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This investigation provides a comprehensive comparison of the selected and synthesized bio-based
curable compounds used in the photocured methacrylated vegetable oil. The chosen reactive diluents
are vanillin methacrylate (VMA), cinnamyl methacrylate (CMA), isosorbide dimethacrylate (IDMA),
glycerol methacrylate (GMA), and glycerol trimethacrylate (GTMA). We synthesized all the mentioned
compounds with high final yields (>85 %) except for GMA (reached 72 % yield). The structural
characterization was provided by 'H NMR and FTIR. In total, four different functional properties were
studied: polymerization reactivity, rheological profile, thermal stability, and mechanical characteristics.
The most reactive compound, GMA, achieved the polymerization activation energy of 68.2 kJ/mol.
The lowest observable viscosity was observed for the curable system containing CMA (25 % in the
methacrylated oil), with an apparent viscosity of 405 mPa-s at 25 °C. The most thermally stable system
comprised 25 % GTMA in the methacrylated oil, reaching the heat-resistant index of 184 °C. The
highest flexural modulus was reached by the GTMA-involving system (596 + 38 MPa), while the highest
flexural strength was reached by the IDMA-involving resin (12.7 + 0.3 MPa). The best rigid-enhanced
system contained 25 % IDMA, while the most tremendous increase in flexibility was observed with resin
containing 25 % of VMA.

component materials) [4-6]. Currently, high-performing
precursors, mainly derived from fossil-based sources, are used for
most applications [7]. Particular polymerizable systems applied
in dental composites or 3D printed engineered prototypes are

1 Introduction

The reactive curable systems have been widely used in several
chemical industries and material applications, ranging from
the small produced objects (dental composites, 3D printed

prototypes, and micro components for electronics) [1-3] to
the large industrially relevant products (automotive composite
parts, reactive adhesives and coatings, and building multi-
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commercially available methacrylates and acrylates, such as
ethylene glycol dimethacrylate (EGDMA) [8], ethylene glycol
diacrylate (EGDA) [9], 2-hydroxyethyl methacrylate (HEMA) [10],
bisphenol A-glycidyl methacrylate (Bis-GMA) [11], or triethylene
glycol dimethacrylate (TEGDMA) [12]. The target physical-
chemical properties are essential for the required application;
therefore, the market offers both rigid/hard thermoset-forming
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reactive systems (modified bisphenol A and ethylene glycol) and
flexible/soft cured resins (modified poly(ethylene glycol) and
poly(propylene glycol)) [13,14]. Regarding industrially relevant
thermoset precursors, overall costs and the availability of the
used compound are the most important factors for producers
[15]. Typically, the unsaturated polyester precursors (UPE/UPR) or
vinyl ester resins (containing bisphenol A or urethanes) represent
the main high-viscosity components [16-18], which are mixed
with reactive diluents, such as styrene, methyl methacrylate
(MMA), isobornyl acrylate (IBOA), and isobornyl methacrylate
(IBOMA), to regulate their eventual characteristics and primarily
their rheological properties [19-21]. Most of the mentioned
reactive systems perfectly fulfill their purposes effectively in the
selected applications, but their chemical production is associated
with an unsustainable approach and the use of non-renewable
feedstock [22].

Bio-based reactive systems are attracting significant attention
as potential renewable substitutes for the precursors currently used
in material applications [23]. The production of such materials
has rapidly grown over the last 20 years. Regarding the bio-based
coating precursors, the forecasted growth reaches 29.4 billion USD
by 2032 [24]. The incorporation of renewable carbon into material
precursors and systems, the potential reduction of CO; emissions,
or the limitation of VOCs are the particular motivations for
enhancing the sustainable chemical industry [25,26]. Several
suggested polymerizable compounds and systems possess high
bio-based carbon content in their structures. The specific
molecules described in the literature contain substantial bio-
based carbon content, which meets the projected sustainability
expectations [27-30]. The systems, such as the methacrylated fatty
acids (bio-based content: ~63 %) [27], methacrylated eugenol
(bio-based content: 71.4 %) [28], or isobornyl methacrylate (bio-
based content: 71.4 %) [29] were investigated and described in the
literature as the appropriate alternatives to the entirely fossil-based
reactive compounds. The regulation of the eventual properties is
achievable similarly to the petroleum-derived precursors — flexible
systems typically involve fatty acid derivatives with long carbon
chains [27,30,31], while the rigid systems are produced from
multi-functional short-chain entering molecules (pentaerythritol,
sorbitol, bio-based propylene glycol) [30,32-34]. The VOCs
generated during material applications, usually from volatile
compounds such as styrene or MMA, increase environmental and
health hazards during manufacture [35]. Several non-volatile bio-
based systems and molecules were proposed and characterized
in the literature (modified triacylglycerides, sorbitol polyglycidyl
ether, or numerous lignin-based compounds) [35], while some of
the commercially available bio-based low-molecular compounds
possess similar high volatility as styrene/MMA (isobornyl acrylate
of isobornyl methacrylate) [36,37]. Nevertheless, the specific
application must select a suitable bio-based alternative based on
all key market factors, such as material availability, handling
characteristics, and final profitability.

