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Bio-based monomers are under investigation to replace fossil-based materials due to the concerns regarding
climate change and depletion of fossil raw materials. Lignin, cellulose and hemicellulose represent the main
interesting platform to use for developing new monomers due to their significant abundance. Ferulic acid is one
of the moieties derived from lignin which can be suitable for many applications. In this study, the ferulic acid was
epoxidated and it was investigated in cationic UV-curing. Due to the limited performance obtained during UV-
curing, two alternative strategies were developed to overcome the initial problem of poor material properties. A
thiol-ene epoxy system based on the ferulic epoxy derivative and a commercially available thiol as well as a
thermally cured system based on pure cationic curing of ferulic acid diepoxy were chosen as alternative methods.
The different curing processes were thoroughly investigated by means of FTIR (Fourier transform infrared
spectroscopy) and photo-DSC (differential scanning calorimetry). The thermo-mechanical properties of the
thermosets employing DMA- (dynamic mechanical analysis) and tensile analysis were deeply evaluated. Finally,
the possibility to use the best cured system as an adhesive was raised investigating the shear strength of metallic

and composite joined samples using the single lap offset (SLO) test under compression.

1. Introduction

Biobased monomers are playing a central role to replace commer-
cially available fossil-based resins used in several thermoset applications
(Bozell and Petersen, 2010; John et al., 2019). Cellulose, hemicellulose
and lignin are the main biopolymers present in different bio-sources,
from plant to grass. They are the platforms for new green monomers
(Alén, 2015; Gandini and Lacerda, 2015; Rajesh Banu et al., 2021). The
large availability of the main sources and the high amount of waste
derived from food chain and agricultural processes, such as pulp and
paper, generate a feasible path to pursuit in order to obtain valuable
chemicals (Chavan et al., 2018; Ioannidou et al., 2020; Jha and Kumar,
2019).

The scientific community is continuously studying the possibilities to
exploit vegetable oils (Gandini and Belgacem, 1998), furan-derivatives
(Gandini, 2008; Yue and Queneau, 2022), isosorbide-based monomers
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(Ma et al., 2016), terpenes (Silvestre and Gandini, 2008a; Wilbon et al.,
2013), rosins (Chen, 1992; Kugler et al., 2019; Silvestre and Gandini,
2008b) and cinnamic acid (Fonseca et al., 2019) as polymeric
precursors.

In view of sustainability, a main role is also played by the process
employed to obtain the final materials. UV-curing has been reported to
have several advantages with respect to classical thermal curing. Fast
curing, mild conditions, absence of VOCs emission are some of the ad-
vantages (Pezzana et al., 2022b; Sangermano et al., 2014; Yagci et al.,
2010). However, most of the monomers derived from natural sources are
missing photocurable reactive groups, thus functionalization is required
to obtain an UV-active monomer useful in curable resins.

Cationic UV-curing requires the exploitation of vinyl- or epoxy-
functionalities (Decker, 2002; Stanford et al., 2001). Epoxy resins
exhibit high glass transition, good tensile properties and
thermo-mechanical stability thus several works investigate the use of
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these compounds for a range of applications, covering various fields
from coatings to adhesives (Auvergne et al., 2014). In the last years, the
bio-based epoxies are currently under investigation to substitute
fossil-based resin counterparts. Epoxy-functional vegetable oils (Noe
et al., 2021), furan monomers (Pezzana et al., 2021; Pezzana et al., 2023,
2022a, 2022b), lignin-based monomers (Silau et al., 2022; Ye et al.,
2021) reveal outcomes comparable with traditional fossil-based
thermosets.

