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ABSTRACT

The development of sustainable photopolymer resins is essential to mitigate the environmental impact of ad-
ditive manufacturing technologies. Herein, we report, for the first time, the application of a high-performance
non-isocyanate urethane methacrylate (NTUMA) monomer, derived from passion fruit seed oil and carbon di-
oxide, in vat photopolymerization 3D printing. The synthetic route to NIUMA provides a safer alternative to
conventional isocyanate-based systems while enabling a bio-based carbon content of 72%. Photocurable for-
mulations incorporating 2-hydroxyethyl methacrylate, also explored here for the first time in combination with
NIUMA, exhibited high monomer conversion (>95%), tunable viscosities (21-930 mPa-s), low critical exposure
energies (2.58-4.05 mJ crn'z), low volume shrinkage, and excellent printing resolution without the need for
photoblockers. Sustainable formulation scores (SFS) reached up to 38, with NIUMA75 representing the first non-
isocyanate urethane-based resin for vat photopolymerization to surpass an SFS of 30. The resulting 3D-printed
materials display a unique combination of properties, including tunable thermomechanical behavior (T, = 72-
104 °C), shape memory, aggregation-induced luminescence, and alkaline degradability. Notably, this work
provides the first evidence of dynamic polymer network (DPN) behavior in NIUMA-based materials, enabling
reprocessability and self-healing. By integrating biomass valorization, CO utilization, circular material design,
and advanced manufacturing, this study establishes a platform for sustainable, high-resolution photopolymer
resins and expands the potential of NIUMA systems toward smart and functional 3D-printed materials.

1. Introduction

to their harmful effects. Furthermore, the isocyanate presents low
chemical stability, reacting rapidly with nucleophiles (e.g., alcohols,

Polymers are ubiquitous and essential in our daily lives. They can be
used across all industrial sectors, from simple household utensils to
complex machinery and biomaterials [1-4]. A wide range of polymers is
used for these purposes, including polyesters, polycarbonates, poly-
amides, polypropylene, polyethylene, polystyrene, polyacrylates, and
polyurethanes [5,6].

The last two previously mentioned possess broad applicability owing
to the ease of their polymerization and their outstanding physico-
chemical properties [7]. The global production of polyurethane is esti-
mated at 26 million tons in 2023, primarily composed of isocyanates and
polyol monomers [8]. In addition to their non-reprocessability and
sometimes non-recyclability, the use of isocyanates raises concerns due

thiols, amines, epoxides, and water) to form the final product, which can
cause two major problems: non-reaction control in some cases, and
greater caution during storage [9-11].

To resolve this issue, cyclic carbonates can be used as replacements
for isocyanates. Cyclic carbonates can react with amines to produce non-
isocyanate poly(hydroxyurethanes) (NIPUs) [12,13]. The cyclic car-
bonate is usually synthesized by reacting epoxy compounds with CO2 in
a reactor under moderate conditions, using a co-catalyst (tetrabuty-
lammonium bromide, TBAB) and a catalyst such as the greener bime-
tallic aluminum(salen) complex [13-16]. Since atmospheric CO2 has
increased due to anthropogenic activities (37,000 megatons per year),
its use for the synthesis of cyclic carbonate monomers is consistent with
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the carbon dioxide utilization (CDU) methodology [17,18]. Further-
more, this reaction exhibits 100% atom efficiency, which also aligns
with the principles of Green Chemistry Principle 2) [13,19].

By adopting green design principles, including those of green
chemistry, the circular economy, and the United Nations Sustainable
Development Goals (UNSDGs), the synthesized monomers and poly-
meric materials should be made as sustainable as possible [20-22].
Considering the renewability of precursors, the synthetic route, solvent
use, application, and final disposal - degradability [23-25]. In this
context, lipid biomass is a promising feedstock for this purpose, partic-
ularly vegetable oil (VO; triacylglycerol), which contains alkenes that
can be epoxidized and subsequently carbonated [26]. Moreover, its
structure contains ester groups (in the glycerol backbone) that are sus-
ceptible to hydrolytic degradation in alkaline media (Principle 10)
[19,26].

Therefore, passion fruit oil (PFO) was selected in this study. PFO is
extracted from passion fruit seed, which is a waste of the juice and food
industry [27,28]. This oil aligns with the 2° sustainable point (biomass
from industrial waste) when the renewable precursor was selected
[13,26]. The acrylated passion fruit seed oil has already been used as a
sustainable monomer for 3D printing [28]. It can be epoxidized using a
sustainable procedure that employs mild conditions (3 h at 60 °C),
hydrogen peroxide, and acetic acid, thereby generating peracetic acid in
situ in the presence of a heterogeneous catalyst (Amberlite IR120) and
without solvent (Prilezhaev reaction) [28-30]. This reaction achieves
epoxy conversions surpassing 95% and was developed with the aim of
promoting the use of less hazardous chemicals (principle 3), energy ef-
ficiency (principle 6), a promising catalyst (principle 9), and accident
prevention (principle 12) [19,26,29].

Subsequently, the epoxidized vegetable oil was used to produce
carbonate vegetable oils, as previously mentioned. Carbonated vege-
table oils typically react with polyamines to form NIPUs, which requires
heating and 24 h for complete cure [31]. However, NIPUs have the
advantage of containing non-reacted hydroxyl groups in their polymer
structure; these groups are readily reactive with ester and urethane
groups via thermal heating or under red light, enabling healing of the
polymer after it has been powdered, shattered, or fractured [13,31-37].
This behavior is typical of dynamic polymer networks (DPNs), a class of
smart materials that can exhibit, in addition to regeneration/healing,
shape memory behavior. DPN materials are consistent with the princi-
ples of the circular economy, such as recycling and recovery [32,38-40].

Given the logical sequence for producing a new monomer, carbon-
ated vegetable oil can be reacted with monoamine, such as ethanol-
amine, to yield a monomer with more hydroxyl groups, which can be
called a hydroxyurethane monomer. Thereafter, the hydroxyl groups
can easily react with methacrylic anhydrides to form the non-isocyanate
urethane methacrylate (NITUMA) monomer.

The NIUMA contains methacrylic pendants that can be polymerized
under light in the presence of a photoinitiator. Photopolymerization is
aligned with energy efficiency (Principle 6) and is widely used in ad-
ditive manufacturing (3D printing), including digital light processing
(DLP), stereolithography (SLA), and continuous liquid interface pro-
duction (CLIP) [41,42]. The photopolymerization and additive
manufacturing market was valued at approximately $1.38 billion in
2025 and is projected to reach $5.56 billion by 2035 [43]. 3D printing
via photopolymerization (also known as vat photopolymerization) offers
a significant advantage in fabricating intricate structures with high
resolution, owing to its layer-by-layer polymerization process,
controlled thickness, and exposure duration [44-48].

NIUMA has been reported in the literature to provide more sus-
tainable polymers for various applications. Liu et al. [49] reported in
2025 a UV-curable NIUMA derived from sorbitol cyclic carbonate and
monoamines (without hydroxyl groups) for use as anti-smudge and anti-
graffiti coatings. Singh, Bakhshi, and Meyer [50] have synthesized a
series of new linear NIUMAs using ethylene carbonate (EC) and pro-
pylene carbonate (PC) as precursors; these monomers were then used in
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3D printing (photopolymerization) to obtain flexible structures. Car-
menini et al. [51] also reported the reaction of EC and PC with 1,4-dia-
minobutane, which was further reacted with monomethyl itaconoyl
chloride, providing linear itaconic non-isocyanate monomers for 3D
printing. Liu et al. [52] also reported NIUMAs for 3D printing using 4,5-
epoxycyclohexane-1,2-dimethyl dioxolane cyclic carbonate as a pre-
cursor, which was reacted with n-butylamine, n-hexylamine, benzyl-
amine, and methacrylic anhydride; these monomers were used in 3D
printing, yielding structures with high resolution in a low light-exposure
time (5 s). In 2024, Lam et al. [53] synthesized an NIUMA from
carbonated palm olein (iodine value of 55 g I,/100 g); the final polymer
presented elastomeric properties.

These studies demonstrated the applicability of NIUMAs and ad-
vances in polymer science and 3D printing, highlighting a promising
area for future investigation. In this context, the present work aims to
develop a new renewable NIUMA formulation using carbonated passion
fruit oil as the primary component (Principle 7). The synthetic route was
designed to produce an intermediate containing additional hydroxyl
groups. Then, the carbonated compound reacted with ethanolamine,
and the resulting hydroxyurethane was subsequently reacted with
methacrylic anhydride. The developed NIUMA is suitable for 3D print-
ing when reactive diluents are employed (e.g., 2-hydroxyethyl meth-
acrylate - HEMA). Besides the production of polymers with high-
resolution printing, luminescence, and hydrolysis in an alkaline solu-
tion, the synthetic approach introduced urethane and ester groups into
the monomer structure, which produced a material with DPN behavior.
These characteristics are consistent with principles of green chemistry,
the United Nations Sustainable Development Goals (UNSDGs), and the
circular economy, thereby substantiating the environmentally sustain-
able design presented in this study. To the best of our knowledge, this is
the first time that photocurable resins based on a non-isocyanate ure-
thane methacrylate monomer derived from vegetable oil have been
applied in vat photopolymerization 3D printing for producing smart
materials with shape-memory, luminescence, and DPN behavior.