This work presents a comprehensive comparative study
involving the synthesis of methacrylated vegetable oil, a bio-
based, highly viscous, curable system. Numerous reactive diluents
from renewable sources were synthesized and incorporated into
the oil-based mixture, including vanillin methacrylate (VMA),

cinnamyl methacrylate (CMA), isosorbide dimethacrylate (IDMA),
glycerol methacrylate (GMA), and glycerol trimethacrylate
(GTMA). We investigated the products’ reactivity using Kissinger’s
theory. Then, we formulated the curable mixtures from modified
oil, a particular enhancing compound, and the photoinitiator,
and described their flow characteristics to verify the diluting
factor. We processed the prepared resins by MSLA 3D printing to
obtain solid cured thermosets. Eventually, we studied the thermal
stability and mechanical properties of the 3D-printed specimens
to characterize the material’s performance. The studied properties
were evaluated, and the best-performing system, demonstrating
significant sustainability, was selected as the optimal bio-based
alternative to the currently used compounds in this material field.

2 Experimental section

2.1 Materials

Epoxidized vegetable oil Drapex 39 (epoxidized vegetable oil,
OO0C: ~6.5 %) was purchased from Ataman Chemicals (Turkey).
All other used reactants and substances, methacrylic acid (MA,
99 % stab. 250 ppm MEHQ), methacrylic anhydride (MAAH,
98 % stab. 2000 ppm topanol A), vanillin (97 %), cinnamyl
alcohol (98 %), isosorbide (98 %), glycerol (99 %), sodium
hydroxide (98 %), ethyl acetate (99 %), potassium acetate (99 %),
triethylamine (99 %), anhydrous sodium sulfate (99 %), tert—
butyl Peroxide (Luperox DI, 98 %), photoinitiator phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, 98 %), and the solvent
for NMR analyses d-chloroform (CDCl3, 99.8 atom % D, 0.03 %
(v/v) TMS) were obtained from Merck Ltd. (Czech Republic).

2.2 Structural analyses
Nuclear magnetic resonance (NMR) analysis was performed
with Bruker Avance III 500 MHz (Bruker, Billerica, MA, USA).
The measuring frequency was 500 MHz for 'H NMR. The
measurements were performed at 30 °C using D-chloroform
(CDCl3) as the solvent with tetramethylsilane (TMS) as the
internal standard. The chemical shifts (§) are expressed in parts per
million (ppm) units, referenced by a solvent. Coupling constant
(J) is expressed with frequency unit (Hz), with coupling expressed
as s-singlet, d-doublet, t-triplet, q-quartet, p-quintet, m-multiplet.
Fourier-transform infrared spectroscopy (FI-IR) was used to
determine the functional groups. Analyses were conducted by
Bruker Tensor 27 (Billerica, MA, USA) and the attenuated total
reflectance (ATR) method. Diamond served as a dispersion
component. A diode laser was the irradiation source in this
spectroscope. The Michelson interferometer was used to quantify
the signal. Spectra comprised 32 scans, with a resolution of 2 cm~1!.
Acid number (A.N.) was used to determine the purity of the
synthesized compounds. The analysis was performed according to
the norm ASTM D974.

2.3 Synthesis of methacrylated oil

Epoxidized vegetable oil (1000 g, OOC 6.5 %, 4 molar equiv.
of the reactive epoxide) was poured into a 2000 mL round-
bottom flask and mixed with methacrylic acid (387 g, 4.5 mol).
The solution was heated to the reaction temperature (120 °C).
Then, the catalyst (triethylamine, 15 g, 0.15 mol) was added.
The nucleophilic substitution reaction (see Fig. 1) lasted 10 h.
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Fig. 1

The synthesis of the methacrylated vegetable oil.
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Fig. 2

The synthetic scheme illustrates the production of the bio-based reactive diluents.

