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ABSTRACT
Cationic photopolymerization offers a significant advantage over radical polymerization due to its resistance to oxygen inhibition
and superior dimensional stability during the crosslinking process. In this study, we aim to advance the development of bio-
based monomers for cationic photopolymerization by synthesizing oxetane-functionalized derivatives of adipic, itaconic, and
citric acids. These three renewable acids were chosen for their multifunctionality and availability. The synthesized monomers,
bis((3-methyloxetan-3-yl)methyl) adipate (BOA), bis((3-methyloxetane-3-yl)methyl) itaconate (BOI), and tris((3-methyloxetane-3-
yl)methyl) citrate (TOC), were fully characterized using nuclear magnetic resonance (NMR). Fourier transform infrared (FTIR)
spectroscopy and photo differential scanning calorimetry (photo-DSC) were employed to monitor the oxetane ring-opening
reaction kinetics and to determine the degree of conversion, revealing high reactivity in all monomers, reaching nearly complete
conversion within 90 s. The mechanical properties of the UV-cured films were assessed by dynamic mechanical thermal
analysis (DMTA) and gel content measurements. Results indicated that the BOI-based films exhibited higher glass transition
temperatures (Tg) and crosslinking densities compared to BOA- and TOC-based films. The findings demonstrate the potential
of bio-based oxetane monomers to produce UV-curable materials with acceptable thermomechanical properties, offering a
sustainable alternative to petroleum-derived precursors.

1 Introduction

In a more sustainable and forward-thinking global framework,
the research on biobased monomers plays a crucial role in
replacing fossil-based alternatives [1–10]. Biomass feedstock, an
abundant carbon source, can be transformed into various value-
added chemicals and serves as a promising renewable alternative

to fossil fuels [11–13]. Shifting focus to the technology, UV-
curing is an efficient and sustainable method for producing solid
materials from liquidmonomer formulations. This technique has
found applications in industries such as coatings, dental products,
and additive manufacturing, offering key advantages, including
the absence of volatile organic compound (VOC) emissions due
to the lack of solvents and reduced energy consumption [14].
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Among the various monomer crosslinking strategies, cationic
ring-opening photopolymerization is a UV-curing process that
offers significant advantages over radical polymerization, as it
is unaffected by oxygen inhibition and promotes dimensional
stability during the crosslinking process [15, 16]. Epoxy resins
are the most used monomers in cationic polymerization, widely
applied in coatings, inks, nanocomposites, and adhesives [17–19].
These monomers exhibit high reactivity due to the heteroatom
in the epoxy ring, which is highly susceptible to protonation
during cationic ring-opening polymerization. This reactivity is
attributed to the significant ring strain and the electronegativity
of the heteroatom [20, 21].

Three decades ago, monomers bearing oxetane functionalities
emerged as another interesting option for cationic polymerization
[22–24]. The oxetane ring is a four-membered cyclic ether that,
like the epoxide (oxirane) ring, experiences significant ring strain,
with values comparable to ethylene oxide (107 kJmol−1 for oxetane
and 114 kJmol−1 for oxirane). However, the oxygen atom in the
oxetane ring exhibits greater basicity than that in oxirane, as
indicated by their pKa values (2 for oxetane and 3.7 for oxirane)
[25, 26]. Since then, only a limited number of studies have
been published on the cationic photopolymerization of oxetane-
functionalizedmonomers, with none, to our knowledge, focusing
on bio-based systems. As a contribution from our group, in
previous studies, we have investigated in depth the reactivity of
oxetane monomers toward solvent-free cationic photopolymer-
ization and the properties of crosslinked films [27–29]. In 2016,
Zheng et al. investigated the copolymerization of oxetane with
epoxy monomers to enhance the reactivity and final oxirane
conversion [30]. However, in recent years, research on oxetane
monomers appears to be stagnant. In a more eco-sustainable
approach, we would like to reboot the use of oxetane monomer
in cationic photopolymerization utilizing renewable precursors.
To this end, we employed three biobased monomers that are
widely available, namely adipic acid, itaconic acid, and citric
acid.