The epoxy-unit can be also employed for thiol-epoxy networks
exploiting the reaction between an oxirane ring and a thiol group
generating a f-hydroxythio-ether linkage (Carioscia et al., 2007;
Konuray et al., 2018; Stuparu and Khan, 2016). The reaction is catalyzed
by a base, which under heating or UV-irradiation, generates a thiolate
anion that opens the epoxy ring (Konuray et al., 2017a). The thiol-epoxy
reaction is strongly autocatalytic due to the concurrent base formation
that facilitates the ring-opening reaction (Jin et al., 2015). One of the
main drawbacks is the short storage stability of the formulations, so
photo-latent based compounds have been proposed to enhance the sta-
bility of the formulation, allowing to start the reaction by an external
trigger such as irradiation by UV-light (Chen et al., 2020; Konuray et al.,
2017b). Thiol-epoxy networks have been employed for several appli-
cations also in combination with thiol-ene or thiol-acrylate system to
generate strong networks (Carioscia et al., 2007; Guzman et al., 2015;
Sangermano et al., 2010). They have been used for shape memory
polymers (Belmonte et al., 2015) and for polymers with tunable surface
properties (Romano et al., 2018). Lately, thiol-epoxy networks have
been used to produce new biobased thermosets based on eugenol
(Guzman et al., 2018, 2017), gallic acid and vegetable oils (Feng et al.,
2019).

Among the different bio-based sources, ferulic acid (FA) is very
interesting because of its chemical structure; it is a hydroxy cinnamic
acid owing three different functional groups; an acid, a phenol, and a
double bond which can be explored for further functionalizations
(Alexakis et al., 2023; Fonseca et al., 2019). Moreover, it has an aromatic
ring that increases the rigidity of the structure, improving the properties
of the derived network (Rosazza et al., 1995). FA is one member of the
cinnamic acids together with caffeic and sinapic acid (de Oliveira et al.,
2015; Kumar and Pruthi, 2014). FA is present in lignin, the second most
abundant biopolymer after cellulose and it plays a central role in the
plant cell structure (Alén, 2015; Cazacu et al., 2012). FA can be pro-
duced by enzymatic synthesis (Fang et al., 2023; Uraji et al., 2013) to
become available for production of chemicals or supply of energy
generating green fuels such as ethanol (de Oliveira et al., 2015). FA has
been studied to substitute phthalic acid for thermoplastic applications
(Mialon et al., 2010; Pion et al., 2014). Moreover, it has been used as an
interesting building block for polyurethanes, epoxies, and phenolic
resins (Kreye et al., 2011; Llevot et al., 2016; Ménard et al., 2017).
Recently it has been employed for thermoset applications with a
furan-derivative to produce thermosets with high T, due to the high
cross-link density achieved by thermal curing (Ye et al., 2021). It has
also been used for the production of a polymeric network with vitrimeric
properties (Zhong et al., 2022). FA has been already exploited in
UV-curing in thiol-ene system highlighting the possibility to tailor the
final properties according to the chemical structure. In this case, the free
radical UV-curing was possible due to the allylation step done on FA,
creating the bi-functional ene monomer useful for the radical photo-
polymerization (Pezzana et al., 2021).

There is a growing need to expand the synthetic toolbox that enables
the facile transformation of biobased compounds into highly reactive
monomers to compete with the commercially available resins which had
a main role in the worldwide market. In this framework, FA was iden-
tified as a starting monomer to synthesize an epoxy-derivative useful for
the development of thermosets employing UV-activated curing tech-
niques. Considering epoxidized FA, the investigation focused on its
reactivity in cationic UV-curing. Because of the limited success of the
reactions, the exploitation of epoxidized FA persuaded following two
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possible strategies moving toward a thiol-epoxy UV-activated reaction
and a thermal cationic curing to produce the final thermosets. Scheme 1
reports the three different approaches used in this study to achieve bio-
based thermosets. Considering the thiol-epoxy system, a further inves-
tigation about the possibility to tailor the final properties of the ther-
moset playing with the thiol-epoxy ratio was carried out. The different
curing processes were deeply analyzed, employing ATR-FTIR (attenu-
ated total reflectance Fourier transform infrared spectroscopy), photo-
DSC (dynamic scanning calorimetry), DSC, and photorheology ana-
lyses. Different thermosets were produced following the different ap-
proaches and the thermo-mechanical properties of the cross-linked
networks were well characterized. The thermally-cured networks were
proposed for bio-based adhesive materials. Finally, the chemical
degradation of the thermosets in an alkaline environment was assessed.