After the reaction, the product mixture was cooled and purified.
The process involved adding ethyl acetate, an organic diluent,
to prevent the modified oil from emulsifying (1:1 by volume).
The diluted mixture was quenched with a sodium hydroxide
solution (neutralizing the excess methacrylic acid) and washed
with distilled water four times to separate the formed sodium
methacrylate and catalyst. Lastly, the assisting ethyl acetate was
distilled. The pure methacrylated vegetable oil was characterized
by 'H NMR and FT-IR.

Methacrylated Oil

'H NMR of methacrylated oil (Fig. S1) (500 MHz, CDCl3) § 6.12
(d, ] = 1.5 Hz, 2H), 5.59 (q, /] = 2.1 Hz, 2H), 4.28 (dd, ] = 11.9,
4.3 Hz, 2H), 4.17 - 4.07 (m, 3H), 2.31 (tt, ] = 7.6, 2.4 Hz, 6H), 2.17
-1.88 (m, 12H), 1.75-1.11 (m, 78H), 0.90 (tt, ] = 7.1, 1.6 Hz, 9H).

2.4 Synthesis of the bio-based reactive diluents

The synthesis illustrated in Fig. 2 involved the particular reaction
starting alcohol containing free modifiable hydroxyl groups,
methacrylic anhydride as a reactive nucleophile, and the reaction
catalyst (potassium acetate). The specific reaction mixtures are
summarized in Table 1. Each reaction was performed in a 1000 mL
round-bottom flask and homogenized using a magnetic stirrer.
The reaction conditions were 80 °C and 24 h. After the reaction,
the formed methacrylic acid (secondary product) was removed by
neutralization with a sodium hydroxide solution. After reaching
neutral pH, the accumulated sodium methacrylate, together with
the catalyst, was quenched from the mixture with distilled water
four times. Lastly, the residual emulsified water was separated over

Cinnamyl
Alcohol

HO H

Isosorbide Glycerol

the anhydrous sodium sulfate. The pure, clear, and dry products
were analyzed by 'H NMR and FT-IR.

'H NMR of VMA (Fig. S2) (500 MHz, CDCls) §: 9.94 (s, 1H),
7.51-7.43 (m, 2H), 7.28 - 7.20 (m, 1H), 6.37 (p, ] = 1.0 Hz, 1H),
5.78 (p, ] = 1.5 Hz, 1H), 3.88 (s, 3H), 2.06 (dd, ] = 1.6, 1.0 Hz, 3H).

'H NMR of CMA (Fig. S3) (500 MHz, CDCl3) §: 7.43 — 7.36 (m,
2H), 7.36 - 7.29 (m, 2H), 7.33 - 7.23 (m, 1H), 6.68 (dt, ] = 15.8,
1.5Hz, 1H), 6.33 (dt,J=15.9, 6.4 Hz, 1H), 6.16 (dq, ] = 2.0, 1.0 Hz,
1H), 5.59 (p, ] = 1.6 Hz, 1H), 4.82 (dd, ] = 6.3, 1.4 Hz, 2H), 1.98
(dd, J= 1.6, 1.0 Hz, 3H), 1.61 - 1.53 (m, 1H).

'H NMR of IDMA (Fig. S4) (500 MHz, CDCl3) § 6.10 (q,
J=1.1Hz, 1H), 6.04 (q, ] = 1.1 Hz, 1H), 5.54 (dp, J = 11.7, 1.6 Hz,
2H), 5.20 (dt, ] = 2.9, 1.2 Hz, 1H), 5.14 (q, ] = 5.5 Hz, 1H), 4.84 (t,
J=5.1Hz, 1H), 4.47 (d, ] = 4.7 Hz, 1H), 3.99 - 3.91 (m, 2H), 3.93
- 3.87 (m, 1H), 3.82 (dd, ] = 9.9, 5.2 Hz, 1H), 1.88 (dt, ] = 20.0,
1.3 Hz, 6H).

'H NMR of GMA (Fig, S5) (500 MHz, CDCl3) § 6.15 (q,
J = 1.2 Hz, 1H), 5.65 - 5.57 (m, 1H), 4.36 — 4.15 (m, 2H), 4.15
-3.75 (m, 1H), 3.72 - 3.44 (m, 2H), 1.96 (t, ] = 1.3 Hz, 3H).

'H NMR of GTMA (Fig. $6) (500 MHz, CDCl3) 8§ 6.17 — 6.05 (m,
3H), 5.61 (dtd, ] = 10.0, 3.2, 1.6 Hz, 3H), 5.44 (tt, ] = 6.0, 4.4 Hz,
1H), 4.46 — 4.15 (m, 4H), 1.95 (dt, ] = 12.7, 1.4 Hz, 9H).

