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Sustainable Light-Assisted 3D Printing of Bio-Based

Microwave-Functionalized Gallic Acid

Rossella Sesia, Matilde Porcarello, Minna Hakkarainen, Sara Ferraris, Silvia Spriano,

and Marco Sangermano*

The development of 3D printing technologies and the requirement for more
sustainable 3D printing materials is constantly growing. However, ensuring
both sustainability and performance of the new materials is crucial to replace
current fossil-based polymers. Here, a bio-based UV-curable resin is produced
in high yield from gallic acid (GA), a natural polyphenolic compound, by
means of rapid and efficient microwave-assisted methacrylation (5 min
heating time and 10 min at 130 °C). The successful microwave-assisted
methacrylation with a high degree of substitution is confirmed by Fourier
transform infrared (FTIR) spectroscopy and proton nuclear magnetic
resonance spectroscopy. The radical UV-photopolymerization of the
methacrylated gallic acid (MGA) is further investigated by real-time FTIR and
differential scanning photo calorimetry (photo-DSC) analyses, clearly
demonstrating the high photo-reactivity of MGA. Moreover, the %gel
assessment demonstrates the formation of highly insoluble fractions after the
UV-curing, with 98% gel content. The photo-rheology and rheology support
the suitability of MGA for light-assisted 3D printing. Indeed, a honeycomb
and a hollow cube are 3D printed by means of the digital light processing 3D
printing technique with high accuracy in a small scale. Finally, the cured-MGA

Unlike traditional processes, which imply
materials and energy waste, 3D print-
ing can produce objects in layer-by-layer
fashion according to 3D drawings.'"!
The potential advantages of 3D printing,
such as free design, accurate resolution,
quick execution time, and material sav-
ings, explain its outstanding success.*’]
Among the various 3D printing tech-
niques, light-assisted approaches, such
as stereolithography (SL) and digital light
processing (DLP), have gained much
attention.[*1% In particular, DLP printing
is a vat photopolymerization technique,
which offers a good combination of high
resolution (=1 m) and quick printing speed
(mm? S1).1*11 Since DLP printing exploits
a digital projector as a UV light source to
induce polymerization, a reactive and easily
amenable to photo-crosslinking DLP resin
is needed. (Meth)acrylated monomers and
oligomers have proven to be exploitable

illustrates high T, and thermal stability.

1. Introduction

Additive manufacturing has rapidly spread as an innovative
production method in scientific research and industrial fields.
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for 3D printing due to their high reactivity
and faster reaction rates toward radical
photopolymerization.'>!3] However, most
of the photosensitive materials compatible with DLP are based
on fossil resources and not produced in a sustainable way.l'*1]
In the green chemistry and sustainability framework, the
development of polymeric materials from bio-renewable and
biodegradable sources has become a demanding need to re-
duce the exploitation of fossil resources, CO, emission, and
plastic waste. Therefore, the development of materials from
different biomass resources, especially by utilizing waste and
side-products from, for example, forest and food industry and
agriculture, has gained widespread attention due to abundant
availability, ease of extraction, non-toxicity, biodegradability,
and low cost. Among biomass-based monomers, oligomers,
or polymers for 3D printing, many compounds functionalized
with photocurable groups, including cellulose, lignin, chitosan,
polylactide acid, and natural oils, have been investigated.[>1216-26]
To date, surprisingly limited attention has been paid to natural
polyphenolic compounds. The class of polyphenols consists of
numerous molecules, that are ubiquitous in the plant world and
can be extracted for innumerable application purposes.[?’-*]
Gallic acid (GA), also known as 3,4,5-trihydroxybenoic acid, is
a polyphenolic compound classified as phenolic acid. It can
be found freely in plants or obtained from hydrolysis of gal-
lotannins, such as tannic acid, present in nature.3%3¢-*1 Since
the chemical structure shows multiple active sites, including

© 2024 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Scheme 1. Schematization of the microwave-assisted methacrylation reaction of gallic acid (GA) by methacrylic anhydride (MA). The reaction produces

methacrylated gallic acid (MGA) and methacrylic acid as a by-product.

pyrogallic groups (three hydroxyl groups) and a rigid ben-
zene ring, GA is of high interest for the production of
high-performance thermosetting materials.[**! Zhu et al.
investigated GA as a thermo-mechanical reinforcing agent in
oil-based 3D printing materials. For this purpose, the chemical
modification of GA was necessary. Hence, Zhu at al. synthetized
the methacrylated gallic acid (MGA) to incorporate a high num-
ber of hydrophobic and reactive C=C functionalities in GA.[*?]
However, the one pot method used to obtain MGA was very long
and exploited dangerous chemicals for human health and envi-
ronmentally toxic reagents, such as 4-dimethylaminopyridine,
triphenylphosphine, and hydroquinone.[*-!]