2. Experimental
2.1. Materials

Passion fruit oil-PFO (batch code: 0005/22-A) was purchased from
Mundo dos Oleos (Brasilia, Brazil). Hydrogen peroxide (H202; 50%),
glacial acetic acid (> 99%), Amberlite IR-120, tetrabutylammonium
bromide (TBAB; 99%), methacrylic anhydride (MA; >99%), p-Tolue-
nesulfonic acid (p-TSA; 98.5%), hydroquinone (> 99%), ethyl acetate (>
99%), (2-hydroxyethyl methacrylate (HEMA; 99%), diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide(TPO; 97%), ethanolamine (98%),
dibutyltin dilaurate (DBTDL; 95%), and deuterated chloroform (CDCls;
99.8%) were acquired from Sigma-Aldrich and utilized without purifi-
cation. The non-biobased and commercial resin RP-405 was purchased
from 3DFila.

2.2. Modification of passion fruit oil

PFO was subjected to 'H NMR analysis to determine the iodine value
(IV), which was further converted to moles of carbon double bonds
(C=C) [29]. Then, the epoxidation of PFO was performed according to
the previously used procedure, resulting in the epoxidized passion fruit
oil (EPFO; yield: 98%) [28].

Subsequently, EPFO was carbonated following the literature route
[54]. Thus, the epoxidized vegetable oil (150 g) was inserted into a
reactor under 10 bar of CO3 and left to react under stirring at 100 °C for
24 h. Additionally, a combination of TBAB and a bimetallic aluminum
(salen) complex was used as the catalyst system [54]. After purification,
a brown, viscous liquid was obtained and designated as carbonated
passion fruit oil (CPFO; yield: 99%).

Non-isocyanate urethane (NIU) from CPFO was obtained according
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to a procedure described in the literature, with some adaptations [53].
Therefore, the carbonated vegetable oil reacted with ethanolamine in a
stoichiometric proportion of carbonate and amine groups. The reaction
was conducted for 2 h at 50 °C (yield: 99%).

The purified NIU was subjected to a methacrylation reaction in a
similar way to that found in the literature [49]. Thus, the compound was
reacted with methacrylic anhydride, respecting a stoichiometric molar
ratio of 1:1 between the hydroxyl and methacrylic groups. 1.0 wt% of p-
TSA was used as a catalyst, and 0.2 wt% of hydroquinone as the poly-
merization inhibitor (the percentage of each component was relative to
the mass of MA). The reaction was conducted in continuous stirring for
6 h at 80 °C. The crude product was dissolved in ethyl acetate and
washed several times with a saturated sodium bicarbonate solution to
remove the excess of methacrylic acid, followed by distilled water. The
organic phase was dried with anhydrous magnesium sulfate and then
evaporated in a rotary evaporator at 50 °C to remove the solvent. The
product, non-isocyanate urethane methacrylate, was allowed to rest for
24 h in a vacuum chamber to remove any traces of MA and was named
NIUMA. Yield: 92%.

Fig. 1 shows all the synthetic steps for the preparation of NIUMA.
PFO and all products obtained after each reaction were characterized by
using MIR and 'H NMR. All reactions were performed without any
solvent, and ethyl acetate was just used in the purification steps of EPFO,
CPFO, NIU, and NIUMA syntheses, as this solvent is recommended by
the CHEM21 selection guide of classical- and less classical solvents [55].

2.3. Formulation of NIUMA-based photocurable resins

All formulated resins were produced by mixing bio-based NIUMA
with the potential bio-based reactive diluent HEMA in different weight
proportions, which are shown in Table 1. Besides, the photoinitiator
TPO was added to each formulation (3.0 wt% of the monomeric mixture
weight). After adding all components, each resin was stirred continu-
ously for 20 min at ambient temperature. After that, homogeneous so-
lutions were observed. The scheme in Fig. 1 summarizes the resin
formulation process.

Sustainable Materials and Technologies 49 (2026) e02145
2.4. Digital light processing (DLP) 3D printing using NIUMA-based resins

Suitable resins were applied in DLP 3D printing. The setup for the
printing process was composed of an Elegoo Mars 2 Pro DLP 3D printer
equipped with a 405 nm light source (Epex = 3.8 mW cm™2) and an
Elegoo Wash & Cure Mercury Plus for the washing and post-curing
process (405 nm). 3D objects for the printability study and material
characterization were sliced, and printing parameters, such as exposure
time and layer thickness, were adjusted using Chitubox software
(Table 2). After printing, all objects and specimens were washed with
isopropyl alcohol and post-cured for 30 min. All printing conditions
were kept the same for all resins to investigate the thermal and chemical
properties of the produced materials. The materials from NIUMA25,
NIUMAS0, and NIUMA75 were respectively named as PNIUMAZ25,
PNIUMAS0, and PNIUMA75.

2.5. Characterization

2.5.1. Viscosity

Viscosity (1) analysis of HEMA, NIUMA25, NIUMAS50, and NIUMA75
was acquired in a digital rotary viscosimeter, Brookfield DV-III rheom-
eter (Brookfield, Toronto, Canada) equipped with a water bath. The
analysis was conducted at 27 °C, and due to different viscosities
observed in the sample, the following spindles were utilized: SC4-18 for
HEMA, NIUMA25, and NIUMAS50; SC4-34 for NIUMA75. NIUMAR was
not analyzed because its viscosity is very high (exceeding the capacity of
the equipment and the spindles' range).

2.5.2. 'H-NMR analysis

'H-NMR spectra were acquired in an Agilent 400 MHz Premium
Shield spectrometer. PFO, EPFO, CPFO, NIU, and NIUMA were solubi-
lized in deuterated chloroform (CDCl3, 99.8% D, Sigma-Aldrich) with
TMS as the internal reference. The 'H-NMR analysis was used to
determine the iodine value (IV) of PFO and to verify the incorporation of
new functional groups and the extent of conversion after each reaction.

The IV was determined using eq. (1) [29], where K is the integration
value of the vinyl hydrogens multiplet at 5.34 ppm when the spectrum is

Fig. 1. Scheme of synthetic approaches used in this work, resin formulation, and application of the resins in a digital light processing 3D printer.
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Table 1
Composition of each photocurable resin and the corresponding photoinitiator
amount.

Resin name NIUMA (wt%) HEMA (wt%) TPO amount/wt%"
NIUMAR 100 0 3.0
NIUMA75 75 25 3.0
NIUMAS5S0 50 50 3.0
NIUMA25 25 75 3.0

# The percentage of photoinitiator was calculated based on the total mass of
monomers in the resin (NIUMA + HEMA).

normalized by the a-carbonyl hydrogens at 2.31 ppm (six hydrogens).
Dividing the IV value by the molar mass of I (253.808 g mol_l), the
mole number of alkenes in 100 g of oil was determined.

(12691 x K)

V= 227" "
(821.3 + 6.006 x K)

(€]

After the methacrylation reaction, the average methacrylate groups
(MAG) attached to a triacylglycerol molecule were determined accord-
ing to eq. (2), in which MAH is the total area of the vinyl hydrogens
between 5.54 and 6.14 ppm, and aH is the a-carbonyl hydrogens in the
acyl chain (at 2.31 ppm).

maG — YAH @)

)

2.5.3. Mid-infrared spectroscopy (MIR)

MIR analysis was conducted in order to verify the incorporation of
functional groups into the triacylglycerol structure and the conversion of
monomer to polymer. The spectra were acquired in a Bruker Vertex 70
FTIR spectrometer with an attenuated total reflectance diamond crystal
accessory. The following settings for the measurements were: a range of
4000 - 400 cm ™! with 32 scans and 4 cm ™! of resolution.

The monomer conversion to polymer (MC) during the photo-
polymerization reaction was investigated as previously reported in the
literature [28,56]. Thus, after NIUMA and each formulated resin was
spread onto the diamond window of the same equipment reported
above, each sample was irradiated with an ultraviolet lamp (370 nm,
Kessil KSPR160, Epax = 399 mW cm~2) for 120 s with a distance of 2 mm
between the lamp and the resin surface. Spectra were then collected
every 10 s until the final time (conditions: range of 4000 - 400 cm ! with
1 scan and 4 cm™! of resolution), and the progress of the photo-
polymerization reaction was investigated by monitoring the area of the
band of the C=C from the methacrylic groups at 1637 cm™ (A;637). All
spectra were normalized by the area of the C—H stretching band of the
methylene groups at 2854 cm™ (Azgs4). Finally, the MC values were
calculated using eq. (3), considering the moment before UV exposure (t
= 0) and the corresponding UV exposure time (t = x). All samples were
analyzed in triplicate.

(Av637 /Azss4),_o — (A1r637/A2854), s
(A1637 /Aagsa),_o

The rate of polymerization (R, s'1) was calculated according to eq.
(4), where Ay is the difference between the two areas of the band from

the C=C bond on the methacrylic groups at 1637 cm™, Ay is the initial
area of the C=C band (before the UV exposure), and 4, is the time dif-
ference between each analysis [56,57].