2. Materials and methods
2.1. Materials

Ferulic acid (FA 99% purity), epichlorohydrin (ECH), tetrabuty-
lammonium bromide (TBAB), sodium hydroxide, trimethylolpropane
tris(3-mercaptopropionate) (TMPMP), ytterbium(III) tri-
fluoromethanesulfonate (YTT, 99% purity), and triarylsulfonium hexa-
fluoroantimonate salts (S-Sb) mixed in propylene carbonate were
purchased from Sigma Aldrich. The photolatent base 4-(hexahydro-
pyrrolo[1,2-a]pyrimidin-1-ylmethyl)-benzoic acid methyl ester (PLB)
was supplied from BASF. Magnesium sulphate (MgSO4) was acquired
from Acros Organic. Ethyl acetate and heptane were supplied by VWR
Solvent. NMR analysis was performed with deuterated chloroform
(CDCl3) provided by VWR Chemicals.

2.2. Synthesis of ferulic acid-based diepoxy (FAE)

The epoxidation was performed combining previous protocols as
presented in Scheme 2 (Ye et al., 2021; Zhong et al., 2022). Ferulic acid
(FA 15 g, 77 mmol) was mixed with ECH (10 equivalent, 71 g) and
TBAB as catalyst (0.01 equivalent, 0.25 g) in a three-necked flask
equipped with a magnetic stirrer. The mixture was heated at 105 °C
under reflux for 2 h. Then the solution was cooled down to room tem-
perature. The mixture was then further cooled down at 0 °C in an ice
bath and a water solution of NaOH 40 wt% was added to the mixture
employing an adding funnel (100 mL). The solution was kept under
stirring for 3 h. The organic phase was extracted three times with ethyl
acetate (30 mL) then the collected phases were washed six times with
water (30 mL). After removal of water by drying with MgSOy4, the sol-
vent was evaporated to obtain a yellow liquid. The last traces of ECH
were removed by precipitation of the liquid in heptane (50 mL). The
precipitation was repeated two times. The ferulic acid based diepoxy
(FAE) was collected as a white solid and dried overnight in vacuum
(16.5 g, yield: 70%).
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Scheme 1. Approaches used in the study for exploiting curing of the epoxi-
dized ferulic acid.
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Scheme 2. Epoxidation of ferulic acid (FA) using epichlorohydrin under alkaline conditions.

'H NMR (400 MHz, CDCls) § 7.67 (d, J = 16.0 Hz, 1 H), 7.14 — 7.03
(m, 2 H), 6.93 (d,J = 8.3 Hz, 1 H), 6.35 (d, J = 15.9 Hz, 1 H), 4.56 (dd, J
=12.3,3.0 Hz, 1 H), 4.31 (dd, J = 11.4, 3.3 Hz, 1 H), 4.10 — 4.01 (m,
2 H), 3.91 (s, 3 H), 3.44 — 3.25 (m, 2 H), 2.98 - 2.86 (m, 2 H), 2.74 (ddd,
J=23.8, 4.9, 2.6 Hz, 2 H).

13¢ NMR (101 MHz, CDCI3) & 166.90, 150.32, 149.78, 145.50,
128.16, 122.66, 115.51, 113.45, 110.41, 70.12, 65.08, 56.08, 50.18,
49.68, 44.99, 44.86.

2.3. Curing of ferulic acid diepoxy

FAE was used in three different formulations listed in Table 1
allowed for three different types of curing.