Microwave irradiation is an outstanding competitive eco-
friendly alternative to traditional heating functionalization meth-
ods. Indeed, it ensures fast, volumetric, and selective heating
through the excitation of polar molecules. Therefore, microwave-
assisted processes enable more efficient energy transfer.[>?*
In addition, microwave irradiation typically leads to higher
yields and improved purity for the products achieved under
milder experiment conditions and significantly reduced reaction
times.[>5-%8]

In the present work, we propose a microwave-assisted rapid
methacrylic functionalization to produce UV-curable MGA
monomer without the need for additional solvents or catalysts.
Moreover, the 3D printability of MGA and the thermal properties
of 3D-printed materials were evaluated.

2. Results and Discussion

2.1. Microwave-Assisted Methacrylation Reaction of Gallic Acid

The potential of microwave-assisted functionalization of gallic
acid (GA) was exploited to introduce the UV-curable methacry-
late moieties. The covalent grafting of methacrylate functional-
ities has been proved an efficient strategy to obtain a photore-
active resin for additive manufacturing via digital light process-
ing (DLP).’#5°1 The polyphenolic active sites of GA have been
demonstrated suitable as chemical handles for the methacryla-
tion reaction.[*®]

In this study, GA was methacrylated through microwave-
assisted functionalization (Scheme 1) based on previous works
on methacrylation and acetylation of lignin, which found out the
optimal reaction parameters to maximize the product yield and
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the substitution degree of phenolic compounds.3%% No previous
studies have investigated the microwave-assisted methacrylation
reaction of polyphenols, in particular phenolic acids like gallic
acid. Through this solvent-free and catalyst-free methacrylation
method, significantly reduced reaction time (10 min) and mod-
erate reaction temperature (130 °C) were used to achieve a yield
of the methacrylated gallic acid (MGA) ~90%.

The successful methacrylation of GA via microwave-assisted
reaction was investigated by FTIR analysis (Figure 1). The ap-
pearance of the signal at 1740 cm™?, assigned to C=0 stretch-
ing vibrations in phenolic esters and the peak of C=C stretches
at 1633 cm™', supports the presence of methacrylate groups in
MGA. Moreover, in the MGA spectrum the new peak at 945 cm™!,
corresponding to the in-plane C=CH, bend, assured the effec-
tive functionalization. Finally, the decrease in intensity of the OH
band (3600-3000 cm™!) confirmed the consumption of phenolic
groups due to the methacrylation reaction.

Finally, the characterization of GA and MGA by proton nu-
clear magnetic resonance (‘H NMR) spectroscopy further con-
firmed the methacrylation functionalization. Figure 2a shows the
"H NMR spectrum of pristine GA with its characteristic peaks

— GA 1740 945
— MGA 1633

Absorbance

-

T T T T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber [cm™]
Figure 1. ATR-FTIR spectra of GA (black line) and MGA (red line).
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Figure 2. "H NMR spectra of a) gallic acid (on the left, black line) and b) methacrylated gallic acid (on the right, red line).

corresponding to the hydroxyl-hydrogens, named c and d. In-
stead, after the microwave-assisted methacrylation reaction the
observed disappearance of these peaks assigned to phenolic hy-
droxyl groups can be explained by the introduction of methacry-
late moieties, which is further supported by the spectrum of
MGA seen in Figure 2b. The several multiplets in the MGA
'H NMR spectrum were generated by the various possible ge-
ometric isomers of the double bond hydrogens. Moreover, from
the '"H NMR analysis, it is evident that the peak b related to the
hydrogen in the carboxylic group was not affected by the function-
alization. Therefore, the structural characterization of MGA by
"H NMR spectroscopy fully supported the successful microwave-
assisted methacrylation.

