CO,

2.2. Glycerol Carbonate (GC) Synthesis

Table 1. Carbonation Reaction Conditions

Reaction | Temperature (<C) | Catalyst/glycerol ratio (mol/mol)
1 75 0.10
2 65 0.10
3 75 0.02
4 70 0.06
5 65 0.02
OH (0]
Ho\)\/OH + cH )I\
CH
Glycerol
Dimethyl carbonate
CaO | T
OYO OH
H3C_OH
o\>—/ "

Glycerol carbonate CG Methanol

Figure 2. Transcarbonation reaction for produce CG

Glycerol was reacted with dimethyl carbonate (DMC) in
the presence of CaO to produce GC (Figure. 2). To evaluate
the effectiveness of the prepared CaO, the reaction conditions

listed in Table 1 were adopted, based on the work [28], where
yields of up to 90% were achieved using a catalyst/glycerol
molar ratio of 0.06 and a DMC/glycerol molar ratio of 5 at
75<C for 1.5 hours.

In our experiments, we tested reaction temperatures of
65<C, 70<C, and 75<C, with catalyst/glycerol molar ratios
ranging from 0.02 to 0.1, while maintaining a DMC/glycerol
molar ratio of 5.0. Reactions were carried out in a two-neck
flask under reflux in a water bath, with magnetic stirring and
no solvent.

In a typical procedure, 1 g (0.011 mol) of glycerol was
added to a two-neck flask, followed by 5 mL of DMC (0.055
mol) and CaO as the catalyst. The reaction was monitored by
(a) TLC using ethyl acetate as eluent, and (b) FTIR analysis,
observing the decrease of OH vibration bands (3200, 1020,
and 1110 cm™) from glycerol and the appearance of GC
bands at 1790 and 1180 cm™, corresponding to C=0 and
C-O stretching vibrations of the five-membered cyclic
carbonate.

After completion, the CaO catalyst was filtered, and unreacted
glycerol was removed by silica column chromatography
using ethyl acetate as eluent. The resulting GC was
characterized by FTIR, H-NMR, and thermogravimetric
analysis (TGA).

2.3. Synthesis of Glycerol Carbonate Methacrylate
(GCMA)

Glycerol carbonate methacrylate (GCMA, Figure. 3) was
synthesized by reacting GC with methacrylic anhydride as
the acrylate source.

1 g of GC (8.5 mmol) was placed in a round-bottom flask
with 10 mL of dichloroethane, followed by 1.4 mL of
methacrylic anhydride (10% molar excess relative to GC)
and 0.03 g of Amberlite IRC-120H. As the reaction progressed,
samples were taken for FTIR analysis, which showed
characteristic bands of the five-membered cyclic carbonate.
The band at 1790 cm™ split and broadened, forming a new
signal at 1740 cm™, attributed to C=0 stretching of the ester
group. The reaction was also monitored by TLC (ethyl
acetate/hexane 35:65 v/v).

Upon completion, the Amberlite beads were filtered, and
an organic—aqueous separation (5% CaCOs) was performed
to remove the formed methacrylic acid. The organic phase
was dried with magnesium sulfate to eliminate residual
water. Final purification was achieved by silica column
chromatography using ethyl acetate/hexane (35:65 v/v) as
eluent. GCMA was characterized by FTIR, H-NMR, DSC,
and TGA.

H,C
CH,

Figure 3. Glycerol carbonate methacrylate (CGA)
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2.4. Polymerization of CGMA and AESO,
and Copolymerizaciénh AESO:CGMA

The homopolymerization of GCMA and AESO, as well as
the copolymerization of AESO:GCMA at 1:1 and 1:2 molar
ratios, was carried out on a glass substrate in the absence of a
free radical initiator, using a programmable oven at 140 °C.
The progress of polymerization was monitored by tracking
the decrease in FTIR bands corresponding to the double bonds
of the acrylate groups. Upon completion of polymerization,
DSC and TGA analyses were performed.

3. Results and Discussion

3.1. Characterization of CaO

The synthesized calcium oxide was characterized by
Raman spectroscopy and X-ray diffraction (XRD). The
Raman bands observed in the CaO spectrum (Figure. 4) can
be attributed to the presence of Ca(OH). (3614.3, 700, and
350 cm™) and CaCOs (1071 and 722 cm3, considering
that pure CaO does not exhibit Raman-active modes. The
formation of Ca(OH). and CaCOs is due to hydration and
carbonation of highly reactive CaO upon exposure to
ambient conditions after removal from the oven [29].
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Figure 4. Raman spectroscopy of CaO

The X-ray diffraction pattern of CaO is shown in Figure.
5, confirming its face-centered cubic crystal structure, in
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accordance with JCPDS 9006703 from the Crystallography
Open Database [30]. The diffraction peaks of CaO were
observed at 20 values of 32.2<(111), 37.3°(220), 53.8°
(220), 64.1=(311), 67.3°(222), 80.8(400), and 88.4=(331).
Low-intensity peaks at 33.6< and 48.2< correspond to
Ca(OH)..
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Figure 5. XRD of synthesized CaO