— A
Rp o <A0 X At) (4)

A similar approach was used to determine the carbonate conversion
(CC) by MIR analysis to study the progress of the acyl nucleophilic
substitution reaction with ethanolamine [54]. Thus, the area of the C=0
band from the carbonate ring at 1793 cm™ was monitored at different

MC (%) = x 100 3
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times (0, 10, 20, 30, 60, and 120 min), and the percentage of CC was
determined according to eq. (5). All spectra were normalized to the area
of the C—H band at 2854 cm’, and the same equipment mentioned
above was utilized.

(A1703/Azgs4),_g — (A1703/A2ss4), s
(A1793/Asgs4),_o

CC (%) = x 100 (5)

2.5.4. Differential scanning calorimetry (DSC) and photo-DSC

The DSC curves for each material were obtained in a DSC1 Star®
equipment (Mettler Toledo). The analyses were conducted using 5 mg of
the sample, weighed in a 40 pL aluminum crucible with a perforated lid.
The curves were recorded in a temperature range of -30 to 150 °C, with a
heating rate of 10 °C min’}, under an air flow rate of 50 mL min.

The photo-DSC analyses were performed on the same equipment in
isothermal mode at 25 °C and with an air flow rate of 50 mL min"’. Then,
approximately 5 mg of each formulated resin was weighed into an open
aluminum crucible and cured with a UV lamp Kessil KSPR160 (370 nm)
at an intensity of 100% (Epgx = 399 mW em™2) for 120 s. To determine
exactly the exothermic event caused by photopolymerization, two
isothermal cycles were conducted under the same conditions, and the
second curve was subtracted from the first. Finally, the percentage of
monomer to polymer conversion (C) for each formulation was calculated
according to eq. (6), in which AH.q is the theoretical enthalpy for a
complete methacrylic double bond conversion, and dH/dt is the heat
flow under an isothermal condition (T = 25 °C) [58,59].

1 0 rdH
C= mel X Z <E)T} x 100 6)

The rate of polymerization (R, s1), which is directly related to the
heat flow (dH/dt) by eq. (7), was determined [60].

1 dH
Rp B Atotal x (E)T (7)

The total enthalpy (4Hy) of photopolymerization and the time at
which the reaction reached maximum heat release (peak time, PT) were
also determined.

2.5.5. UV-Vis analysis and photolysis study

Liquid UV-Vis analysis was conducted for PFO, EPFO, CPFO, NIU,
and NIUMA in a Cary 8854 spectrophotometer (Agilent Technologies),
at room temperature and using a Quartz cuvette with 1 cm of optical
path. A solution of 1.0 mg mL™ for each sample was prepared in ethyl
acetate. The photolysis study was conducted with the NIUMA solution
by collecting spectra at different times of UV exposure (10, 30, 60, 180,
and 300 s).

2.5.6. Simultaneous thermogravimetry—differential thermal analysis (TG
— DTA)

TG-DTA curves were acquired in a STA 449 F3 equipment (Netzsch)
using approximately 10 mg of sample, weighed in a 200 pL a-alumina
crucible. The samples were submitted to a temperature ramp of 30 to
800 ZC at 10 °C min’, in a dry air atmosphere with a flow rate of 70 mL
min™.

2.5.7. Bio-based carbon content

The bio-based carbon content (BCC) was determined from eq. (8) for
each formulation component [61], considering the vegetable oil core
and ethylene glycol moiety of HEMA as renewable sources of carbon
(Crenewable). Meanwhile, the methacrylic and urethane moieties in
NIUMA, the methacrylic moiety in HEMA, as well as the photoinitiator
TPO, were considered non-renewable (Cpon-renewable)-

Crenewable )

8
bl +Crwn7: ( )

BCC(%) = ( c

From the BCC value of each compound used in the resin formulation,
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Table 2
Printing parameters used to produce all designed objects/specimens from
all resins.

Printing parameters Settings
Layer height 0.05 mm
Base layer amount 20
Exposition time for base layers 50s
Exposition time for the rest of the layers 15s
Elevation after printing 5 mm

the bio-based carbon content of the formulation (BCCF) was calculated
following eq. (9) [61,62].

BCCF(%) = (w; x BCCniuma) + (W; X BCCrrga) )

Where w; is the weight fraction of the compound in the resin.

2.5.8. Sustainable formulation score

The sustainable formulation score (SFS) was calculated according to
eq. (10) [61]. It considers synthesis factors, hazardous reagent usage,
solvent selection, and end-of-life considerations [61].

n
SFS =100 x Fgop X Y (Wi x BCG; x Fyn;) (10)
i=1
Fgo is the end-of-life factor, and } [ ; (w; x BCC; x Fyn;) is the
weighted sum of biobased carbon content multiplied by the respective
synthetic factors (F;y;) and weight fraction (w;) of each component [61].
The Fyy, was determined according to eq. (11) for each resin component:

Fsyn :fhaz ><fsol ><fT+r x AE an

where f},, is related to the use of hazardous chemicals in the synthesis of
the respective compound, f;, contributes to the sustainability of the
solvent, fr,, is a temperature-time factor of the synthesis, and AE is the
atom economy defined by eq. (12) [61]:

AE = % 12)

> (ny x MW;)

J

where MW; is the molecular weight of componentiand Y7, (n; x MWj) is
the sum of the molecular weight multiplied by the respective number of
equivalents of all reagents j used in the synthesis of 1 equivalent of
component i.

2.5.9. Working curves

The working curves were used to assess the curing properties of the
resins NIUMA25, NIUMAS50, and NIUMA75 during the printing process,
such as critical energy (E) and the penetration depth (D,) [56,57,63].
Thus, on an Elegoo Mars 2 Pro DLP 3D printer (405 nm and constant
intensity of 3.8 mW cm?), one-layer squares were cured, varying the
exposure time (15-600 s) and at room temperature. After curing, each
sample was washed with isopropyl alcohol, and its thickness was
measured with a micrometer to obtain the curing depth (Cy), which was
used to develop a semilogarithmic plot showing its dependence on the
exposure energy of the incident light on the resin surface (Epmqy). The eq.
(13), derived from the Beer-Lambert law, was used to determine D,
(slope of the curve) and E, (x-axis intercept).

Cyq = DpIn(Epgx/Ec) (13)

2.5.10. Printing resolution analysis

A comb-shaped structure with walls and cavities of varying di-
mensions was designed and 3D-printed (using the same equipment and
conditions described previously) to assess the printing resolution and
overcuring behavior of the NITUMA25, NIUMAS50, and NIUMA75 resins.
The cavity radii and wall widths were measured with a digital calliper,
yielding empirical values that were compared with the theoretical di-
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mensions from the CAD model. The %overcure (%) was determined ac-
cording to Eqns. (14) and (15) [57,64,65].

Theoretical — Empirical
Theoretical

%bOVercurecyiy = 14

Empirical — Theoretical

Theoretical as

Y%overcuresgare =

2.5.11. Optical microscopy
Surface images of the 3D-printed objects were captured with a Global
Optics microscope.

2.5.12. Tensiometric analysis

The contact angle of each 3D-printed polymer was measured using a
C201 Attension Theta Flex optical tensiometer controlled by the One
Attension software (Biolin Scientific) and equipped with a Navitar dig-
ital camera. A droplet of deionized water was deposited on the surface of
each polymer, and 50 optical images were recorded to determine the
contact angle formed between the droplet and the polymer surface.

2.5.13. Dynamic mechanical analysis

The relaxation tests were performed in a Q800 instrument (TA In-
struments). Samples with dimensions of 20 mm in length, 5 mm in
width, and 1 mm in thickness were 3D-printed, post-cured (using the
same conditions already reported in this work), and subsequently
analyzed. The temperature range was set from -30 to 145 °C, with a
heating rate of 3 °C min™ and a frequency of 1 Hz. The storage modulus
(E) and Tan 5 curves were obtained. The glass transition temperature
(Ty) was determined from the temperature at the peak of the a-transition
in the Tan & curve [66].

The crosslink density (v) of the materials was calculated using eq.
(16) [66].

E

V= 3RT (16)

Where T is the temperature in Kelvin in the rubbery region (Tan & +
40 °C), E is the storage modulus in the rubbery region (determined at
temperature T), and R is the gas constant (8.314 J mol! K1), The tensile
test was performed on the same equipment at 25 °C.

2.5.14. Gel content and hydrolysis test

The gel content (GC) values were obtained by submitting each
polymer to Soxhlet extraction with ethyl acetate under reflux for 24 h.
After this step, samples were dried in an oven at 80 °C for 3 h. The GC
was calculated using eq. (17), in which W; is the initial weight of the
polymers and Wy is the final weight (after drying).

GC (%) = (Wy/W;) x 100 a7)

The hydrolysis test was performed by immersing all polymers in an
acid solution (HCI, 1 mol L’l) and in a basic solution (NaOH, 1 mol L'l)
for 48 h at room temperature. Pictures were recorded at different times
(0, 3,13, 24, and 48 h).