The FAE was melted (around 80 °C) and then it was mixed with the
triarylsulfonium hexafluoroantimonate (S-Sb, cationic photoinitiator) in
2 wt% and UV-cured in a silicon mold (12x8x0.2 mm?®). The UV-source
was a UV-DMAX Flood lamp equipped with a static mercury lamp with
an emission spectrum between 600 and 250 nm centered around
365 nm and a light intensity of about 100 mW/cm?. This allowed to
generate sample via UV cationic curing for further analysis. The samples
were irradiated for 2 min.

The thiol-epoxy system was obtained by mixing FAE with TMPMP in
a stochiometric ratio (epoxy:thiol functionality). For clarity the formu-
lation is denoted as FAE:SH,2:3, due to the reactive groups of FAE (2
epoxies) and TMPMP (3 thiols), respectively. The photolatent base (PLB)
was then added (2 wt%) and the formulation was cured under the UV
lamp (100 mW/cmZ) for 2 min in silicon molds, either with a rectan-
gular shape (12x8 mm?, with thickness of 0.2, 0.4, and 1 mm) or dog-
bone shape for tensile test. Moreover, a further formulation with equi-
molar amounts of epoxy and thiol groups was produced and analyzed. In
this case the formulation is denoted FAE:SH,3:3 due to reactive groups
considered for each monomer, FAE (2 epoxy and 1 carbon-carbon
double bond, 3 total) and TMPMP (3 thiols).

Finally, FAE was mixed with YTT (2 wt%) as a thermal cationic
initiator whereafter the samples were thermally cured in silicon molds at
150 °C for two hours and 180 °C for another 2 h to ensure complete
curing. The sample were in rectangular shape for DMA-analysis
(12x8x0.4 mm3), and dog-bone shape (type 5B) for tensile tests. With
this formulation further adhesive tests were performed.

2.4. Methods

2.4.1. Nuclear magnetic resonance (NMR)
NMR analysis was performed by means of a Bruker AM 400. 'H NMR

Table 1
Formulations tested in this study.
ENTRY Epoxy Thiol monomer Initiator Curing
monomer
FAE FAE S-Sb (2 wt uv
%)
FAE: FAE TMPMP (ratio PLB (2 wt Uv +
SH,2:3 2:3) %) thermal
FAE: FAE TMPMP (ratio PLB (2 wt UV +
SH,3:3 1:1) %) thermal
FAE YTT FAE - YTT (2 wt Thermal

%)

and !3C NMR spectra were recorded at 400 MHz and 101 MHz respec-
tively. CDCl3 was used as internal reference and solvent.

2.4.2. Fourier transform infrared spectroscopy (FTIR)

A Nicolet iS 50 Spectrometer was employed for the characterization
of the UV-process. Data were collected in ATR mode with 32 scans with a
spectral resolution of 4.0 cm L. All data were recorded with the software
Omnic from Thermo Fischer Scientific. The epoxy was evaluated taking
into account the signals at 905 and 855 cm™!; the thiol was evaluated by
the vibration band located at 2750 cm ™! and the double bond was

monitored at 1640 cm ™.

2.4.3. Photo-differential scanning calorimetry (Photo-DSC & DSC)

The photo-DSC analysis was performed on a Mettler Toledo DSC-1
equipped with Gas Controller GC100. A Hamamatsu LIGHTINGCURE
LC8 was the light source. It was equipped with a mercury lamp and an
optic fiber directed the UV-irradiation on the formulation. The formu-
lation was placed in an open aluminum pan while an open empty pan
was used as references and the irradiation was simultaneously directed
on the pans. The method required two steps of irradiation separated by a
stabilization step in order to investigate the completeness of the UV-
curing process of a liquid formulation. The second step aimed to
create the base line of the method since no exothermic peak are visible in
case of complete UV-curing. Indeed, the final curve is the result of the
subtraction between the two UV steps. The thiol-epoxy system was
studied at different temperatures (25, 50, 75, and 100 °C) to investigate
the UV-curing. Moreover, isothermal analysis of one hour at the selected
temperature without UV-irradiation was performed to reveal the influ-
ence of temperature during cure. The thiol-epoxy conversion for the
FAE_SH formulations and the epoxy conversion of FAE YTT system
achieved by thermal curing were calculated by Eq. 1.