2.2. Photocrosslinking Investigation

The photopolymerization process of MGA was investigated by
means of real-time FTIR, photo-DSC, and photo rheology. By
means of real-time FTIR, the conversion of photoreactive groups
into MGA was monitored as a function of UV light irradiation
time. Figure 3 reports the spectra of MGA formulation before
the UV-curing and after 180 s of light irradiation. As can be seen,
the intensity of the signal at 1633 cm™! related to C=C stretches
decreased with the irradiation time because of the radical
photopolymerization, as well as the area of the peak at 945 cm™1.
Conversion curves as a function of irradiation time were
calculated following the decrease of the area of the peak at
1633 cm™!, which provides an indication of the effectiveness of
the photocuring process. The effect of the radical photoinitiator
concentration in the photocurable formulation on the UV-curing
rate and the final MGA conversion was evaluated (Figure 4).
What stands out, in the conversion degree plot, is the in-
crease in the final conversion as the BAPO’s concentration
increases, as also Table 1 reports. The increased concentration
of photoinitiator and consequently of radicals, which are pro-
duced during irradiation, could explain this observation. Indeed,
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higher amounts of photogenerated radicals were available to
initiate the MGA’s crosslinking, resulting in faster kinetics and
a higher degree of conversion.l®!! The complete conversion for
all three MGA formulations was achieved after 180 s of UV light
irradiation with values in a range between 80 and 90%.

Therefore, real-time FTIR data reported here affirm the good
reactivity to UV light of MGA, synthesized via microwave-
assisted functionalization. However, contrary to expectations, the
MGA formulation with 2 phr of BAPO was found to be more ef-
fective, after 180 s of irradiation, than the formulation containing
3 phr of BAPO (Table 1). This result can be explained by the com-
petitive effect on the growth of the polymeric chains due to the
higher amount of photoinitiator radicals.[®”] Indeed, in MTA for-
mulation with 3 phr of BAPO, the coupling between the photo-
generated radicals from the photoinitiator occurred, preventing
the homolytic cleavage of the methacrylic double bond. As a re-
sult, a slight decrease in the final conversion was achieved due to
an inner filter effect.

The gallic acid-based resin developed by G. Zhu et al. reached
a similar double bond conversion ranging from 83% to 91%
in 10 min.*®) In addition, R. Ding et al. confirmed the rapid
photocuring kinetic of natural phenolic-based methacrylates
and evaluated a C=C conversion of 88.5-99.4% after 60 s of
irradiation.®]

In order to validate the real-time FTIR data, photo-DSC
experiments were carried out on the same MGA formulations
and under the same temperature curing conditions, that is,
25 °C. This analysis revealed a few crucial factors: the time at the
maximum rate of polymerization (t,.,), the peak height at the
maximum of the DSC curve (h,,), and the heat release (AH),
assessed as the total enthalpy from the curing peak integration
(Table 2). Figure 5 collects the photo-DSC curves for the MGA
formulations with different BAPO concentrations with the aim
of investigating the photoinitiator effect by the curing peak eval-
uation. As it can be noticed, the lowest t,,, was measured for the
BAPO content of 2 phr, which implied a fast photocrosslinking
process.
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Figure 3. Real-time FTIR spectra of MGA formulation with 2 phr of BAPO photoinitiator before (pre-curing, blue line) and after (post-curing, red line)

UV light irradiation.
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Figure 4. Conversion degree of C=C methacrylate groups as a function of
irradiation time for MGA with 1 phr (black line), 2 phr (red line), and 3 phr
(blue line) of BAPO.

Overall, taking into consideration the standard deviations, no
significant variations were recorded on the measured parame-
ters between the three different contents of the photoinitiator,
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demonstrating the high photo-reactivity of MGA, noted by real-
time FTIR experiments.

Therefore, from the results of the real-time FTIR and photo-
DSC analyses, the addition of 2 phr of the radical photoinitiator
to MGA formulation was chosen for the subsequent experiments
and DLP 3D printing, as it led to high double bond conversion
degree and photocuring rate.