2.5.15. Hardness

The hardness of each material was evaluated using an analogical
Shore D durometer. The specimens used were 3D-printed in the form of
squares (30 mm length, 30 mm width, and 10 mm thickness).

2.5.16. Shape memory test

The qualitative shape memory test was performed using 3D-printed
complex objects (hexagonal grid structures) produced from each resin
(NIUMA25, NIUMAS50, and NIUMA75). The test was subdivided into
three steps. In the first step, the sample was heated to 20 °C above its
respective glass transition temperature (Tg). In the second step, the
sample was reshaped by an external force, and the temperature was
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reduced to 0 °C while maintaining the applied force. In the third step,
the external force was removed, and the temperature was increased to
Ty + 20 °C, and the recovery time was recorded while images were
captured at different time intervals.

3. Results and discussion
3.1. MIR and 'H NMR analysis of the structural modifications

The MIR spectra for PFO and the products obtained after each re-
action are shown in Fig. 2a, the bands of greatest interest were high-
lighted, as their variations indicate the occurrence of structural changes.
Thus, the band at 3008 cm™ is assigned to vinyl C—H stretching, while
the absorptions at 1744 cm™ and 1650 cm™ correspond to C=0
stretching of ester groups in the triglyceride backbone and C—=C
stretching of alkenes in unsaturated fatty esters, respectively. Following
epoxidation, the disappearance of the bands at 3008 and 1650 cm™!
indicates the consumption of unsaturated bonds to produce oxiranes, as
evidenced by the appearance of new bands at 843 and 824 cm™,
attributed to C-O-C stretching on the epoxide ring [29].

In the spectrum of CPFO, it is possible to observe that the epoxide
group band (843-824 cm™!) disappeared completely, while new bands
corresponding to C=0 and C—O stretching from the five-membered
carbonate ring of carbonate groups appeared at 1793 cm™ and 1049
cm}, respectively. These changes indicate that the carbonation reaction
occurred [54].

The NIU synthesis was performed in the presence of ethanolamine, a
bifunctional molecule containing both amine and hydroxyl groups. At
this stage, the synthetic strategy is based on a nucleophilic acyl substi-
tution reaction, in which the amine group attacks the carbonate ring of
CPFO, leading to the formation of hydroxyurethane structures enriched
in free hydroxyl groups for subsequent functionalization. This approach
enables the production of NIU units while avoiding crosslinking between
polymer chains via copolymerization, which typically results in solid
materials and limits further synthetic modification. However, as previ-
ously reported in the literature [31,54,67], a competing reaction may
occur, wherein the amine group attacks the carbonyl of the glyceridic
moiety in the triacylglycerol structure (Fig. 2b). Therefore, the NIU
synthesis reaction was monitored by collecting MIR spectra at different
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reaction times, as shown in Fig. 2c. A decrease in the C=O0 stretching
bands at 1793 cm’! and 1744 cm’! (attributed to carbonates and tri-
glycerides, respectively) was observed, confirming the occurrence of the
formation of the secondary product. In addition, two new bands that
increase in intensity as the reaction progresses are observed at 1695 em™?
and 1533 cm™}, which are respectively associated with C=0 stretching
vibration and N—H bending of the formed carbamate groups [68].

The carbonate conversion was determined (Fig. 2d), resulting in a
value of 64% after 10 min of reaction and reaching 92% after 120 min.
Although the extent of the reaction involving glyceridic carbonyls was
not determined (due to band overlap), it can be suggested that the
fraction of the secondary product was significantly lower than that of the
primary product (since ethanolamine was used in a stoichiometric
amount relative to the carbonate groups). It should be emphasized that
this represents a significant advance in carbonate-amine reactions for
the production of non-isocyanate hydroxyurethanes, as similar conver-
sions usually require reaction times longer than 24 h, a higher propor-
tion of the reactants, and temperatures higher than those used in this
work [53,54,68-70]. Therefore, this step agrees with Principles 2 and 6
of Green Chemistry (Atom economy and Design for energy efficiency)
[19].

In addition to the aforementioned bands, the NIU MIR spectrum
(Fig. 2a) shows a broad band corresponding to O—H stretching vibra-
tions between 3670 and 3135 cm™, as well as an increase in band in-
tensity at 1252 cm'! related to G—O stretching. These two bands suggest
the presence of alcohol groups in the NIU structure [71]. These bands
decrease, and a new C—=C stretching band at 1637 cm™ (magnified in
Fig. S1) appears after the methacrylation reaction, confirming the
incorporation of these groups into the triglyceride structure, as observed
in the NIUMA spectrum (Fig. 2a).

Prior to epoxidation, the PFO was characterized by 'H NMR to
determine the moles of alkenes per 100 g of oil, which is obtained from
iodine value (IV). The vegetable oil presented an IV of 128.3 g of I per
100 g of sample, which corresponds to 0.5067 mol of alkenes. This
quantification was important to determine the conditions of
epoxidation.

The 'H NMR spectra collected at the end of each reaction are shown
in Fig. 3, with the signals of interest highlighted. Full range H NMR
spectra are provided in the SI (Fig. S2-S6). After the epoxidation, the

Fig. 2. a) MIR spectra of PFO, EPFO, CPFO, NIU, and NIUMA, b) possible reactions between amine and acyl groups of CPFO, c¢) magnified MIR spectra of the reaction

progress for NIU production, and d) carbonate conversion over time.
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Fig. 3. 'H NMR spectra for a) PFO, b) EPFO, c¢) CPFO, d) NIU, and e) NIUMA.

multiplet at a chemical shift of 5.34 ppm, attributed to the vinylic pro-
tons of PFO, disappeared, and new signals between 3.16 and 2.85 ppm,
corresponding to protons of the epoxide rings, were observed [29].
Following the carbonation step, the signals of hydrogens attached to the
epoxide ring disappeared, and new protons from five-membered cyclic
carbonates appeared at 4.22, 4.48, 4.61, 4.75, and 4.90 ppm [54], dis-
appearing after reaction with ethanolamine. NIU presented a new signal
between 3.53 and 3.79 ppm (protons d), which is attributed to the
methylene protons adjacent to the hydroxyl groups [51,53,72,73].
Additional overlapping signals appeared in the region between 4.22 and
4.95 ppm, which may arise from protons bonded to carbons adjacent to
ester or amide from urethane groups [49,72] as shown in Fig. S7.

Finally, after the methacrylation reaction, a marked decrease in the
intensity of the signal corresponding to protons d was observed, con-
firming the incorporation of methacrylate groups in NIUMA. Moreover,
two new singlets at chemical shifts of 5.60 and 6.13 ppm appeared,
which are assigned to the vinylic protons of the methacrylate moieties. A
singlet at 1.63 ppm, attributed to the methyl protons of the methacrylate
group, was also observed. Thus, along with MIR data, these features
confirm the formation of NIUMA.

These changes in 'H NMR spectra demonstrate that the reactions
proceeded successfully, achieving conversions of 99.8% for epoxidation,
99.1% for carbonation, and 68% for methacrylation. These conversions
were respectively calculated from the integrals of the signals corre-
sponding to vinylic protons, epoxide-ring protons, and methylene pro-
tons adjacent to the hydroxyl groups. All spectra were normalized using
the six a-carbonyl protons at 2.31 ppm. The conversion of the NIU
formation reaction was not determined by 'H NMR due to signal overlap
(evaluated by MIR). The low conversion observed in NIUMA production
is associated with the presence of both primary and secondary alcohols
in the NIU structure. While primary alcohols are more susceptible to
nucleophilic attack on the anhydride carbonyl, the secondary alcohols
generated after cyclic carbonate ring opening are less reactive due to the
steric hindrance effect and may require longer reaction times to become
functionalized. [74,75]

Besides, according to eq. (2), the MAG was determined for NIUMA,
resulting in a value of 2.55, which is similar to other methacrylate and
acrylated vegetable oils used in vat photopolymerization 3D printing
processes [28,56,76,77].

The high conversion values obtained in the epoxidation and
carbonation steps are consistent with Principle 2 of Green Chemistry

(atom economy) [19] and also contribute to achieving Sustainable
Development Goals (SDGs) 12 and 13 of the United Nations (due to the
consumption of COy during the carbonation stage) [78].

3.2. Bio-based carbon content (BCC), bio-based carbon content of the
formulation (BCCF), and sustainable formulation score (SFS)

We determined the BCC value for NIUMA and HEMA as 72% and
33%, respectively. The high value presented by NIUMA is attributed to
the high number of bio-based carbons in the triglyceride chains.
Although HEMA exhibited the lowest BCC, the carbon atoms originating
from the ethylene glycol moiety [79] were considered bio-based, since
ethylene glycol is already produced commercially from renewable
feedstocks. Industrial routes include processes based on corn starch-
derived sorbitol or sugarcane-derived ethanol, as implemented by
companies such as Global Biochem, India Glycols Limited, and Greencol
Taiwan Corporation [80].

The BCCF for each resin was determined according to eq. (9). As it is
possible to verify in Table 3, the addition of HEMA to the formulation
decreases the BCCF values as expected since HEMA has a lower BCC than
NIUMA. However, all resins demonstrated bio-based carbon contents
above 40%, making them recognized as green products, since a value
above 25% is recommended to characterize a product as bio-based
[81-83].