2.5 Reactivity study

Differential scanning calorimetry (DSC) was used to investigate
the curability of the synthesized systems and molecules. The
samples were mixed with Luperox DI and tert-butyl peroxide as
the thermoinitiator (ata 1 % w/w loading relative to the precursor)
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Table 1

The composition of the reaction mixtures formulated to synthesize the bio-based reactive diluents.

Bio-based

Catalyst KAc content
Compound Alcohol (g) MAAH (g) (9) (wt. %)
Vanillin Methacrylate 152 154 3.0 69.1
(VMA)
Cinnamyl Methacrylate 134 154 29 66.3
(CMA)
Isosorbide Dimethacrylate 146 308 45 51.8
(IDMA)
Glycerol Methacrylate 92 154 25 575
(GMA)
Glycerol Trimethacrylate 92 462 55 311
(GTMA)

and placed in aluminum pans (10-15 mg, hermetically sealed).
The measurements were conducted using a DSC 2500 from TA
Instruments (New Castle, DE, USA). Four heating scans were
performed on each sample from 30 to 200 °C, with temperature
ramps of 5, 10, 15, and 20 °C/min. The obtained results were used
to calculate the kinetics parameters from Kissinger’s theory.

2.6 Rheological investigation

Firstly, the curable multi-component systems were formulated
from the methacrylated oil and the reactive diluents. Also, the
photoinitiator (1 wt. %) was added to each reactive system. The
rheological study was conducted to describe the diluting effect of
the bio-based enhancing additives mixed with the high-viscosity
methacrylated oil. We used the TA Instruments rheometer AR-G2
for the investigation. The prepared systems were measured under
the following conditions: 500 uL of sample, the Peltier platform
and cone-plate geometry (40 mm, 2° angle), a shear rate of 10 s71,
and a temperature ramp from 25 to60 °C. The obtained results
were used to calculate flow-kinetics parameters from the Arrhenius
law.

2.7 Thermal stability

The tested photo-cured specimens were fabricated by MSLA 3D
printing. We used a PRUSA SL1S SPEED 3D printer (Prusa Research
Ltd., Czech Republic). The print settings were as follows: the first
layer’s exposure time was 40 s, and all subsequent layers’ exposure
time was 15 s. The set layer thickness was 50 um. The cured
specimens were cleaned with isopropanol and post-cured under
a 405 nm LED light for one hour. Thermo-gravimetric analysis
(TGA) determined the thermal stability of the cured thermoset. We
used the TGA Q500 from TA Instruments (New Castle, DE, USA).
The degradation of a sample (10-15 mg) was monitored using
the following heating program: equilibration at 40 °C; heating to
600 °C at 10 °C/min under N; 10 min at 600 °C under an air
atmosphere. The obtained results were used to calculate the heat-
resistance index, which served as a comparable parameter.

2.8 Mechanical performance

The performed flexural mechanical tests involved the standard
rectangular specimens with dimensions of 80 x 10 x 4 mm
fabricated by MSLA 3D printing. The printed specimens were

cured after the 3D printing for 30 min by a 405 nm irradiation
source, exposing 8 mW.cm™3 emission power. The flexural test was
conducted in accordance with CSN EN ISO 178. The loading nose
and support radius were 5 mm, and the support span was 64 mm.
The test speed was set to 10 mm-min~!. Each investigated photo-
cured system was measured at least five times, and the appropriate
statistical parameters were included in the summarized results. We
performed the gel content measurements according to the norm
ASTM D2765-16. The sample was extracted from the Soxhlet
extractor, dried until constant weight, and then the gel content
was calculated according to the following Eq. (1) [38]:

Gel Content = X % 100%, 1)

w2

where w; (g) is the weight of the sample after the test, and w; (g)
stands for the weight of the sample before the test.

3 Results and discussion

3.1 Synthesis and structural characterization

The modified vegetable oil was synthesized from commercially
available epoxidized oil via a nucleophilic substitution
mechanism catalyzed by the organic base, triethylamine. The
base-involving catalysis is essential for the oxirane “ring opening”
reaction, as it increases the nucleophilic character of methacrylic
acid. The amine salt of the reacting carboxylic acid comprises
two ions — a carboxylate anion with cumulated negative charge
(strong nucleophile character) on the deprotonated carboxyl
functional group, and an amine cation which increases the
nucleophilic character of the acid, and provides the hydrogen
ion to protonate the “ring opened” oxygen atom [39,40]. This
reaction, leading to the modified vegetable oils, was previously
investigated; however, we used less toxic and volatile methacrylic
acid compared to the commonly used acrylic acid, published in
numerous available articles and investigations (66-68 % yield
of acrylated oil, [41] or 49 % yield of the acrylated product
[42]). Regarding the structural verification of the synthesized
methacrylated vegetable oil, the 'H NMR spectrum shown in
Fig. S25 reveals methylidene signals between 6.25 and 5.5 ppm.
These signals confirm the presence of methacrylate functional
groups [43]. This chemical structure change is also evident
from FTIR spectra (see Fig. S7), where the methylidene group
confirms two separate signals —-C = C stretching 1662-1626 cm™!
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Table 2