AH

den(zmic

@

Conversion =

where AH,,, is the enthalpy registered in the isocuring condition and
AHgynamic is the enthalpy evaluated in the dynamic run performed from
25 to 300 °C which can theoretically guarantee complete curing. Thus, it
can be taken as references to evaluate the conversion.

Finally, the dynamic curing was performed on epoxy formulation

containing YTT. Heating rates of 2, 5, 10 or 20 K/min, respectively, were
applied from 25 to 300 °C. The isothermal curing study was conducted at
150, 160, 170, and 180 °C and Eq. 2 was used to describe the curing
process (Criado et al., 1989) and Eq. 3 was used to derive the activation
energy of the curing process (Kissinger, 1957; Yoo et al., 2010).
% = AeHf (a) @
where a is the fraction of the conversion, t is the curing time, da/dt is the
conversion rate, A is the preexponential factor, E, is the activation en-
ergy, R is the gas constant, T is the absolute temperature. Eq. 2 repre-
sents the kinetic model for the evaluation of the thermal curing.

In(¢
d (lz))
= @ (3)
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where ¢ is the heating rate (°C/min) and T}, is the maximum in the
dynamic DSC curve. From the slope of the Arrhenius plot the E, can be
determined.

The DSC was also performed on UV-cured thermoset and thermally
cured ones to investigate the thermal behavior of the different thermo-
sets. The method used for the investigation was divided in different
steps. Firstly, heating from 25 to 100 °C which eliminate the thermal
history; then the chamber was cooled until — 40 °C, finally the T; was
identified by a second heating until 250 °C. The heating and the cooling
rates were set at 10 °C/min and the analysis was performed in a nitrogen
atmosphere with a flow rate 40 mL/min. In this study 40 pL aluminum
pans were used. The data were handled with Mettler Toledo STARe
software V9.2.

2.4.4. Photorheology

The instrument Anton Paar MC 302 was used to investigate the UV-
curing process. The light source was a Hamamatsu LIGHTINGCURE LC8
lamp which was equipped with an optic fiber to irradiate the sample.
The intensity of the UV-light was 40 mW/cm?. The tests were performed
with a plate-plate geometry; the upper metal accessory had a diameter of
2.5 cm while the bottom plate was a quartz disk to ensure the irradiation
on the sample. The distance between the crystal and the plate was
200 pm which corresponds approximately to 150 uL of coating resin.
The frequency was 1 Hz, with a strain of 1% and the lamp was switched
on after 60 seconds which were used to ensure initial stability to the
system.

2.4.5. UV-vis spectroscopy

A Jenway 6850 UV/Vis Spectrophotometer was used to investigate
the absorbance of the bio-based monomer. The spectra were recorded
from 600 nm to 200 nm using quartz cuvette. Acetonitrile was used as
solvent and different concentrations of FAE were tested.

2.4.6. Dynamic mechanical thermal analysis (DMTA) and evaluation of
crosslinking density

The DMTA analysis was performed with a Triton Technology in-
strument. The analysis investigates the trend of the Storage Modulus (E')
and Tan § as a function of temperature. The tests were started at — 40 °C
ensured by cooling down the test chamber with liquid nitrogen. Tensile
mode was used to perform the measures applying a tensile stress fre-
quency of 1 Hz and a displacement of 0.02 mm. The measurements were
stopped after the appearance of the rubbery plateau detected in the
storage modulus. The peak of Tané indicate the T, of the polymer
network. The analyzed samples had an average dimension of 0.4
x8x12 mm3. Eq. 4 is taken from the statistical theory of rubber elas-
ticity providing an estimation of the density of cross-links.