Maturi et al. [61] developed a metric that goes beyond the renewable
content in the formulation and assesses the full sustainable profile of the
overall formulation. This metric, termed the Sustainable Formulation
Score (SFS), evaluates the sustainability of photocurable formulations
for vat photopolymerization 3D printing by considering multiple pa-
rameters, including bio-based carbon content, atom economy, synthesis
conditions, and end-of-life aspects. Thus, the SFS for all resins produced
in this work was determined, initially calculating the synthetic factor for
NIUMA and HEMA (Fsyn), which resulted in a Fyy, of 0.66 and 0.59,
respectively. This variable accounts for several attributes of the syn-
thetic route, such as the use of hazardous substances, solvent con-
sumption, temperature-time requirements, end-of-life considerations,
and atom economy (AE) [61]. Except for AE, the other variables have
predefined values according to synthetic conditions [61]. Therefore,
using eq. (12), AE values of 0.92 and 0.88 were obtained for the pro-
duction of NIUMA and HEMA, respectively.

The resulting SFS values are exhibited in Table 3, and each subfactor



G.I. dos Santos et al.

Table 3

BCCF, SFS, and sustainability characteristics for the resins formulated.
Resin name BCCF (%) SFS Sustainability[61]
NIUMAR 72 38 Moderate
NIUMA75 62 32 Moderate
NIUMA50 52 27 Low
NIUMA25 43 21 Low

value for the calculation is provided in Table S1. The highest SFS is
observed for NIUMAR, due to the absence of HEMA in the formulation,
which classifies it as having moderate sustainability. When the reactive
diluent is added to the formulation, the SFS decreases, leading to resins
with low sustainability characteristics, except for NITUMA75. This resin
presented an SFS equal to 32 and was therefore classified as having
moderate sustainability. This characteristic of NIUMAR and NIUMA75
emerges from the integration of bio-based feedstocks, free-solvent syn-
theses, and the absence or low content of reactive diluent. So far,
NIUMAYS is the first non-isocyanate urethane-based resin for vat pho-
topolymerization 3D printing with an SFS above 30 [61]. Moreover, the
SFS values of all NIUMA-derived resins could be further improved by
using reactive diluents with higher bio-based carbon contents.

3.3. Viscosity, UV-vis, and photolysis study

Viscosity is an important parameter in vat photopolymerization 3D
printing, as it can affect not only the photocuring process but also
printing resolution and printing time. During DLP 3D printing, the build
platform is elevated by a predetermined distance after each layer is
cured. When this occurs, the resin must rapidly refill the resulting void,
enabling rapid manufacturing and preventing resin depletion in the
printing area. In addition, the resin must flow out of the internal features
of the 3D-printed object during the process, thereby avoiding the curing
of undesired excess resin. Consequently, it has been reported that resins
with viscosities below 1300 mPa-s are suitable for commercially avail-
able DLP 3D printers [84-86]. In this work, different contents of HEMA
were used as a low-viscosity (5.4 + 0.04 mPa-s; Fig. 4a) reactive diluent,
since the viscosity of NIUMA is very high due to the high number of
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possible H-bonding interactions in its structure (as shown in Fig. 4b).

Due to the Newtonian fluid behavior, the viscosities in this work
were determined from the slope of the shear stress versus shear rate
curves for each sample (Fig. S8). Therefore, as can be seen in Table 4,
when HEMA content increased from 25 wt% to 75 wt%, the viscosity of
NIUMA-based resins reduced from 930 + 1 mPa-s to 21 £+ 0.1 mPa-s.
Hence, except for NIUMAR, all resins are feasible for DLP 3D printing at
room temperature.

The UV-Vis absorption spectra of PFO, EPFO, CPFO, NIU, and
NIUMA were investigated (Fig. 4c). Prior to any structural modification,
PFO exhibits absorption bands at 269 and 280 nm, corresponding to © —
n* transitions of C=C bonds in unsaturated ester chains, which disap-
pear after the epoxidation reaction, as evidenced in the EPFO spectrum.
After carbonation, a new band at 331 nm is observed in CPFO. This band
originates from the n — zn* transition of C—=0 bonds in the cyclic car-
bonate, which are conjugated with two atoms bearing nonbonding
electron pairs (oxygen atoms).

Upon opening of the five-membered ring via amine attack, this
conjugation is partially reduced, leading to a slight hypsochromic shift
of the C=0 n — n* transition band (4e = 327 nm) in NIU. Finally, in
the NIUMA spectrum, a shoulder at 286 nm is observed, which can be
attributed to ©= — n* transitions of C=C bonds in the incorporated
methacrylic moiety. Moreover, the bathochromic shift of the C=O n —
n* transition band to 339 nm indicates an increase in conjugation
following the incorporation of methacrylic groups into the triglyceride
chain.

When irradiated at lower wavelengths, certain acrylated and meth-
acrylated monomers can undergo self-initiated polymerization [87].
Thus, NIUMA was submitted to a photolysis study. As can be seen in
Fig. 4d, after UV light (370 nm) exposure, the bands at 286 and 339 nm
presented a decrease in their intensity with the increase in time of
exposure. This result may arise from the consumption of double bonds
and carbonyl groups to initiate the polymerization. Therefore, it is
suggested that the high number of chromophore groups in NIUMA al-
lows for strong absorption, leading to cleavage of the n bond of C—=C and
C=0O0 or the abstraction of hydrogen due to triplet-state excitation, as
shown in Fig. 4e [87-90]. It leads to radical formation, which further
initiates the reaction of polymerization. This possible characteristic of

Fig. 4. a) Curves of shear stress vs. shear rate for HEMA and the formulated resins, b) scheme for hydrogen bond formation in NIUMA, c¢) UV-Vis spectra for each
product obtained before and after each PFO modification, d) absorption spectra for NIUMA at different times under UV exposition, and e) proposed reaction pathway

for self-initiation of methacrylates in NIUMA.



G.I. dos Santos et al.

Table 4

Viscosity. Monomer Conversion (MC) and Rate of Polymerization (Rp) from MIR
results. Total Enthalpy (AHr), Peak Time (PT), Conversion (C), and Rate of
Polymerization (Rp) from Photo-DSC results.

Resin MIR Photo-DSC
name Viscosity ~ MC  R,(s)° AHy PT C R, (s
(mPa-s) (%) U g»l) (s) (%)" 1yd
. 96.0 0.016
NIUMAR - o7 + 83.6 4 18 0.006
: 0.004
26.8 0.083
NIUMA25 21.0+0.1 " 69 + 275.4 9 86 0.074
: 0.001
0.086
119.2 + A
NIUMAS50 0 39 19073 + 238.9 6 97 0.098
: : 0.002
0.054
NIUMA75 ?239'6 + 19681 + 181.3 4 86 0.087
: : 0.003

2 Not possible to measure due to high viscosity.
b Conversion at 120 .

¢ Rate of polymerization at 10 s.

4 Rate of polymerization at peak time.

the NIUMA monomer was suggested to improve its reactivity during
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photopolymerization, as demonstrated further in this work.

3.4. UV-curing behavior of NIUMA-based resins

As the reactivity of resins is a crucial factor in vat photo-
polymerization 3D printing, this attribute was investigated for all
formulated NIUMA-based resins using MIR and photo-DSC. As shown in
Fig. 5a-d (MIR spectra), double-bond consumption is clearly observed in
all systems, as the corresponding band disappears as UV exposure pro-
ceeds. Consequently, values of monomer conversion (MC) were calcu-
lated at different times, as shown in Fig. Se. At 10 s, the NIUMAR resin
presented the lowest MC value (16 + 4%). Meanwhile, NIUMA75,
NIUMAS0, and NIUMA25 formulations presented MC values of 56 +
3%, 88 + 2%, and 83 + 1%, respectively. After 120 s, all resins exhibited
MC values above 95% (Table 4), with NIUMAS50 and NIUMA75 pre-
senting almost complete curing (99.7 + 0.3% and 99.8 + 0.1%,
respectively). It is suggested that the high conversion observed with
these resins may arise from the self-initiating capability of NIUMA,
which can continuously generate radical species during photo-
polymerization. [90-92] In addition, the incomplete conversion of
NIUMA25 can be attributed to the rapid decrease in chain mobility
caused by the excess of HEMA, which reduces the diffusion of reactive
species during the propagation step [93]. Except for NIUMAR, all resins
demonstrated excellent reactivity, as they reached the maximum rate of

Fig. 5. Magnification of the MIR spectra highlighting the C—C band of a) NIUMAR, b) NIUMA25, ¢c) NIUMAS50, d) NIUMA75 resins during the photopolymerization.
e) Monomer conversion versus time and f) rate of polymerization for each formulated resin obtained from MIR analysis. g) Heat release, h) monomer conversion, and

i) rate of polymerization from photo-DSC results for each formulated resin.
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polymerization (Rp) within 10 s, as shown in Fig. 5f and Table 4. In
addition, the incorporation and variation of HEMA content significantly
affected R,. Accordingly, at 10 s, NIUMAR presented the lowest R, value
(0.016 £ 0.004 s™), followed by NIUMA75 (R, = 0.054 £ 0.003 s™),
whereas NIUMA50 and NIUMA25 exhibited the highest R,. For NIU-
MAR, the maximum R, was only observed after 40 s (0.025 + 0.002 s'l).