In order to investigate the gel fraction after the photopolymer-
ization and assess the organic solvent resistance, the gel content
(%gel) was evaluated on UV-cured MGA after 24 h of extraction
in chloroform, and the MGA-based polymer showed a %gel of
98% + 0.2. The high %gel value of UV-cured MGA was in ac-
cordance with the high conversion degree and demonstrated the
effective formation of insoluble fraction due to the crosslinks be-
tween the MGA polymeric chains.

The last investigation of the photocuring process was per-
formed through photo-rheological tests. The gelification time
(tge1), Which occurs when the storage modulus (G’) and the loss
modulus (G”) are equal, was determined. In Figure 6, the curve of
the measurement is represented, where it is possible to observe
that the MGA reacts almost immediately. This is underlined by
the steep increase of the moduli during the first 20 s after the UV
lamp activation, reaching the t,, after 5 s which makes it appro-
priate for the 3D printing process.

In addition, rheological measurements were carried out on
MGA, with particular attention on the range of interest for DLP

© 2024 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 1. Conversion degrees, calculated by Equation (1), for MGA formulations with different BAPO'’s contents after a certain time of UV light irradiation.

BAPO concentration Conversion degree [%)]

Conversion degree [%)]

Conversion degree [%)] Conversion degree [%)]

after5's after 30 s after 60 s after 180 s
1 phr 42+ 16 59+ 10 67 +7 78 +6
2 phr 43 + 11 69 + 11 79+7 89+3
3 phr 52+6 66 +5 73+5 81+5

Table 2. Photo-DSC results of MGA formulations with different BAPO’s
concentrations.

BAPO concentration toeak 1] Hoeak W g7'] AH[ g™
1 phr 4.7 +0.6 30.2+6.2 2315+32
2 phr 4.7+ 0.6 29.2+5.7 225.7 + 14,5
3 phr 53+12 22.3 +4.0 229.7 +17.4
30
— 1 phr
25 —2 phr
—— 3 phr
= 204
o
=
15 4
3
=
©
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0 e
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Figure 5. Photo-DSC thermograms for MGA formulations with 1 phr
(black line), 2 phr (red line), and 3 phr (blue line) of BAPO.

3D printing (Figure 7). MGA showed shear thinning behav-
ior in the range of shear rate considered with the viscosity that
linearly decreases when shear rate values increase. This behav-
ior is acceptable for 3D printing since the viscosity decreases and
remains inside the range of shear rate applied during DLP 3D
printing.

2.3. Thermal Characterization of UV-Cured MGA

The glass transition temperature (T,) of the photocrosslinked
MGA was assessed by means of DSC analysis. As observed in
Figure 8a, the MGA-based polymer showed a T, of 122 °C.
This high T, denotes chain mobility restrictions, and indicates
a significant crosslinking density. This value is comparable with
the T, of gallic acid-based resin studied by G. Zhu et al. (118
130 °C).1*l Moreover, the estimated T, of MGA proved to be
higher than photocured other natural phenols-based methacry-
lates, as demonstrated by the values ranging from 45 to 107.5 °C
measured by R. Ding et al.[®*) and the T, of x56-75 °C for

Macromol. Chem. Phys. 2025, 226, 2400181 2400181 (5 of 9)

vanillin thermosets.[°>%] In addition, UV-cured resin based on
methacrylated eugenol and vanillin alcohol with methacrylated
lignin filler showed significantly lower values (28-45 °C) than
UV-cured MGA.]

The thermal stability of UV-cured MGA was studied by TGA
experiments in an inert atmosphere. The TGA thermogram
showed a two-step degradation profile (Figure 8b). The first step
(170-315 °C) could indicate decomposition of not completely
cured MGA, such as dangling chain ends. Instead, the random
scission of crosslinked chains and the phenolic moieties degra-
dation are likely responsible for the second stage (315-460 °C) oc-
curring at significantly high temperatures.>*¢”:6%8] The measured
char yield (wg,,,) was ~16% and the thermal degradation temper-
ature of 20% mass loss (Tyeg05) Was %277 °C, implying a high
thermal stability due to the high crosslinking density and aro-
matic content. This result also accords with the previous degra-
dation temperature measured on methacrylated gallic acid-based
polymer and natural phenolic methacrylates, implying thermal
stability below 300 °C.[4663]

2.4. 3D Printing

Taking into account the promising results of rheological tests,
DLP 3D printing of the MGA formulation was carried out. Two
different complex structures were printed to demonstrate the 3D
printability of MGA. The first one was a honeycomb with a total
volume of 10 X 10 X 1 mm, while the second one was a hollow
cube with a total volume of 5 X 5 X 5 mm and a wall thickness of
0.8 mm. The CAD models and some pictures of the honeycomb
and the hollow cube are presented in Figures 9 and 10, respec-
tively.