The summarized names, structures, and achieved yields of the synthesized

reactive systems.

Compound Structure Yield
Methacrylated Oil OR" 94.5 %

(¢} O\”/K

0
Vanillin Methacrylate o 88.9 %
(VMA) Ao
0 0

Cinnamyl Methacrylate 0 91.2%
(CMA) @/\AO)H(
Isosorbide Dimethacrylate o 85.4 %
(IDMA) y OJK(

o]

10

)\m o H
o
Glycerol Methacrylate ° 722 %
(GMA)
HO/\&\OJ‘Y

Glycerol Trimethacrylate o o 92.1 %
GTMA o o
(GTMA) L 4% i

g ™

and C-O (ester) stretching 1210-1163 cm~!. Additionally, the
“ring opening” nucleophilic substitution is confirmed by the
occurring O-H stretching signal at a wavelength interval of
3550-3200 cm~!. All the reactive diluents synthesized in this
work achieved high yields (see Table 2), and their production
involved a much more sustainable catalyst than in previously
published works. The similar methacrylic anhydride-involving
methacrylate reactions available in the literature reached product
yields of 58.3 % [44] or 50-80 % [45]. Moreover, the majority
of MAAH-involved methacrylate reactions were catalyzed by 4-
dimethylaminopyridine (DMAP) [44-46], which is an expensive
and hazardous catalyst compared to the proposed potassium
acetate. The lowest yield of 72.2 % was achieved for glycerol
methacrylate (GMA) due to its high water solubility, attributed
to two vacant hydroxyl groups. The purities of all synthesized
products were verified via NMR analysis combined with acidity
measurements, since all the produced compounds were purified
via the neutralization of the formed methacrylic acid. The residual
acidity was eliminated above 99 % for all synthesized products
(measured acidity values reached <1 mg KOH/g).

3.2 Reactivity investigation and evaluation

The polymerization activity of the methacrylate functional groups
in the methacrylated oil and the structures of the synthesized
reactive diluents are crucial factors that directly determine the
tendency towards curing and serve as comparison parameters.
Generally, the increasing molecular weight of the precursor leads
to higher reactivity values. The large molecular structure of the
molecule complicates ongoing radical polymerization by reducing
molecular mobility due to steric factors [47,48]. Also, the higher

functionality leads to the rise of the polymerization parameters
due to the combination of the factors. Molecules with two or
more curable functional groups must be initiated multiple times
compared to mono-functional molecules. Moreover, the highly
crosslinked molecular sites formed by multi-functional precursors
exhibit a rigid/impenetrable structure, preventing the additional
radicals from being efficiently transported [49,50]. The particular
reactivity parameters were calculated from Kissinger’s theory,
which has been numerously interpreted in the literature [47-50].
The mathematical equation stands as follows (2):

B\ . (AR
ln<Tp2)_ln<Ea)

where g is the heating rate ( °C/min); T, is the exothermic
peak temperature ( °C); A is the pre-exponential factor (-); E,
is activation energy of the reaction (J/mol) and R is the gas
constant (J/(mol-K)). The activation energy generally describes
the system’s tendency to polymerize. The summarized DSC
results shown in Fig. 3 indicate that the methacrylated vegetable
oil exhibited the highest activation energy (162.8 KkJ/mol).
This result is supported by the oil’'s high molecular weight
(above 1000 g/mol) and its multiple functionality (the average
methacrylate functional group number per molecule is above 2.5,
as determined by NMR analysis). Similar results were reported for
the analogous compounds [51]. As discussed earlier, the multi-
functional precursors reached the higher activation energies —
IDMA achieved E, of 119.4 kJ/mol, and GTMA exhibited E, of
149.2 kJ/mol. On the other hand, the mono-functional molecules
(VMA, CMA, and GMA) had the lowest activation energies. Due
to the low molecular weight and free hydroxyl groups, GMA
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Fig.3

The reactivity investigation results obtained by DSC measurements. (a) The graphical interpretation of Kissinger's theory, (b) The peak temperatures recorded for
each curable system, (c) The calculated activation energy values (E;), (d) The calculated pre-exponential factor values (In(A)).

reached the lowest E, of 68.2 kJ/mol. Polar functional groups, such
as hydroxyl, amine, and carbonyl groups, lower the activation
energy [52]. The pre-exponential factor (In(4)) generally describes
the reaction’s tendency to proceed further [53]. The calculated
values show a trend similar to that of the activation energies.