The slower polymerization of NITUMAR can be attributed to two main
factors: viscosity and color. NIUMAR is a highly viscous compound with
a dark brown color. When exposed to UV light, monomer mobility is
restricted due to the high viscosity, leading to reduced radical diffusion
and localized gelation at shorter irradiation times [94,95]. Additionally,
the dark coloration of NIUMA, arising from its high content of chro-
mophore groups that absorb at wavelengths overlapping with those of
TPO (Fig. S9), causes attenuation of the incident light via the inner filter
effect. As a consequence, radical generation is reduced in the deeper
regions of the resin layer, leading to slower polymerization [96,97].

From photo-DSC curves (Fig. 5g), the total enthalpy (4Ht) and peak
time (PT) were determined as shown in Table 4. As expected, NITUMAR
presented the lowest AHt (83.6 J g'l). Meanwhile, HEMA presented a
AHr = 150.9 J g1, and increasing its content in the formulated resins
from 25 wt% to 75 wt%, the AHt values increased from 181.3 to 275.4 J
g’l. Therefore, it can be clearly observed that the addition of HEMA
mitigated the negative effects on NIUMA reactivity associated with its
viscosity and color. Although HEMA acted effectively as a reactive
diluent, increasing its content led to a higher PT. For example, the
NIUMA25 resin reached the peak at approximately 9 s, whereas
NIUMA75 reached it after 4 s, indicating a slightly slower photo-
polymerization when HEMA content was higher. These results suggest
that, when the viscosity and color do not significantly impact the reac-
tivity, the possible self-initiation capability of NIUMA promotes faster
photopolymerization, as it enhances radical generation alongside the
photoinitiator and accelerates the initiation stage of the reaction.

Using the AHr values and eq. (6) and (7), the monomer conversion
(C) and the rate of polymerization (R,) were determined for each
formulated resin, as shown in Fig. 5h and i. While NIUMAR exhibited the
lowest C and R, values, the resins containing the reactive diluent showed
conversion levels above 86%. Furthermore, in contrast to the MIR re-
sults, NIUMA?7S exhibited a higher R, than NIUMAZ25. This behavior can
be attributed to the shorter PT observed for NIUMA75. In photo-DSC
analysis, the time interval (4,) is shorter than in MIR measurements,
leading to the R, being evaluated over a reduced time scale.

The significant discrepancy in monomer conversion values for NIU-
MAR at 120 s between MIR and photo-DSC analyses can be attributed to
differences in sample layer thickness and the distance between the light
source and the sample. MIR measurements allow the formation of a thin
film and a shorter lamp-to-sample distance (~2 mm). In contrast, in
photo-DSC, the layer thickness cannot be fully controlled, and the lamp
is positioned farther from the resin surface (~10 mm). These conditions
can lead to thicker films that exacerbate the negative effects of viscosity
and color of NIUMA, and reduced light intensity at the sample, thereby
hindering complete monomer conversion. The influence of thickness
was confirmed by an additional photo-DSC experiment performed on
NIUMAR using 1.39 mg of sample to obtain a thinner film. The resulting
curves (Fig. S10) show that both monomer conversion (C) and the
polymerization rate (Rp) increased significantly under these conditions.
Although the conversion values were higher than those obtained with a
larger sample mass, they remained lower than the MIR results, likely due
to the greater lamp-to-sample distance, a parameter that cannot be
reduced in photo-DSC experiments.

Although NIUMAR exhibits sufficient reactivity to produce solid
materials, as shown in Fig. S11, its high viscosity prevents its application
in vat photopolymerization 3D printing. Therefore, the subsequent
stages of this work were conducted using only the NIUMA25, NIUMAS50,
and NIUMAY75 resins.
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3.5. Working curves, 3D printing, and printing resolution study

The resin constants penetration depth (D) and critical exposure (E.)
were determined from Jacobs working curves, shown in Fig. 6a. These
parameters are commonly used to evaluate the curing behavior of resins
under printing conditions. As shown in Table 5, NTUMA25 exhibited the
highest E. value, whereas NIUMA75 presented the lowest, indicating
that the formulation containing the highest NITUMA content requires less
energy to reach the gelation point. This behavior of NITUMA75 may be
attributed to its higher density of crosslinking points, likely arising from
the greater number of reactive sites in NIUMA. This structural feature
lowers the energy dose required to reach the gel point, as the crosslink is
facilitated [98], consequently reducing the E. value as the NIUMA
content increases in the formulation.

NIUMA?75 exhibited the lowest D, value, followed by NIUMA50 and
NIUMA25. The decrease in D, with increasing NIUMA content is
attributed to the darker color of the resin and the effects previously
discussed in this work. Notably, all resins analyzed in this study
exhibited E; and D, values lower than those reported for other renewable
formulations based on vegetable oils or methacrylate monomers
[62,63,98-102]. Moreover, high D, values allow photons to penetrate
deeper into the resin, which can compromise resolution control and
hinder the fabrication of structures with small architectures. Thus, the
low D, values of our resins indicate high printing resolution without the
need for photoblockers [63,103].

As all resins demonstrated features for vat photopolymerization 3D
printing, two different small and complex-shaped objects (a gyroid and a
hexagonal grid) were printed using each formulation and the printing
conditions described in Table 2. As can be seen in Fig. 6b, gyroid-shaped
objects with a height of 10 mm were successfully 3D-printed and pre-
sented high qualitative resolution, as the cavities and the surface of the
objects do not present overcuring defects (visually observed) and cracks.
The hexagonal grid objects designed with approximately 1 mm thick
lines also demonstrated the high accuracy of the NIUMA-based resins, as
no overcuring traces are observed. Finally, the different colors observed
in the materials arise from the different mass proportions between
NIUMA and HEMA in the formulation, in which increasing HEMA con-
tent in the formulation seems to result in materials with a less intense
brown color.

The printing resolution on the x/y-axes of each formulated resin was
studied by printing comb-shaped structures (Fig. 6¢) containing walls
and cavities with different dimensions from a designed CAD model with
standard dimensions, as shown in Fig. S12. Because overcuring is the
main factor in reducing the printing resolution of photocurable resins,
this parameter was evaluated by measuring the dimensions of the 3D-
printed models and comparing them with the dimensions of the stan-
dard. Furthermore, considering that overcuring decreases the cavity size
and increases the lateral size of the rectangles of the comb-shaped
structure, the eq. 14 and 15 provided the overcuring percentage in
each dimension. Thus, as observed in Fig. 6d and e, and in Table S2, the
formulation with the highest amount of HEMA (NIUMAZ25) presented a
percentage of overcuring higher than the others in all dimensions, with
the cavity “F” being completely overcured. This result can be associated
with the higher D, presented by this resin. In contrast, NIUMA75
exhibited overall better printing resolution than NIUMAS50, which is a
direct consequence of its lower D,. These results demonstrate that the
renewable and greener resins developed in this work exhibit printing
resolutions comparable to, or even better than, those of a non-renewable
commercial resin [57].

Although the z-axis resolution was not quantitatively evaluated, the
optical microscope images in Fig. 6f show that the 3D-printed gyroid
structures from all resins exhibit well-defined and regular layers, indi-
cating good resolution along the z-axis. Moreover, the edges of the
printed objects are well defined, with no significant cracks or defects
observed.

Because high volumetric shrinkage can lead to poor resolution,
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Fig. 6. a) Working curves; b) 3D-printed complex-shaped objects; ¢) 3D-printed comb-shaped test structure for overcuring evaluation; overcuring percentage for d)
comb cavities and e) comb rectangles; and f) optical microscopy images of the gyroid object produced from each formulated resin.

microcracks, and residual stresses, thereby compromising the perfor-
mance of resins in high-resolution 3D printing applications [104], this
parameter was evaluated for the NIUMA25, NIUMA50, and NIUMA75
formulations using the density-based method [105]. For this purpose,
the average density of each uncured resin and the corresponding 3D-
printed material was determined using a pycnometer, with all mea-
surements performed in triplicate.

As shown in Table S3, no significant differences were observed
among the densities of the uncured resins. In contrast, increasing the
HEMA concentration in the formulations resulted in higher densities for
the cured materials. As presented in Table 5, this increase in density
after 3D printing produced a larger difference between the uncured and
cured states, leading NIUMA25 to exhibit the highest volumetric
shrinkage value (6.7 + 0.1%). This behavior can be attributed to the
reduction in free volume promoted by the higher HEMA content in the
formulation.

Furthermore, the volumetric shrinkage values obtained for all resins
developed in this work were lower than those reported by Ling et al.
[106] for methacrylate-based resins. These results indicate that the
proposed formulations can be considered low-volumetric-shrinkage
resins, highlighting their potential for high-resolution 3D-printing
applications.