Adipic acid is a dicarboxylic acid and can be produced from
biomass mainly via chemocatalytic and biological methods. It is
extensively used in the production of polyamides, polyurethane
resins, adhesives, and lubricants among other products [31–34].

Itaconic acid is an unsaturated dicarboxylic acid, which is pro-
duced via fermentation of carbohydrates by fungi, with a market
volume of thousands of tons per year [35], and several reviews
on the exploitation of itaconic acid as a bio-based precursor have
been published [36–39].

Citric acid is a tricarboxylic acid, which is a common
metabolite of plants present in the juice of citrus fruits and
can also be easily obtained as a fermentation product from
carbohydrate metabolism of many aerobic and anaerobic
microorganisms [40].

All these acids are multifunctional and would serve as ideal
precursors to prepare monomers with oxetane moieties for
cationic photopolymerization. Thereby, the three biobased acids
were functionalized with 3-ethyl-3-oxetanemethanol, via one pot
transesterification reaction, to achieve bio-based photocurable
oxetane monomers (see Scheme 1).

The synthesized bis((3-methyloxetan-3-yl)methyl) adipate
(BOA), bis((3-methyloxetane-3-yl)methyl) itaconate (BOI),
and tis((3-methyolxetane-3-yl)methyl) citrate (TOC) were fully
characterized by NMR analysis and investigated in cationic
UV-curing relativity. The curing process was followed by FTIR
and photo-DSC analysis, and the thermo-mechanical properties
of the crosslinked network were investigated by DSC and DMTA
analysis.

2 Discussion

2.1 Synthesis of Oxetane Monomers

The monomers of this study were prepared via a conventional
transesterification reaction (see Scheme 1). Preliminary experi-
ments were used to determine the temperature and the amount
of catalyst for the preparation of each monomer. Reaction tem-
peratures higher than 170◦C resulted in gelation of the reaction
mixture, while a higher amount of catalyst was used for the
preparation of TOC monomer, as the larger, more branched
structure, including three carboxyl groups and an additional
hydroxyl group of TEC increased the viscosity of the mixture
significantly, limiting the yield of the reaction.

BOA was received as a transparent liquid of relatively low
viscosity, while BOI and TOC were of yellow to orange colour
and their viscosity was higher, potentially due to the C═C bond
and the free ─OH group in their structure, respectively. The yield
of the transesterification reaction was calculated by comparing
the ratio of the signals of the esters of the precursors (DMA,
DMI, TEC) with the signals of the OxMe esters of the prepared
monomers. ForDMAandDMIprecursors, a conversion ofmethyl
esters above 95% was achieved. In the case of the TEC precursor,
the increased viscosity limited the conversion of the ethyl esters.
While the spectrum is more complex compared to the rest of the
monomers, a conversion between 85 and 90% is expected.

The synthesized monomers were fully characterized by 1H-NMR
and 13C-NMR analysis. The detailed assignments are reported in
the experimental part.

2.2 Photo-Curing Kinetics

Figure 1 shows the spectra of the BOI monomer under UV-light,
recorded at 25◦C, with magnifications centred at 1648 cm−1 (A)
and 835 cm−1 (B), as an example. The oxetane conversion was
calculated using Equation (1), and conversion curves as a function
of irradiation time are reported in Figure 2 for the investigated
monomers. The ring-opening reactionwas strongly influenced by
the temperature at which the crosslinking process is carried out,
as previously reported byCrivello et al. [24, 25, 41]. For this reason,
we have investigated, as a first step, the influence of temperature
during cationic photopolymerization of synthesized oxetanes.
The studied monomers showed relatively high reactivity of the
oxetane group when the photo-curing process was conducted at
temperatures of 85◦C and above.

The BOA-based formulation showed a very sluggish reactivity at
25◦C, as Figure 2 illustrates, reaching 63% conversion upon 90 s
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SCHEME 1 Synthetic route for the oxetanes synthesis.

FIGURE 1 RT-FTIR spectra of BOI formulation; the decreasing of the vinyl group at 1648 cm−1 (A) and the oxetane group at 835 cm−1 and the
C═C group at 816 cm−1 (B).