Asitis possible to state from Figures 9 and 10, the printing pro-
cess with MGA is very accurate in small-scale objects. Indeed, the
thickness of the walls of the hexagonal cells is well defined con-
sidering its thickness of 0.5 mm, as can be seen from the stereo
microscopy magnification (Figure 9b). On the other hand, print-
ing the hollow cube demonstrated the capability to also produce
taller, slender structures while maintaining their thinness (e.g.,
0.8 mm as shown in Figure 10a). Hence, it is possible to con-
clude that MGA formulations are appropriate as resins for the
3D printing process.

3. Conclusion

Gallic acid (GA) from natural resources was successfully
methacrylated by methacrylic anhydride and microwave-assisted
reaction. This functionalization process allowed to produce a
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Figure 7. Viscosity curve of MGA formulation with 2 phr of BAPO.

3D printable bio-based resins without additional solvents and
catalysts in short reaction times. The successful methacry-
lation of GA to produce MGA, in high-yield and high de-
gree of substitution, was confirmed by FTIR and 'H NMR
analyses.

The radical photocrosslinking process of MGA and the influ-
ence of photoinitiator concentration on the conversion degree
were assessed by real-time FTIR spectroscopy. Around 90% con-
version degree in the MGA formulation with 2 phr of photoinitia-
tor was reached after 180 s of UV light irradiation, thus identify-
ing this photoinitiator content as suitable for 3D printing. More-
over, photo-DSC analysis corroborated the high photo-reactivity
of MGA. The results of gel content analysis proved the high in-
soluble fraction due to the effective crosslinking of UV-cured
MGA'’s chains. In order to evaluate the possibility of 3D printing
MGA formulation, photo-rheology and rheology were performed.
Photo-rheological measurements confirmed the immediacy of

Macromol. Chem. Phys. 2025, 226, 2400181 2400181 (6 of 9)

MGA UV-curing with a t,, after 5 s, while the MGA’s rheolog-
ical behavior was assessed inside the range of shear rate applied
in the 3D printing process. Furthermore, MGA had a high T, of
~122 °C and high thermal stability.

Finally, the possibility to exploit the methacrylate moieties in
the eco-friendly MGA for 3D printing through the DLP tech-
nique was proven. Two objects with different structures were 3D
printed: a honeycomb and a hollow cube. Both the MGA-based
objects showed an outstanding accuracy in a small scale, as fur-
ther supported by the stereo microscope magnification pictures.
Moreover, the possibility to 3D print taller and slighter structures
was proven by the hollow cube. The evidence from this study indi-
cates a high potential for the production of sustainable 3D print-
able natural polyphenols-based resins.

4. Experimental Section

Materials:  Gallic acid (GA) and methacrylic anhydride with purity
of 94% (MA, inhibited with 2.000 ppm topanol A) were purchased
from Sigma Aldrich. Acrylated epoxidized soybean oil (AESO, inhib-
ited with 4.000 ppm monomethyl ether hydroquinone) and isobornyl
acrylate (IBOA, with 200 ppm monomethyl ether hydroquinone as in-
hibitor) were purchased from Sigma Aldrich, as well as phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) and dimethylsulfoxide-d6
(DMSO-d6, purity of 99.8%). Finally, chloroform (>99.8%, with 0.5-1.0%
of ethanol as a stabilizer), and isopropanol (>99.5%) were obtained from
Sigma Aldrich. All chemicals were used as received and without further
purification.