Overall, the results presented in this section position the NIUMA25,
NIUMAS0, and NIUMAY7S5 resins at a level comparable to commercial
resins, enabling the fabrication of complex-shaped objects with high
dimensional accuracy and opening new opportunities for their appli-
cation in the development of scaffold-like materials with tailored ge-
ometries [107,108].
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3.6. TG/DTG-DTA, DSC, DMA, gel content, hardness, tensiometric
analysis, and hydrolysis test

Thermogravimetric analysis (Fig. 7a) showed that the thermal sta-
bility (Tstapitiry) of the polymers was affected by the amounts of HEMA
and NIUMA in the formulation. As shown in Table 6, increasing the
NIUMA content increases Tapiiy, With PNIUMA7S presenting the
highest value (187.0 °C). This enhancement may be attributed to the
formation of more densely crosslinked networks, as NIUMA provides
multiple crosslinking sites, with an average functionality of 2.55 meth-
acrylic double bonds, as determined by 'H NMR spectroscopy. Notably,
all polymers developed in this study exhibited higher Tsqpiiy than a
polymer fabricated under identical 3D-printing conditions from a non-
renewable commercial resin (Fig. S13 and Table S4), reinforcing the
potential of these greener formulations for additive manufacturing.

According to the TG and DTG curves, PNIUMA25 exhibited two
mass-loss steps, with the first event associated with the degradation of
the polymeric matrix mostly composed of polyHEMA and the second
with the decomposition of carbonaceous matter, as these steps are
accompanied by exothermic events in the DTA curve. In contrast,
PNIUMAS0 and PNIUMA?75 exhibited three mass-loss steps, with the
first step associated with the possible decomposition of the polymeric
matrix composed of polyNIUMA chains, considering that in these for-
mulations there is a higher amount of NIUMA than in PNIUMAZ25. This
additional step is related to the exothermic events occurring at 367.0
and 362.0 °C in the DTA curve. The second and third steps are related to
the same events observed for PNIUMA25 [28]. All TG/DTG-DTA infor-
mation is provided in Table S4.

The DSC curves of the polymers are exhibited in Fig. 7b, and they
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Table 5
Resin constants critical energy (E.), and penetration depth (D,) obtained from
working curves, along with the coefficient of determination (R?) of each plot.

Resin E./mJ cm? D, / pm R? Volume Shrinkage (%)
NIUMA25 4.05 273.68 0.99 6.7 £ 0.1
NIUMA50 3.32 173.23 0.99 4.7 +£0.2
NIUMA75 2.58 101.79 0.99 41+0.1

present the events observed during the heating stage (-30 to 150 °C). As
it is possible to observe in all materials, the baseline change is attributed
to the glass transition process, in which the mid-point was considered
the glass transition temperature (Ty). As shown in Table 6, the Ty
decreased with the increase in NIUMA content in the formulation.
Therefore, PNIUMA25 presented the highest T, while PNIUMA75 pre-
sented the lowest. These results arise from the structural characteristics
of the formulation's components, while HEMA is a small molecule with
fewer soft segments, NIUMA is a component rich in long and flexible
aliphatic chains, which causes an increase in the free volume and allows
an increase in chain mobility, then decreasing the T, [109-111].
Relaxation curves are shown in Fig. 7c, and the corresponding results
are summarized in Table 6. As observed from the tan & curves, the
temperature associated with the a-relaxation decreases with increasing
NIUMA content in the formulation, in good agreement with the T, values
obtained from DSC analysis. In addition, a secondary relaxation is
observed for PNIUMA25 and PNIUMASO. This behavior may be related
to network heterogeneity arising from the different polymerization rates
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of NIUMAR (PT = 4 s) and HEMA (PT = 7 s), as evidenced by photo-DSC
analysis.

The higher reactivity of NIUMAR may promote compositional and
topological heterogeneities during curing. As the NIUMAR-rich phase
polymerizes and crosslinks more rapidly, HEMA molecules may become
preferentially distributed in regions with lower crosslink density, lead-
ing to distinct molecular environments within the polymer network.
Such heterogeneities can result in multiple relaxation processes detect-
able by DMA. Similar behavior was reported by Zakrzewski et al. [108]
for photocurable resin systems based on pentaerythritol tetraacrylate
and the reactive diluent 2-ethylhexyl methacrylate.

The crosslinking density of each 3D-printed polymer was determined
using eq. 17. As shown in Table 6, decreasing the HEMA content in the
formulation led to an increase in the v values. This behavior is attributed
to the high functionality of NIUMA, as evidenced by the TG-DTA curves.
In contrast, the polymer chains formed from HEMA do not contribute to
the crosslinking of the polymer network, since this methacrylate diluent
is a monofunctional monomer and therefore does not participate
completely in network crosslinking [112].

From the tensile test, the stress-strain curve was obtained for each
polymer, as exhibited in Fig. 7d. The summarized results obtained from
the curves are shown in Table 6. A clear tendency in the strain is
observed. The increase in NIUMA content led to an increase in the strain
value, resulting in PNIUMA75 with the highest value (15.0%) and
PNIUMA25 with the lowest (4.0%). This behavior can be attributed to
the presence of long aliphatic chains in NIUMA (fatty chains), which
impart greater chain mobility and flexibility to the polymer network

Fig. 7. Curves obtained from a) TG/DTG-DTA, b) DSC, c) relaxation, and d) tensile strength analysis for each 3D-printed polymer. Graphs of e) gel content and f)
contact angle. g) Pictures at different times (0, 3, and 24 h) of the hydrolysis test.
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Table 6
Physicochemical properties of each 3D-printed material.
PNIUMA25 PNIUMAS50 PNIUMA75

Tstabitity / °C 161.0 169.0 187.0
Tg/°C 104.0 91.0 72.0
Tan & 107.4 84.3 67.0
v/ mol m3 233.6 338.2 565.0
Ey/E} 500.0 240.0 108.0
“Strain / % 4.0° 7.4° 15.0°
“Tensile strength / MPa 3.5° 3.5° 3.7¢
Young's modulus / MPa 240.0 £ 2.7 130.0 £ 1.6 67.0 + 0.4
GC/ % 95.0 £ 3 98.0 +1 95.0 + 2
Hardness / Shore D 77.0 £0.2 66.0 = 0.2 53.0 + 0.4
Contact angle / ° 79.0 £ 0.3 84.0 £ 0.7 87.0+0.8

? The maximum strain and tensile strength were determined at the point of
maximum force, as the samples did not break under the performed experimental
conditions.

[113]. Meanwhile, the tensile strength remained relatively constant
across all samples, indicating that it is not significantly influenced by
NIUMA or HEMA contents. In contrast, the Young's modulus increased
with the increase of HEMA in the formulation, resulting in PNIUMA75
with the lowest value, reinforcing its flexible character.

The gel content (GC) value is a parameter related to the number of
crosslinked chains in a determined polymer network. Therefore, as
shown in Fig. 7e and Table 6, the GC values of the 3D-printed polymers
from all resins are similar, indicating that the materials are highly
crosslinked, even using a monofunctional reactive diluent (HEMA).

The hardness value of PNIUMA25, PNIUMA50, and PNIUMA75 was
determined and exhibited in Table 6. It is noticeable that increasing the
HEMA amount in formulation led to rigid materials, while higher
amounts of NIUMA tend to produce soft materials. These results follow
the same trend observed in the Young's modulus.

From tensiometric analysis, it is possible to determine the contact
angle of materials, which is, in other words, their wettability, since the
tests were performed using water [56,114]. Materials with a contact
angle <90° are considered hydrophilic, while materials with a contact
angle >90° are classified as hydrophobic. As can be seen in Fig. 7f and
Table 6, the increase of HEMA in the formulation led to materials with a
more hydrophilic character, which can be attributed to its polar char-
acteristics (hydroxyl groups). Meanwhile, the formulation containing
the highest amount of NIUMA (PNIUMA?75) resulted in materials with a
value close to hydrophobic materials, due to the highly apolar character
of the aliphatic chains in the triglyceride, which mostly dominate the
structure of this monomer.

The hydrolysis test shown in Fig. 7g exhibits the behavior of the 3D-
printed materials under acidic and basic conditions. Under acidic con-
ditions, no observable degradation is observed in the materials. On the
other hand, in a basic medium, all materials exhibited a certain level of
degradation, which varied according to the formulation. For example,
after 3 h, PNIUMA25 and PNIUMAS50 seem to be less degraded than
PNIUMA75. However, after 24 h, all materials appear to have lost
integrity, indicating a high level of degradation.

As shown by the results of this section, materials with different
chemical and mechanical properties can be obtained depending on the
formulation used, demonstrating the versatility of NITUMA for producing
materials with properties on demand. Furthermore, although direct
comparisons should be made with caution due to differences in testing
conditions, a qualitative assessment against literature data (Table S5)
indicates that the NIUMA-based materials exhibit higher elongation
than those reported for non-isocyanate polyurethane-derived resins. In
addition, the elongation, tensile strength, or Young's modulus values
obtained in this work can be, in some cases, compared to those reported
for materials based on acrylated vegetable oils, acrylated epoxidized
vegetable oils formulated with partially renewable reactive diluents,
thiol-ene systems, and (meth)acrylated lignin-derived phenolic resins.
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3.7. Shape memory, luminescence, reprocessing, and self-healing tests

Shape memory polymers (SMPs) are capable of undergoing a
reversible change in shape in response to an external stimulus (e.g.,
heating). Upon stimulation, the material is temporarily deformed and
retains this new shape until the stimulus is reapplied, at which point it
recovers its original/permanent shape. Materials exhibiting this smart
behavior have significant potential for applications in various fields,
including functional textiles [115], active aircraft components [116],
and adaptive biomedical devices [117].