3.2. Characterization of Glycerol Carbonate (CG)

The results of the carbonation reactions for the synthesis
of glycerol carbonate (GC) are summarized in Table 2. Under
the conditions designated as Reaction RX1, the highest
yield (70.9%) was achieved in 25 minutes. These conditions
involved the highest reaction temperature (75 °C) and the
highest catalyst/glycerol molar ratio (0.1). Reaction time was
a critical factor, as slightly longer times led to polymerization
of the product, resulting in an insoluble and viscous
material. In contrast, Reaction RX5, which employed the
lowest reaction temperature and catalyst/glycerol ratio,
yielded only 36%, and required a significantly extended
reaction time of approximately 10 hours.

Table 2. Carbonation reaction results

Reaction | Temperature Catalyst/glycerol % CG Reacti
No. (T) ratio (mol/mol) Yield | ontime
RX1 75 0.10 70.9 25 min
RX2 65 0.10 67.1 35 min
RX3 75 0.02 56.4 1.0

min.
RX4 70 0.06 61.2 65 min
RX5 65 0.02 36.0 10h

Figure 6 presents the infrared (FTIR) spectrum of glycerol
carbonate, where the characteristic functional groups are
identified as follows: OH stretching vibration from the
2-hydroxyethyl chain at 3443 cm™, C=O0 stretching vibration
of the carbonyl group in the five-membered cyclic carbonate
ring at 1788 cm™'. COC bond stretching at 1188 cm™!, CO
bond stretching at 1086 cm™'. These signals are consistent
with those previously reported in reference [29].
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The H NMR spectrum of glycerol carbonate (Figure. 7)
shows the following chemical shifts: & (ppm) = 2.8-2.84
(t, 1H, OH), 4.85-4.78 (m, 1H, CH), 4.49 (dd, 1H, OCH,),
4.35(dd, 1H, OCH,CH), 3.99(ddd, 1H, CH, OH), 3.71(ddd,
1H, CH,0OH). These assignments are in agreement with [31].
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Figure 8. FTIR spectrum of GCMA

3.3. Characterization of the GCMA

Following organic-aqueous phase separation and purification
via silica column chromatography, the synthesized GCMA
was characterized using FTIR, TGA, and H NMR spectroscopy.
Figure 8 shows the FTIR spectrum of GCMA, highlighting
the absorption bands corresponding to its characteristic
functional groups. The vibrations that confirm the acrylation
of CG include the carbonyl (C=0) stretch from methacrylic
ester, observed at 1718.5 cm™'. All other representative
bands and their associated vibrational modes are summarized
in Table 3.

Table 3. FTIR absorption assignments for GCMA

Absorption band (cm ™) Vibration Group
2931 C-H CH,
1788 C=0 CC5
17185 C=0 Ester
1640, 771 Cc=C acrylate
1151.5, 1045.4 cocC CC5, ester

The ' H NMR spectrum of GCMA (Figure 9) shows the
following signals: *H NMR (300 MHz, CDCl3) 8 6.2 (q, J = 1.1
Hz, 1Hy), 5.67 (g, J = 1.6 Hz, 1Hy), 5.0 (dddd, J = 8.7, 5.6,
3.9,3.1Hz, 1H,), 4.57 (t, J=8.6 Hz, 1H.), 4.44 (dd, J = 12.6,
3.2 Hz, 1H.), 4.40-4.28 (dd, 1H; m, 1H,), 1.96 (t, J = 1.3 Hz,
3Hy). This analysis confirms the successful synthesis of
GCMA, as reported in [32].
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Figure 9. 'HNMR of GCMA

A thermal analysis of GCMA was performed using DSC,
revealing an onset temperature of 125°C and a peak
temperature of 163 °C for the exothermic polymerization
curve in the absence of a catalyst. Thermogravimetric
analysis (TGA), shown in Figure. 10, was conducted to
compare the initial degradation temperatures (onset). The
results indicate that glycerol degrades at 210°C, CG at
231 °C, and GCMA at 269 °C, demonstrating that GCMA
exhibits greater thermal stability than its precursors. As
discussed in [33], during the pyrolysis of certain CG
derivatives, the C—C and C-O bonds of the five-membered
cyclic carbonate ring preferentially break, producing volatile
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carbonates and CO.. Subsequently, the adjacent C—O bond
in esters (as in the case of GCMA) continues to degrade,
generating additional fragments. This ester bond is absent in
CG, which explains its lower decomposition temperature
compared to GCMA. In the case of glycerol, the C-C, C-O,
and O-H bonds break in a single step, forming water,
formaldehyde, and acetaldehyde [34].
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Figure 10. TGA thermogram of GCMA, CG and G (glycerol)