Synthesis of Methacrylated Gallic Acid (MGA): Gallic acid (GA) was
methacrylated, using microwave-assisted technology, according to a pro-
cedure adapted from previous works.['3%6] GA and methacrylic anhy-
dride (MA) were introduced to 100 mL high-pressure Teflon vessels at
a weight ratio of 1:5 GA to MA and thoroughly mixed. The vessel was
exposed to microwave irradiation (flexiWAVE MA186-001 microwave) for
isothermal heating at 130 °C for 10 min. A ramp time of 5 min and a max-
imum power of 1200 W were settled. Afterward, the vessel was cooled to
room temperature with a cooling time of 10 min. Subsequently, the vessel
content was poured into distilled water to precipitate the methacrylated
gallic acid (MGA). The obtained suspension was stirred for 24 h at room
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Figure 8. On the left a) the DSC curve and on the right b) the TGA thermogram of UV-cured MGA.

Figure 9. a) CAD model of the honeycomb with cell measures; b) and c)
images of the printed object with stereo microscope magnification pic-
tures of the details.

Figure 10. a) CAD model of the hollow cube with wall thickness measure;
images of the printed object b) from the frontal and c) lateral point of view;
d) stereo microscope magnification picture of the top view of the cube.

temperature and then vacuum filtrated. Finally, MGA was dried under vac-
uum at room temperature for at least 48 h.

TH NMR of GA (400 MHz, DMSO-dg, 8): 12.23 (s, TH, COOH),9.21—
9.16 (m, 2H, OH), 8.84 (s, 1H, OH), 6.93 (s, 2H, Ar H).

Macromol. Chem. Phys. 2025, 226, 2400181 2400181 (7 of 9)

TH NMR of MGA (400 MHz, DMSO-dg, 6): 12.83 (s, TH, COOH), 8.19—
6.89 (m, 2H, Ar H), 6.77-5.13 (m, 6H, C = CH,), 2.34-0.61 (m, 9H, CH5).

Characterization Methods:  Nuclear magnetic resonance (NMR) spec-
troscopy — The synthesized MGA was characterized by proton nuclear
magnetic resonance ('H NMR) spectroscopy at 400 MHz and 25 °C, utiliz-
ing a Bruker Avance 400 spectrometer. Dimethylsulfoxide-d6 (DMSO-d6)
was used as the solvent and the internal standard for calibrating the chem-
ical shift.

Fourier transform infrared (FTIR) spectroscopy — In order to investi-
gate the structural changes before and after the methacrylation reaction,
a PerkinElmer Spectrum 100 instrument, in an attenuated total reflection
(ATR) mode, equipped with a diamond crystal was used. The ATR-FTIR
spectra were acquired with a resolution of 4 cm—" and resulted as average
of 16 scans.

The photocrosslinking process was monitored by using a Thermo Sci-
entific Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Milano,
Italy). The concentration of BAPO photoinitiator mixed with the syn-
thetized MGA was varied from 1 to 3 phr (per hundred resin). The liquid
formulation was spread with a thickness of 12 um on a silicon wafer by
a film bar and irradiated by UV light under N, flow. A Hamamatsu LC8
lamp with an 8 mm light guide and spectral distribution range of 240—
400 nm was used. The real-time FTIR spectra were collected in the range
of 4000-600 cm~" as 32 scans with a spectral resolution of 4.0 cm™. The
conversion degree was evaluated by the disappearance of the C=C peak
at 1633 cm~1.19971] The C=0 signal at 1780 cm™" was taken as the refer-
ence, as it was assumed to be unaffected by UV light irradiation.!"428] Al
measurements were performed as triplicate. The conversion degree was
calculated according to the Equation (1).

()0~
Ac=o / t=0 Ac=o

£ %100 0]
(E)t:()

where Ac_¢ and Ac_o are the areas of the methacrylic —CH=CH,
stretches peak and the reference peak, respectively, evaluated at different
times.

Differential scanning calorimetry (DSC) and photo-DSC — The UV-
curing process was investigated through photo-DSC analysis. A Mettler
Toledo DSC-1 instrument equipped with Gas Controller GC100 and a mer-
cury lamp (Hamamatsu LightningcureTM LC8, Hamamatsu Photonics)
with an optical fiber to directly irradiate the sample was used. The emis-
sion of UV light was centered at 365 nm and the lamp intensity was set-
tled at 100%. To assess the influence of the BAPO'’s concentration (1, 2,
and 3 phr) on the photopolymerization process, ~5-10 mg of the UV-

Conversion [%)] =
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curable liquid formulation was poured into an open 40 pL aluminum pan.
An empty pan was taken as a reference. The measurements were carried
out at room temperature (25 °C) under an N, atmosphere (flow rate of
40 mL min~"). The samples were irradiated two times for 5 min. The sec-
ond UV light exposure step was necessary to confirm the complete UV-
curing and to create the baseline. The subtraction of the second curve
from the first one allowed the obtainment of the curing curve.