Initially, the SMP behavior of our polymers was preliminarily
determined by analyzing the ratio between storage modulus values at
the glassy- and rubbery-state (E'y/E',), as already reported by Zhao et al.
[105]. According to the authors, a ratio above 100 indicates great po-
tential for SMP behavior, as it results from a dramatic decrease in the
modulus with increasing temperature [105]. Similarly to the afore-
mentioned work, we obtained the E'y value at 25 °C and the E' at the
plateau of the rubbery state (Tan & 4 40 °C). Therefore, as can be seen in
Table 6, all 3D-printed materials demonstrated good potential for SMP
behavior, with all modulus ratios above 100. It should be noted that
PNIUMAZ25 presented the highest value, indicating a high-performance
SMP material. After this evaluation, complex-shaped 3D-printed objects
fabricated from each resin were qualitatively evaluated for SMP
behavior. As shown in Fig. 8a, all materials exhibited shape memory
properties, although with different recovery times to their permanent
shape. Notably, PNIUMA?75 showed the fastest recovery, fully returning
to its permanent shape within 70 s, which can be attributed to its lower
glass transition temperature. In contrast, due to their higher rigidity,
materials with higher HEMA contents required longer recovery times,
reaching complete recovery after 100 s (PNIUMA25) and 150 s
(PNIUMAS50). The SMP behavior noticed in all materials is a result of the
structural characteristics of NIUMA and HEMA. Based on the phase
transition theory [118]. We suggested that the aliphatic chains of
NIUMA and the polyHEMA chains (without crosslinking) act as the
active phase above the T, enabling conformational mobility and
allowing the storage of internal stress after deformation into a tempo-
rary shape, followed by cooling. In contrast, the crosslinked points
within the polymer network remain as the frozen phase, serving as
physical netpoints that encode the “memory” of the polymer and ensure
recovery to its original shape upon reheating.

As exhibited in Fig. 8b, all 3D-printed polymers presented lumines-
cent properties when irradiated with UV light (370 nm). It is suggested
that this property is a result of the aggregation-induced emission (AIE) in
NIUMA. The AIE effect arises from the clustering of electron-rich atoms,
such as oxygen and nitrogen, which promotes orbital overlap and the
formation of low-lying LUMO states. In combination with molecular
restriction effects, radiative decay pathways are facilitated, resulting in
luminescent materials [119,120]. In our case, the functional groups
attached to NIUMA make it a strong source of electron-rich atoms,
resulting in luminescent materials via the AIE effect. This feature of
NIUMA-based polymers is interesting since polymers with the AIE effect
have been applied in important fields such as polymeric light-emitting
diodes (PLEDs) [121], chemo-biosensing, bioimaging, and photody-
namic therapy [122,123].

As described by Chen et al. [124] polyhydroxyurethanes (PHU) can
undergo transcarbamoylation exchange reactions due to the presence of
urethane and hydroxyl groups in the polymer network. Besides, when
vegetable oils are used to produce PHU, transesterification exchange
reactions can also occur in the presence of dibutyltin dilaurate (DBTDL)
as the catalyst [125,126]. Therefore, the synthetic approach to produce
the NIUMA was chosen to produce a monomer containing urethane and
ester groups in the triglyceride structure, which can further produce
materials with exchangeable covalent bonds and enormous potential for
producing DPNs. As a proof-of-concept, we developed a NIUMA75 resin
containing 3 wt% DBTDL (named NIUMA75-DB). Since the NIUMA
monomer does not present a significant number of free hydroxyls
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Fig. 8. a) Shape memory and b) luminescent behavior of PNIUMA25, PNIUMA50, and PNIUMA?75. c) Reprocessing and d) self-healing tests with PNIUMA75-DB.
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(secondary alcohol), HEMA was chosen not only as the reactive diluent,
but as a source of primary free hydroxyls, which can participate in these
exchange reactions. Furthermore, DBTDL was chosen because it has the
ability to catalyze transcarbamoylation reactions with both primary and
secondary alcohols, as previously verified by Bakkali-Hassani et al. [35]
Hence, NIUMA75-DB was used to print a circular form (named as
PNIUMA75-DB and shown in Fig. 8c), which was further submitted to a
reprocessing test. The reprocessing was performed by cutting the ma-
terial into small pieces and placing them in a circular-shaped mold.
Then, the system was placed in a manual press (Fig. 8c), which was
pressed as much as possible. Finally, the system was inserted in an oven
at 150 °C for 3 h.

The self-healing test was performed by scratching PNIUMA75-DB in
three different places and directions using a razor blade, heating it at
150 °C under no pressure for 3 h, and applying manual pressure (using
the manual press) for 1 h.

As shown in Fig. 8¢, PNIUMA75-DB presented features for reproc-
essability, since a defined material could be obtained without compro-
mising its chemical structure, as indicated by its similar thermal stability
(184.0 °C) presented after the reprocessing test (Fig. S14 and Table S2).
Additionally, the appearance of a new mass-loss step between 85 and
184 °C is attributed to ethanolamine evaporation, which likely occurred
due to reversible cyclic carbonate aminolysis exchange reactions. This
assumption is supported by comparing the MIR spectra of PNIUMA75-
DB collected before and after reprocessing. As shown in Fig. S15, an
increase in the intensity of the C=0 and C—O bands at 1793 and 1049
cm™, associated with the cyclic carbonate ring, was observed after
reprocessing, confirming the occurrence of reversible aminolysis ex-
change reactions, in agreement with previous reports by Chen et al.
[127] In addition, the band at 1653 cm'l, observed in the reprocessed
PNIUMA75-DB, is attributed to N—H bending of free ethanolamine
[71]. To better understand the activation of the dynamic process in
PNIUMA75-DB, the material was submitted to 10 min of heating without
pressure at different temperatures. After each heating (and cooling to
room temperature), a MIR spectrum of the material was collected. As
can be seen in Fig. S15c, the intensity of the C=0 band from the cyclic
carbonate groups does not change until 110 °C. However, after this
temperature, its intensity increases, demonstrating the occurrence of the
dynamic process of reversible aminolysis exchange.

PNIUMA75-DB also presented healing capabilities. As shown in
Fig. 8d and Fig. S16, the microscopic images of PNIUMA75-DB show
that the scratches in the material reduced considerably after 3 h of
heating without pressure, and it completely healed after 1 h under
pressure (a reference point was highlighted with a black circle). The
same behavior was observed in the other scratches, as exhibited in
Fig. S16. As an initial study, it is possible to suggest that the formulation
containing the highest amount of NIUMA exhibited DPN behavior,
which will be further studied in subsequent work.

4. Conclusions

In this study, a vegetable oil-based non-isocyanate urethane meth-
acrylate monomer (NIUMA) was successfully synthesized and charac-
terized. Novel renewable photocurable resins were subsequently
developed by incorporating HEMA as a reactive diluent, effectively
overcoming the high viscosity of the pure NIUMA-based formulation.
This strategy yielded resins with bio-based carbon content exceeding
40% and SFS values ranging from 21 to 38, highlighting their potential
as renewable and sustainable photocurable resins. The curing behavior
during photopolymerization of the resins demonstrated that HEMA-
containing formulations exhibit high reactivity and are suitable for
rapid curing. Additionally, the photolysis study suggested that the
structural characteristics of the NIJUMA monomer confer UV-absorbing
capability, which may promote self-initiation of polymerization when
exposed to UV light. This feature was suggested to be responsible for
achieving high monomer conversions, as observed in MIR and photo-
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DSC results. The high reactivity of the photocurable resins enabled
their application in vat photopolymerization 3D printing, allowing the
fabrication of renewable, complex-shaped objects with high resolution
and lower impact from the evaluated overcuring and volume shrinkage.
Comprehensive characterization of the 3D-printed materials revealed
tunable thermal, mechanical, hardness, and wettability properties as a
function of the NTUMA/HEMA ratio, making these materials adaptable
for diverse applications or on-demand property optimization. Addi-
tionally, all materials underwent degradation under alkaline conditions,
mitigating the risk of long-term environmental accumulation. The
presence of shape-memory and luminescent properties was qualitatively
verified across all materials, further broadening their potential appli-
cation scope. Finally, in alignment with circular-economy principles, the
formulation with the highest NIUMA content and DBDTL as a catalyst
was used to print a dynamic polymer network, yielding a material with
reprocessing and self-healing capabilities, possibly resulting from
transesterification, transcarbamoylation, and reversible cyclic carbon-
ate aminolysis. These results highlight the potential of these renewable
formulations for producing materials with high efficiency and devel-
oping a greener additive manufacturing. Furthermore, this work opens
new opportunities for reprocessable bio-based non-isocyanate urethane
methacrylate polymers produced by vat photopolymerization 3D
printing.
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