DSC thermograms in Figure. 11 show the polymerization
exotherm curves for GCMA and for the AESO:GCMA
mixtures. All curves exhibit an onset around 120 °C, with
peak temperatures at 140 °C and 145 °C for the 1:2 and
1:1 mixtures, respectively; and 163 °C for GCMA. The
temperature of 140 °C (indicated by the blue dotted line) falls
within the polymerization range for all three samples. The
main difference observed during polymerization was the
time required to achieve complete crosslinking: 40 min for
GCMA, 2 hr for the 1:1 mixture, 30 minutes for the 1:2
mixture, and 2 hr for AESO. This was corroborated by the
disappearance of FTIR bands associated with the acrylic
group, as well as by the absence of the exothermic peak in a
subsequent DSC scan of the polymerized products.
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Figure 11. DSC exotherm curves for GCMA and the mixtures AESO:GCMA,
1:1 and 1:2 molar ratios
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3.4. Thermal Analysis of Homopolymers
and Copolymers AESO/GCMA

PolyAESO was obtained as a flexible, transparent yellow
film, whereas PolyGCMA formed a transparent but brittle
and inflexible film. The homopolymers of GCMA and
AESO were pale and inflexible, though less brittle than
PolyGCMA.

To determine the glass transition temperature (Tg), the
homopolymers and copolymers of AESO-co-GCMA (in molar
ratios of 1:1 and 1:2) were analyzed by DSC (Figure 12). The
thermograms revealed Ty values of 9 °C for PolyAESO and
65 °C for PolyGCMA. These results are consistent with the
molecular structure: AESO contains long, flexible alkyl
spacers, which contribute to its lower T,. For the copolymers,
the presence of rigid cyclic carbonate and methacrylate
groups led to an increase in Ty compared to AESO alone. As
expected, the copolymer with a higher GCMA content
exhibited a higher Tg: 14.9 °C for the 1:1 AESO-co-GCMA
and 18.8 °C for the 1:2 AESO-co-GCMA.

—— PolyGCMA
PolyAESO
04 —— AESO-co-GCMA, 1:1
—— AESO-c0-GCMA, 1:2
2
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Temperature (°C)
Figure 12. DSC of homopolymers and copolymers AESO-co-GCMA

Figure. 13 presents the TGA curves for the homopolymers
and copolymers. The onset decomposition temperatures show
the following behavior: PolyAESO, 346.8 °C; PolyGCMA,
230 °C; AESO-co-GCMA 1:1, 342 °C; and AESO-co-GCMA
1:2, 332 °C. As anticipated, the copolymers exhibit intermediate
thermal stability, closer to that of PolyAESO. This is
attributed to the dominant structural stability of the soybean
oil-derived AESO, compared to the five-membered cyclic
carbonate in GCMA, which undergoes ring opening and
subsequent decomposition upon heating.

The enhanced thermal stability of the copolymers can be
attributed to the crosslinked architecture introduced by
AESQ, which features long fatty acid chains anchored to a
stable central triester core. This robust structure promotes
resistance to thermal degradation. In contrast, GCMA forms
a linear polymer with a pendant cyclic carbonate group and
simple ester bonds along the main chain-structural elements
that closely resemble its monomer and contribute to its lower
thermal stability [35]. Upon copolymerization, the presence
of AESO drives the formation of a three-dimensional
crosslinked network, which dominates the thermal behavior
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of the resulting material. As a result, the copolymers exhibit
thermal properties more similar to AESO than to GCMA,
reflecting the influence of AESO’s stable and reticulated
molecular framework.

100 A
= PolyGCMA
= PolyAESO
801 —— AESO-c0-GCMA, 1:1
—~~ —— AESO-c0-GCMA, 1:2
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100 200 300 400 500 600 700
Temperature (°C)
Figure 13. TGA of homopolymers and copolymers AESO-co-GCMA

4. Conclusions

GCMA is a monomer that can be polymerized without the
need for catalysts, yielding a rigid, and lustrous polymer.
In contrast, homopolymerization of AESO at 140 °C results
in a amber-colored material with low stiffness and a glass
transition temperature (Tg) of only 9 °C. However, when AESO
and GCMA are copolymerized at the same temperature,
increasing the proportion of GCMA significantly enhances
the rigidity of the resulting copolymer and raises its T,. For
instance, a 1:2 molar ratio of AESO to GCMA produces a
copolymer with a Ty of 18.9 °C. Although this represents an
improvement over pure AESO, the GCMA homopolymer
still exhibits far superior stiffness, with a Ty of 65 °C.

Moreover, AESO-co-GCMA polymers form crosslinked
networks whose three-dimensional architecture contributes
to enhanced thermal stability. This structure is primarily
attributed to AESO’s central triester core and long fatty acid
chains. These findings demonstrate that AESO-GCMA
copolymerization enables the design of materials with
tunable thermal and mechanical properties, combining the
renewable origin and flexibility of AESO with the structural
rigidity of GCMA. Given their stability and stiffness, these
copolymers represent a promising platform for the development
of thermoset coatings, sustainable plastics, and advanced
functional materials. Future research could explore their
chemical resistance, environmental degradation behavior,
and adaptability to specific industrial applications.
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