All experiments were performed three times, and the data were analyzed
by Mettler STARe software V9.2.

The assessment of the glass transition temperature (T,) of photocured
MGA was carried out by means of a Mettler Toledo DSC-1. The UV-cured
sample (5-10 mg) was sealed in a 40 uL aluminum pan and covered with a
pierced lid. The heating/cooling method was composed of three repeated
heating-cooling cycles: first the sample was heated from —20-200 °C, then
it was cooled to —20 °C; after that, the chamber was heated to 250 °C and
subsequently again cooled to —20 °C; finally, the sample was heated until
300 °C. The experiments were performed with a heating/cooling rate of
10 K min~! and under N, flow with a rate of 40 mL min~'. The T, was
calculated from the third heating. All tests were performed in triplicate
and the data were elaborated by Mettler STARe software V9.2.

Rheology and photo-rheology — Rheological and photo-rheological
measurements were conducted with an Anton Paar Modular Compact
Rheometer (Physica MCR 302, Graz, Austria) using plate—plate geome-
try with plates measuring 25 mm in diameter. The purpose of the analysis
was to investigate the rheological behavior of the MGA and the UV-curing
process to determine the printability of the formulation. During photo-
rheological tests a Hamamatsu LC8 lamp (broad spectrum UV lamp cen-
tered at 365 nm) was employed as the light source (100 mW cm~2). The
lamp was positioned beneath the bottom plate (for this analysis a glass
plate was used) and it was activated 60 s after the initiation of each test.
The gap between the two plates was set at 0.6 mm and the shear fre-
quency was maintained constant at 1 Hz. Viscosity measurements were
conducted over a range of shear rates spanning from 0.01 to 1000 s~',
with a separation gap between the plates of 1 mm. All the analyses were
performed at room temperature and in triplicate to ensure the reliability
and reproducibility of the results.

Gel content — The gel content percentage (%gel) was estimated on UV-
cured MGA with 2 phr of photoinitiator by measuring the weight loss after
24 h of extraction with chloroform. About 100 mg of the sample was im-
mersed in the solvent and then dried in air for a further 24 h. %gel was
determined according to Equation (2).

tgel = -2 100
hoel = —— 1 2
gel = 5o * @

i

where W, and W; are the weights of the dry sample before and after the
treatment, respectively.

Thermogravimetric analysis (TGA) — TGA was performed by means of
a Mettler—Toledo TGA 851e instrument (Mettler Toledo, Columbus, Ohio,
USA). The sample was heated from 25 to 800 °C with a heating rate of
10 °C min~" under 50 mL min~" Ar flow. All curves were normalized to
the unit weight of the samples.

3D Printing: 3D printing tests were conducted with digital light pro-
cessing (DLP) 3D printer Asiga MAX UVX27 (Asiga, Australia) equipped
with an LED source of 385 nm (XY pixel resolution of 27 um while Z-axis
resolution is 1-500 um). Every printed layer was 50 um in thickness, the
light intensity was 50 mW cm™2. To aid in the detachment of the object
from the platform two layers made with AESO-IBOA formulation were
created (both in weight percentage of 50, containing 1 phr of BAPO as
photoinitiator). These two layers were irradiated for 1's, then the printing
process was interrupted to substitute the vat with AESO-IBOA formula-
tion with the one containing MGA. MGA layers were irradiated for 2.5 s to
avoid an overcuring phenomenon. The obtained object was then washed
inisopropanol inside an ultrasonic bath for 3 min. The post-curing process
was completed inside an Asiga Flash Cure UV lamp (Asiga, Australia) at
10 mW cm~2 for 3 min. Finally, magnification images of 3D printed ob-
jects were obtained by using a stereo microscope LEICA EZ4 W provided
by Leica Microsystems (Wetzlar, Germany).
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