3.3 System formulations and rheological study

The synthesized reactive diluents were mixed with the high-
viscosity methacrylated oil to demonstrate modifications in flow
properties and enhancement in thermal/mechanical properties.
The eventual composition of the prepared curable liquid
precursors is illustrated in Fig. 4. The enhancement of the
methacrylated vegetable oil was investigated due to the excessive
rheological profile and poor mechanical performance of modified
oil-based resins reported in the published literature [54,55]. Firstly,
the rheological behavior was investigated before the photo-curing.
Since photo-curability should be confirmed by MSLA 3D printing,
the apparent viscosity is a key parameter given stereolithography’s
hardware limitations [56]. The comparison parameters for the
rheological characterization were calculated for the Arrhenius law.

The used mathematical equation stands as follows (3): [35]

lnn:%-%+lnnm, 3)
where the dependence of apparent viscosity In () (-) on the
reverse value of temperature 1/T (K'!) is constructed, E, is the
flow activation energy (J/mol), R stands for the universal gas
constant R (J/(mol-K)), and 5., represents the infinite-temperature
viscosity (Pa-s). The determined flow curves of the prepared photo-
curable mixtures, together with the calculated parameters from
the Arrhenius plot, are displayed in Fig. 5.

As shown by the rheological measurements, the initiated
apparent viscosity of the methacrylated oil is approximately
4000 mPa-s at 25 °C. According to the literature, the limit
apparent viscosity for 3D printing is approximately 5000
mPa-s [56]. Although the pure methacrylated oil should be
printable, the potentially improved fluidity of the system is
a positive factor. The best diluting properties were exhibited
by CMA, providing the apparent viscosity of 405 mPa-s at
25 °C. The strongly non-polar compounds exhibiting multiple
functionality, GTMA and IDMA, performed as effective diluents
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Photo-Curable Precursor Composition

25%

74%

Fig. 4

The photo-curable resin weight composition comprises mainly methacrylated oil (74 %), supplemented with synthesized diluents (25 %) and homogenized with

the photoinitiator BAPO (1 %).

(GTMA-involved precursor reached 747 mPa-s at 25 °C and
IDMA-involved precursor achieved 1323 mPa-s at 25 °C). The
least diluting molecules, VMA and GMA, provide minor flow
modification. VMA’s apparent viscosity is higher due to the
presence of a carbonyl functional group, which provides Keesom
molecular interactions and serves as an H-bonding acceptor.
GMA'’s structure contains two free hydroxyl groups, which form
H-bonds with each other and with the electronegative atoms in
the methacrylated oil. The flow activation energies practically
correspond with the observable rheological curves. The VMA-
and GMA-involved reached opposite flow activation energies
relative to the measured viscosity at 25 °C (VMA’s E, reached
58.5 kJ/mol, GMA’s E, reached 51.5 kJ/mol). This outcome is
likely caused by the continuous decrease in GMA’s viscosity with
increasing temperature, due to its lower molecular weight and
more complex molecular interactions at elevated temperatures
[30]. Each synthesized compound contributed to a decrease in
viscosity, which positively affected MSLA 3D printing for photo-
cured fabrication of specimens.

3.4 Photo-curing study

We used FI-IR to provide additional curing characteristics
to Kissinger’s theory, which was performed earlier in the
investigation in subSection 3.2. The thermal DSC connected
to the theoretical calculation of the reactivity parameters is
often used in literature to provide a detailed description of
the selective reactive compounds and molecules used for both
thermal- and photo-curing purposes [49,57]. While Kissinger’s
theory provides the calculated thermodynamic parameters and
values, the photo-curing SLA 3D application especially demands
particular conditions from the photo-irradiation standpoint.

The exposure power, irradiation source wavelength, and the
exposure duration are critical factors for stereolithography [58].
The FI-TR instrumentation analyzed the decreasing signals of
the methylidene polymerizable groups; therefore, it can provide
information regarding the curable double bond conversions.
The calculation of the double bond conversion was performed
according to Eq. (4) [59]:

Ac-o

Ac—c
Double Bond Conversion = | 1 — M x 100, (4)

()
Ac=0 ) yncured

where the double bond conversion is calculated from Ac_c
(integral area of methylidene C = C stretching signal) and Ac—o
(integral area of C = O stretching signal of ester). The photo-curing
study using FT-IR is illustrated in Fig. 6.