FIGURE 2 Conversion curves for oxetane groups as a function of irradiation time of BOA, BOI, and TOC monomer (signal monitoring at 835
cm−1).

of UV-irradiation. By raising the temperature to 85◦C and 105◦C,
an enhancement in the curing kinetics can be observed and most
of the oxetane groups react within just 30 s to almost complete
conversion (98% and 99% respectively).

The BOI monomer showed, as well, low reactivity at room
temperature, with a conversion of the oxetane group of 32%.
However, this formulation also reacted rapidly once sufficient
thermal energy was provided, as the conversion reached 94%

Macromolecular Chemistry and Physics, 2025 3 of 10
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after 90 s of irradiation at 85◦C and reached close to complete
conversion (99%) at 105◦C.

It is important to underline that thicker samples of BOA-based
formulations were not fully crosslinked, while formulations
based on BOI monomer reached an adequate crosslinking degree
even in the case of thicker samples at room temperature (samples
of 500 µm thickness for DMTA analysis). Following the FTIR
spectra upon irradiation, it is possible to observe a decrease in
the C═C double bond peak, both measured at 1648 and at 816
cm−1, along with the reduction of the oxetane group peak at 835
cm−1 (Figure 1A,B). This suggests that the C═C double bonds
are involved in the curing reaction. This was unexpected, and
we suppose it could be due to the radical formed during onium
salt photodecomposition. It seems that the C═C bond shows
quite good reactivity toward radical chain-growth polymerization
promoted by the radical byproduct obtained during irradiation.
This could also be the reason why the irradiated BOI formula-
tions resulted in crosslinked films even when the process was
conducted at 25◦C. We assume that BOI monomer acts as a
trifunctional monomer, involving 2 oxetane functionalities and
a C═C double bond functionality, all involved in the polymer
network formation.

The conversion curves clearly show that the trifunctional oxetane
(TOC) exhibits the slowest reaction kinetics among the three
monomers. At room temperature, the ring-opening reaction
progresses slowly, achieving only 8% conversion after 90 s of UV
irradiation at 25◦C. When the curing process is performed at
85◦C, an oxetane group conversion of 73% was achieved. Then
again,when curingwas performed at 105◦C, an overall conversion
of 90% was reached within the same time. The slightly lower
reactivity of the trifunctional monomer was expected. Normally,
during the curing of a trifunctionalmonomer, a vitrification effect
should occur faster compared to a bifunctional one, leading to a
decrease of the polymer chain mobility and eventually to a stop
of the chain growth.

A gel content exceeding 98% in BOI- and TOC-based materials
confirmed the formation of a fully crosslinked network, whereas
the BOA-based material exhibited a gel content of 89%.

Photo-DSC analysis was conducted at various temperatures to
evaluate the heat release during the crosslinking reaction. As
shown in Figure 3, the BOI-based formulation exhibited the high-
est heat release across all temperatures studied. The BOA-based
formulation showed comparable heat release at 120◦C, despite
FTIR results indicating good reactivity at 85◦Caswell. In contrast,
the TOC-based formulation displayed lower reactivity among the
three studied monomers, aligning with the observations from
FTIR analysis.

These differences can be attributed to both chemical and physical
factors. The higher enthalpy of BOI compared to BOA is due to
the presence of a carbon-carbon double bond in its structure,
enabling concurrent radical and cationic photopolymerization.
FTIR data confirm this dual mechanism, and the additional
radical curing contributes to the total heat measured in Photo-
DSC.Despite its trifunctionality, TOC’s lower heat release is likely
due to the high viscosity of the monomer and early gelation,
the latter being a consequence of its higher functionality, which

FIGURE 3 Heat release during the crosslinking reaction of all three
monomers, BOA, BOI, and TOC at different temperatures (25◦C, 85◦C,
105◦C, and 120◦C).

TABLE 1 FTIR Conversions and photo-DSC heat releases for BOA,
BOI, and TOC formulations.