The double bond conversion results in Fig. 6 (other FI-IR
graphs are added to the Supporting information) correspond with
the previously obtained characterizations from the thermal DSC
investigation and Kissinger’s theory values. The pure oil possessed
the highest polymerization activation energy, and the FT-IR curing
study confirmed that the pure methacrylated oil reached the
lowest double conversion rate (achieving double bond conversion
of 23.1 % after 10 min and the eventual conversion of 66.7 %
after 30 min). The second least reactive compound from the
thermal DSC analysis, GTMA, achieved the second lowest double
bond conversion after 10 min (68.9 %). On the other hand,
the most reactive diluent, GMA, achieved the highest double
bond conversion rate (see graphs in Fig. 6), when the double
bond conversion reached 92.1 % and remained constant after
30 and 120 min of curing. The rest of the reactive diluents
showed the continuous decrease of the reactivity in the same
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Rheological study of the prepared photo-curable systems. (a) The calculated flow activation energies from the Arrhenius law. (b) The calculated pre-exponential
factors (infinite-temperature viscosities) from the Arrhenius law. (c) The dependence of the apparent viscosity on the temperature of the studied photo-curable
systems. (d) The rheological investigation of the diluting effect of Vanillin Methacrylate (VMA). (e) The rheological investigation of the diluting effect of Isosorbide
Dimethacrylate (IDMA). (f) The rheological investigation of the diluting effect of Glycerol Methacrylate (GMA). (g,h) The rheological investigation of the diluting
effect of Glycerol Trimethacrylate (GTMA). (i,j) The rheological investigation of the diluting effect of Cinnamyl Methacrylate (CMA). (k) The photos of the synthesized

compounds.
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systems with different reactive diluents.

order as Kissinger’s theory calculated: VMA (conversion after
10 min 88.7 %), CMA (conversion after 10 min 81.6 %), and
IDMA (conversion after 10 min 75.7 %). The combined results
of Kissinger’s theory calculation and the FI-IR-provided photo-
curing study confirmed that the presence of polar functional
groups (hydroxyl from GMA and carbonyl/alkoxy from VMA)

increases the reactivity of the curable system. The functionality of
the reactive diluent also plays a major role (the most reactive GMA
contains one polymerizable group, while GTMA possesses three
methylidene groups). The similar effects of the polar functional
groups on the photo-curability and the functionality of the cured
systems were observed in the published literature [30,60,61]. This
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investigation uncovers an important factor influencing the SLA
3D printing strategies focused on the potentially faster-curing
systems involving functional groups with polar character, such as
GMA or VMA.

3.5 Thermal stability and mechanical performance

The photo-cured resins were studied from a thermal stability
standpoint to describe the effect of added reactive diluents
on the commonly thermally stable molecular sites of the
polymerized triacylglycerides. The performed DSC analysis (see
Fig. 7) confirmed the total polymerization of the photo-cured
systems, as no exothermic heat release was detected. Fig. 7 also
contains results from the gel content determined for the
photo-cured systems. As conducted investigations have shown,
the ester bond between glycerol and fatty acids is relatively
thermodynamically stable compared to other ester bonds, such
as those in methacrylate or acrylate groups [62]. We applied the
heat-resistance index calculation to incorporate a quantitative

parameter into the potential literature comparison, given its
common use in published papers on the investigation of the
modified curable oil [63,64]. The used mathematical equation
referring to the heat-resistant index (7T) stands as follows (5): [63]

Ty = 0.49[Ts + 0.6(T30 — T5)], Q)]

where T is the heat-resistant index ( °C); Ts stands for the
temperature at 5 % of mass loss ( °C), and T3y stands for
the temperature at 30 % of mass loss ( °C). As shown in
Fig. 8, the inflection points (T},), marking the maximum rate
of mass change, are practically identical for all cured oil-based
systems with reactive diluents, except for VMA- and GMA-based
thermosets. The VMA-involving system reached T, slightly
below 400 °C, likely due to the thermally unstable carbonyl group,
which may contribute to the thermal instability [65]. The lowest
thermal stability was exhibited by the GMA-involving thermoset,
reaching Ty of 316 °C and T of 136 °C, likely due to the
highly thermally unstable free hydroxyl groups [66]. On the other
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hand, the GTMA-involving photo-cured thermoset reached the
best thermal stability, which is evident from the TGA degradation
curve (Fig. 8(a)), from the reached T4y (412 °C) value, and also
confirmed by the calculated Ty of 184 °C. The high crosslinking
provided by the three-functional GTMA significantly enhanced
the overall thermal stability. This effect, provided by the highly
functionalized crosslinker, has been reported in the literature
[67]. The remaining reactive diluents, CMA and IDMA, exhibited
thermal stability that was practically equivalent to that of the pure
methacrylated oil.