Curing Temperature

FTIR 90s
Conver-
sion

Photo-DSC
Heat release

(J/g)

BOA 25◦C 63% 0
85◦C 98% 131
105◦C 100% 168

BOI 25◦C 32% 37
85◦C 95% 179
105◦C 100% 356

TOC 25◦C 8% 7
85◦C 74% 65
105◦C 94% 141

together limit oxetane conversion. Rapid network formation
restricts chain mobility, reducing the extent of the reaction. In
contrast, the bifunctional formulations of BOA and BOI exhibit
slower network buildup, allowing mobility and more complete
conversion before gelation. Furthermore, it is also important to
consider differences in experimental setup: FTIR measurements
were performed on 12 µm films, whereas Photo-DSC used approx-
imately 7 mg of bulk material in an aluminium pan, potentially
influencing the observed reactivity and heat release (Table 1).

2.3 Characterization of Thermo-Mechanical
Properties of UV-Cured Films

Viscoelastic properties of the UV-cured formulations were eval-
uated by DMTA analysis (curves reported in Figure 4). The
crosslinked density was assessed following Equation (2), consid-
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FIGURE 4 DMTA curves of UV-Cured films of BOA, BOI, and TOC.

ering the modulus value measured at Tg + 50◦C, from the storage
modulus curves E’.

The thermo-mechanical properties of the cured films, evaluated
byDMTA, exhibit a strong dependence on the curing temperature
and the structural features of the monomers. For the BOA-
based system, no crosslinked film could be obtained under UV
irradiation at room temperature, indicating very limited oxetane
reactivity under these conditions. Upon increasing the curing
temperature, fully crosslinked materials were obtained, and the
glass transition temperature (Tg) increased from 17◦C (when
curing at 85◦C) to 43◦C (when curing at 105◦C), in agreementwith
the progressive increase in oxetane conversion and crosslinking
density observed in FTIR and Photo-DSC analyses.

The BOI-based formulation exhibited significantly higher Tg
values compared to BOA across all curing conditions. The sample
exhibited a Tg of 77◦C after curing at 25◦C. When cured at
85◦C, the DMTA curve displayed two distinct transitions, at
80◦C and 122◦C, suggesting the formation of a heterogeneous
network with regions of different crosslinking density. This is
consistent with FTIR results showing that at room temper-
ature, the radical polymerization of C═C groups dominates
with limited oxetane conversion (32%). When the crosslinking
reaction occurred at 85◦C, activation of oxetane rings occurs,
but incomplete conversion may lead to structural heterogene-
ity, as suggested by the presence of multiple transitions. At
105◦C, full activation of both functional groups is achieved,
yielding a more homogeneous and highly crosslinked network,
as evidenced by the single Tg peak at 134◦C and the highest
enthalpy release observed in Photo-DSC. The superior perfor-
mance of BOI can be attributed to its bifunctional structure,
which enables both radical polymerization of the C═C double
bonds and cationic ring-opening polymerization of the oxetane,
contributing to increased crosslinking density and network stiff-
ness. Additionally, the higher flexibility of the adipate backbone
in BOA compared to the more rigid itaconate unit in BOI
contributes to the differences in network stiffness and final
Tg.

In contrast, TOC-based systems exhibited a decrease in Tg
when cured at 105◦C (70◦C) compared to 85◦C (97◦C), despite
their trifunctional design. This counterintuitive behaviour may
result from two competing effects. First, the high function-
ality leads to rapid network formation and early gelation,
which restricts oxetane conversion and limits overall crosslink-

ing density. Second, the presence of hydroxyl groups in the
TOC structure can promote chain transfer reactions via the
activated monomer mechanism, forming flexible ether linkages
that reduce network rigidity. It is well known that OH groups
could interact with the carbocationic growing chain via a chain
transfer reaction, enhancing the ring-opening conversion [42–
44]. In the presence of hydroxyl groups, the growing chain
is terminated by reaction with the OH, an ether linkage is
formed, and simultaneously, a proton is produced, which can
initiate a new polymeric chain. Moreover, it is likely enhanced
at higher temperatures, which could explain the observed drop
in Tg at 105◦C curing temperature. These factors are reflected
in the lower νc values and reduced modulus observed for TOC-
based materials. The BOI system, on the other hand, benefiting
from both radical and cationic reactivity, clearly outperforms
the other formulations in terms of crosslinking density and
thermal resistance. The summarized data are presented in
Table 2.

Contact angle onUV-Cured filmsweremeasuredwith bi-distilled
water (values reported in Table 2. Images reported in Figure 5),
the TOC film exhibits a contact angle value of around 92◦, which
is definitely a higher hydrophobicity than the BOI film, exhibiting
a contact angle of around 72◦.

3 Conclusion

To awaken the research interest in the exploitation of oxetane
monomer in cationic photopolymerization, we have selected
three bio-based precursors: adipic, itaconic, and citric acid,
which were functionalized with oxetane ring functional groups.
The synthesis of the oxetane monomers was achieved via a
conventional transesterification reaction, starting from the esters
of the acid functionalized with 3-ethyl-3-oxetane methanol. The
synthesizedmonomerswere fully characterized byNMRanalysis,
and their reactivity toward cationic photopolymerization was
investigated via FTIR and photo-DSC.

The conversion curves as a function of irradiation time showed
a good reactivity of the monomers with an almost complete
oxetane group conversion for all monomers when the curing
process was performed at 85◦C or above. Compared to oxe-
tane BOA, a slightly better reactivity was evidenced for BOI,
which seems to behave as a trifunctional monomer involving
the curing process the C═C double bond besides the oxe-
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TABLE 2 Thermo-mechanical properties measured by DMTA analysis of UV-Cured oxetane films.

Curing Temperature DMTA Tg (◦C)1
Modulus
(Pa)2 νc (mmol/cm3)3 Contact angle (◦)4 Gel content (%)

BOA 25◦C N/A N/A N/A NA NA
85◦C 17 3.69 × 106 0.43 93 ± 4 89
105◦C 43 7.03 × 106 0.77 95 ± 6 89

BOI 25◦C 77 2.99 × 107 3.00 NA NA
85◦C 80/122 5.68 × 107 5.09 72 ± 4 100
105◦C 134 7.10 × 107 6.29 73 ± 5 100

TOC 25◦C 36 1.47 × 106 0.16 NA NA
85◦C 97 1.24 × 106 0.12 92 ± 3 100
105◦C 70 1.41 × 106 0.14 94 ± 2 100

FIGURE 5 Contact angle on UV-cured films of BOA (left), BOI (center), and TOC (right) crosslinked at 85◦C.

tane ring. The TOC behaviour was explained mainly because
of the activated monomer mechanism involving OH groups,
which causes a reduction of the crosslinking density and for-
mation of ether flexible linkages in the polymeric structure.
In fact, during the polymerization reaction, the growing ionic
chain end undergoes nucleophilic attack by the hydroxyl group
present in the TOC monomer to give a protonated ether.
Deprotonation of this latter species by the oxetane monomer
results in the termination of the growing chain and the pro-
ton transfer to a new oxetane monomer, which can start a
new chain. The resulting polymers have flexible ether link-
ages and a lower Tg. This mechanism is responsible at the
same time of the good oxetane group conversion but lower
crosslinking density of TOC crosslinked monomer with respect
to BOI.

The UV-cured materials were characterized by DMTA analysis,
and the crosslinked bifunctional oxetane BOI showed a higher
Tg value compared to the other crosslinked monomers due to
the smaller structure and additional functionality provided by the
double bond, leading to higher crosslink density.

We have shown the possibility to widen the availability of bio-
based cationic UV-curable monomers, prone to the photocuring
process, giving rise to UV-cured films with good thermo-
mechanical properties and tunable Tg.

4 Experimental Section

4.1 Materials

Dibutyl tin oxide (DBTO, 98%), 3-methyl-3-oxetane methanol
(OxMe, 98%), adipic acid dimethyl ester (DMA, ≥99%), itaconate
dimethyl ester (DMI, 97%), citrate triethyl ester (TEC, 98%),
triarylsulfonium hexafluoroantimonate salts (50% of solids by
weight in propylene carbonate) and chloroform were all pur-
chased from Aldrich. (Sigma–Aldrich AB, Stockholm, Sweden).