The mechanical performance was demonstrated through
standard flexural tests, summarized in Fig. 9. The entering flexural
parameters of the pure cured methacrylated oil involve the
flexural modulus of 126 + 8 MPa and the flexural strength
of 6.9 £ 0.5 MPa. These determined parameters correspond
to published similar cured thermosets [68,69]. The mechanical
enhancement was not confirmed for the CMA-involving photo-
cured resin. This investigated system exhibited a much lower
flexural modulus (25 + 5 MPa) and the flexural strength
(2.0 £ 0.1 MPa) than the pure cured methacrylated oil. Since
CMA is a mono-functional curable molecule with a relatively
long carbon backbone, the mechanical properties are significantly
decreased. Regarding the flexural modules, the GMA-involving
system achieved results similar to those of the pure oil (Egey
of 170 + 13 MPa). VMA-involving system reached an increased
modulus of 105 %, IDMA enhanced the increase of 174 %,
and the best-performing highly crosslinked GTMA-involving
systems achieved the rise of 373 %. The flexural strengths were
improved in all the prepared photo-cured thermosets except for
the CMA-involving system. The highest flexural strengths were
reached by the IDMA-involving system (o of 12.7 £ 0.3 MPa)
and the VMA-involving resin (op of 12.1 £ 0.4 MPa). When
both parameters were combined, the IDMA-involved system
exhibited the most significant mechanical enhancement in terms
of rigidity/hardness. The flexibility enhancement was notable in
the VMA-involving system, with a substantial increase in the limit
strain of above 80 % (while the specimens remained undamaged,
as shown in Fig. 9(b)). The rigid character of the IDMA-involving
system is likely due to the di-functional IDMA’s crosslinking
nature. On the other hand, the mono-functional VMA, containing
polar and H-bond-accepting functional groups (carbonyl, ester,
and methoxy), exhibited the best flexural-enhancing effect.

4 Conclusions

This investigation article focuses on a comprehensive comparison
of the enhancing effects of selected bio-based curable low-
molecular additives on a curable oil-based photo-curable resin
processed by MSLA 3D printing. The work involves the synthesis
of the main curable high-viscosity systems, methacrylated
vegetable oil, and also the chemical production of five different
polymerizable compounds from renewable sources — vanillin
methacrylate (VMA), cinnamyl methacrylate (CMA), isosorbide
dimethacrylate (IDMA), glycerol methacrylate (GMA), and
glycerol trimethacrylate (GTMA). All the synthesized structures
were analyzed by NMR and FTIR, achieving yields over 85 %,
except for GMA, which yielded 72.2 %. The syntheses of CMA and
GTMA were the most efficient because of the optimal viscosities

of the products. Then, the reactivity and overall polymerization
activity were investigated using Kissinger’s theory. GMA proved
to be the best reactivity enhancer, achieving an activation energy
of 68.2 kJ/mol. The polar, free hydroxyl groups enhanced GMA'’s
reactivity. Subsequently, the multi-component curable mixtures
were formulated of the methacylated vegetable oil, a reactive
diluent, and a photoinitiator. The rheological investigation
revealed that the CMA-involving system exhibited the lowest
measured viscosity (405 mPa-s at 25 °C) and the lowest Arrhenius
flow-kinetics parameters. The thermal stability study using TGA
measurements revealed that GMA significantly decreased the
calculated heat-resistant index (T dropped from 170 °C to 135 °C).
On the other hand, GTMA enhanced thermal stability, and the
GTMA-containing system achieved a T of 184 °C. Eventually, the
mechanical investigation, provided by the standard flexural tests,
revealed the highest flexural modulus for the GTMA-involving
system (596 + 38 MPa). The highest flexural strength was
achieved by IDMA-involving resin (12.7 £+ 0.3 MPa). CMA failed
to enhance the mechanical properties fully. The investigation
uncovered that IDMA is an ideal bio-based enhancer for rigid
methacrylated oil-based thermosets, while VMA significantly
enhances the potential of flexible, highly bio-based photo-cured
resins.
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