4.2 Oxetane Monomer Synthesis

In a round-bottom flask, DMA, DMI, or TEC and OxMe, in an
excess of 0.1 eq per ester functional group, andDBTOwere added.
The flask was purged with nitrogen, and the temperature was
increased gradually to 160◦C. The reaction mixture was stirred
vigorously with a magnetic stirrer and was kept at 160◦C for 3
h and at 170◦C for another 3 h. The mixture was then cooled
down to room temperature, and a second part of 3-methyl-3-
oxetane methanol was added, equal to 0.1 eq per ester functional
group. The mixture was then reheated at 160◦C for 1.5 h and
at 170◦C for another 1.5 h. The temperature was then set at
140◦C, and a vacuum of 5 mbar was applied for 3 h, to remove
unreacted OxMe. Then the apparatus was cooled down to room

6 of 10 Macromolecular Chemistry and Physics, 2025
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FIGURE 6 1H-NMR analysis of the synthesized oxetane monomers; BOA, BOI, TOC.

temperature to collect the monomers. No purification was made
prior to characterization. The scheme of the synthetic procedure
is reported in Scheme 1.

The synthesized monomers were fully characterized by 1H-NMR
and 13C-NMR analysis. The 1H-NMR is reported in Figure 6, and
the signal assignments are following detailed.

Macromolecular Chemistry and Physics, 2025 7 of 10
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BOA

1H NMR (400 MHz, CDCl3) δ 4.49 (d, J = 6.0 Hz, 2H), 4.37 (d, J =
5.9 Hz, 2H), 4.15 (s, 2H), 2.38 (t, J= 2.3 Hz, 2H), 1.76 – 1.60 (m, 2H),
1.32 (s, 3H).

13C NMR (101 MHz, CDCl3) δ 173.28, 79.55, 68.61, 39.08, 33.75,
24.36, 21.18.

BOI

1H NMR (400MHz, CDCl3) δ 6.38 (s, 1H), 5.76 (s, 1H), 4.51 (dd, J=
13.4, 6.0 Hz, 4H), 4.38 (dd, J = 10.9, 6.0 Hz, 4H), 4.24 (s, 2H), 4.18
(s, 2H), 3.41 (s, 2H), 1.34 (s, 3H), 1.32 (s, 3H).

13C NMR (101 MHz, CDCl3) δ 170.57, 165.98, 133.46, 129.02, 79.42,
69.14, 69.09, 39.18, 39.09, 37.65, 21.15, 21.11.

TOC

1H NMR (400 MHz, CDCl3) δ 4.53 – 4.44 (m, 4H), 4.40-
4.34 (m, 8H), 4.31 – 4.21 (m, 2H), 4.17 (s, 4H), 4.19 – 4.07 (m, 1H),
4.00 (s, 1H), 3.01 – 2.79 (m, 4H), 1.32 (s, 3H), 1.28 (s, 6H).

13C NMR (101 MHz, CDCl3) δ 173.29, 169.64, 79.40, 79.36, 79.27,
73.29, 70.19, 69.18, 69.11, 43.47, 43.39, 39.11, 39.05, 21.04.

4.3 Formulation Preparation and
Photopolymerization

The formulations were prepared by adding 6 phr (per hundred
resin) of triarylsulfonium hexafluoroantimonate salts (S-SbF) as
the photoinitiator (PI) to the synthesized monomers (BOA, BOI,
and TOC), followed by mixing. The samples were then placed
in a silicon mould and preheated in the oven at the mentioned
temperatures (85◦C, 105◦C) and cured using DYMAX ECE Flood
lamp (Dymax Europe GmbH) at a light intensity of 130 mW/cm2.
The curing duration ranged from 3 to 12 min, depending on the
monomer’s induction time.

4.4 Characterization Methods

4.4.1 Nuclear Magnetic Resonance (NMR)
Spectroscopy

Chemical structures of the synthesized monomers were inves-
tigated by 1H NMR spectroscopy performed on an Avance 400
(Bruker) spectrometer (400 MHz). CDCl3-d1 was used as the
solvent and also as the internal standard for calibrating the
chemical shift.

4.4.2 Fourier Transform Infrared (FTIR) Spectroscopy

The structural changes of the oxetane monomers before and
after UV-irradiation were evaluated by a PerkinElmer Spectrum
100 instrument (PerkinElmer Waltham, Massachusetts, US), in
transmission mode. The FTIR spectra were acquired with a
resolution of 4 cm−1 and obtained as the average of 32 scans. The

liquid formulationwas spread on a siliconwaferwindowby a film
bar to obtain a thickness of 12 µm. The sample was exposed to UV
light using a Hamamatsu LC8 mercury lamp with an 8 mm light
guide and spectral distribution range of 240–400 nm with a light
intensity around 130 mW/cm2. The real-time FTIR (RT-FTIR)
spectra were collected in the range of 4000–400 cm−1. The degree
of conversion was calculated using Equation (1), by monitoring
the disappearance over time of the characteristic peaks at 835
and 980 cm−1 associated with the oxetane group [28, 45–51]. All
measurements were conducted in triplicate.

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
(
𝐴𝑔𝑟𝑜𝑢𝑝

𝐴𝑟𝑒𝑓
)
𝑡=0

− (
𝐴𝑔𝑟𝑜𝑢𝑝

𝐴𝑟𝑒𝑓
)
𝑡

(
𝐴𝑔𝑟𝑜𝑢𝑝

𝐴𝑟𝑒𝑓
)
𝑡=0

× 100 (1)

4.4.3 Photo Differential Scanning Calorimetry
(Photo-DSC)

To investigate the photo-crosslinking process, photo-DSC mea-
surements were performed by using a Mettler Toledo DSC−1

instrument equipped with Gas Controller GC100 (Mettler Toledo
Columbus, Ohio, US). A mercury lamp (Hamamatsu Light-
ningcureTM LC8, Hamamatsu Photonics) with an optical fiber
to directly irradiate the sample with a UV light emission centred
at 365 nm and intensity at 100% was used. About 5–10 mg of the
UV-curable liquid formulation was poured into an open 40 µL
aluminium pan. An empty pan was used as a reference. The
experiments were conducted at 25◦C, 85◦C, and 105◦C under N2
atmosphere with a flow rate of 40 mLmin−1. The heating method
was performed with a rate of 10 K min−1. The samples were
subjected to UV irradiation twice for 10–15 min. The second UV
light exposure step was required to confirm the complete UV
curing and establish the baseline. The curing curve resulted from
subtracting the second curve from the first. All tests were carried
out in triplicate, and the data were elaborated by Mettler STARe
software V9.2.

4.4.4 Gel Content

The percentage of gel content (%) in the UV-cured samples was
measured by placing approximately 300 mg of the UV-cured film
for the extraction of the non-cured part in chloroform for 24 h
at room temperature. After extraction, the samples were left to
dry in air for 24 h. The gel content was then calculated using
Equation (2):

%𝑔𝑒𝑙 =
𝑊1

𝑊0

× 100 (2)

whereW1 represents the weight of the dried film post-chloroform
treatment, and W0 is the initial weight of the sample.

4.4.5 Dynamic-Mechanical Thermal Analysis (DMTA)

DMTA analysis of the thermosets was conducted using the
TT-DMA instrument from Triton Technology LTd. Rectangular
samples (0.5 mm×5 mm×25 mm) were prepared by photocuring
of the formulations in silicon moulds, using DYMAX ECE Flood
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lamp (Dymax Europe GmbH) at a light intensity of 130 mW/cm2

for 3–12 min. The analysis involved a temperature ramp from
−50◦C to 110◦C at a rate of 3◦C/min, with uniaxial tensile stress
applied at a frequency of 1 Hz. The glass transition temperature
(Tg) of thematerialswas established as the peak of the tan δ curve.

The cross-link density (𝜈𝑐) per unit volume was calculated using
Equation (3), which was derived from the statistical theory of
rubber elasticity:

𝜈𝑐 =
𝐸′

3𝑅𝑇
(3)

where: νc is the number of crosslinks per volume of the
crosslinked network, E’ is the storage modulus at the rubbery
plateau (Tg + 50◦C), R is the gas constant, and T is the
temperature expressed in Kelvin.

4.4.6 Contact Angle

The contact angle on the UV-cured samples was measured on
the free surface with bi-distilled water. The Drop Shape Analyzer
DSA100 (Krüss) instrument was used. Five measurements were
taken to have an average value.
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