/

E

= 3RT @

VC
where v, is the number of crosslinks per volume of the crosslinked
network, E is the storage modulus in the rubbery plateau (T + 50 °C), R
is the gas constant and T is the temperature in Kelvin.

2.4.7. Tensile test

The tensile test (ASTM D638) was performed on a 5B type dog-bone
samples (with [p = 12 mm and Ap ~ 3 mm?). The stress-strain curves
were registered using a MTS QTestTM/10 Elite. The data were handled
with a measurement software (TestWorks® 4, MTS System Corpora-
tion). The load cell of 500 kN was used; the cross-head speed of the
machine was set as 5 mm/min. The Young’s modulus (E) was evaluated
as the slope of the curve up to the linear region (about 20% of total
reached elongation). The results were the average value from at least
five measurements.
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2.4.8. Mechanical joint characterization

The thermally cured FAE in the presence of YIT was tested for ad-
hesive applications. Different substrates of aluminum, CMC composite
and steel were used to analyze the adhesion. Aluminum was a
precipitation-hardened EN AW-6082 T6 alloy; CMC was a carbon short-
fiber reinforced core material. This core material undergoes a liquid
silicon infiltration process after the manufacturing of the green body and
pyrolysis. During this infiltration, an in-situ reaction takes place between
silicon and carbon, leading to the formation of silicon carbide. As a
result of this process, the silicon infiltration leaves behind a porosity
ranging from 0.5% to 3.0%. Upon completion of the manufacturing
process, the CMCs consist of a mixture of free silicon, silicon carbide,
and carbon, as both carbon fiber and residual pyrolytic carbon, in a 15,
50, and 35% ratio respectively. The steel was an AISI 441. The substrates
were cut into a rectangular shape (~ 25 x25 mm?) and they were joined
in a single shear-lap test according to Scheme 3. The surfaces of the
substrate were polished to guarantee uniformity in the contact between
surface and adhesive. A polishing machine, equipped with sandpaper
(400 grit), was used and after the polishing treatment, substrates were
sequentially rinsed in a sonic bath with ethanol. A spatula was used to
apply the adhesive on the facing surfaces, ensuring a sufficient amount
of mixed adhesive was used to achieve an appropriate thickness for the
final adhesive bond area. The adhesive thickness was range between 0.2
and 0.3 mm and the area of the joint was about half of the length of the
substrate (~ 12 x25 mm?). The thickness of the joint was derived
measuring the thickness of the total piece subtracting the thickness of
the two substrates. The curing was done as previously described in the
Paragraph 2.3. at 150 °C for two hours and then 180 °C for other two
hours, then the samples were left to reach room temperature. The shear
strength was evaluated by applying Eq. 5 where Load was the maximum
force applied on the joint while the Adhesive area was the area of the glue
joint.

- Load

= Adhesive area

()

The mechanical strength (apparent shear strength) of the joined
samples was assessed through a single lap offset (SLO) test conducted
under compression at room temperature. The testing method employed
was adapted from the ASTM D1002-05 standard, utilizing the universal
testing machine SINTEC D/10 with a cross-head speed of 0.5 mm/min.
At least five samples were tested for each similar joint (i.e steel-to -steel,
CMC to CMC, aluminum-to-aluminum). The results of the mechanical
tests were expressed as mean + standard deviation.

2.4.9. Chemical hydrolysis study

The degradation study was conducted in an alkaline environment
(NaOH 2 M). Cured samples of about 100 mg were weighed (W;), then
immersed into the solution and stirred at room temperature at 120 rpm
for two months. After a selected time, the samples were removed from
the solution, rinsed with deionized water, dried in an oven at 50 °C over
night to ensure correct mass measurements during degradation and
finally weighed (W,). Eq. 6 was used to evaluate the time-dependent
degradation comparing the difference in the weight before and after
the immersion in the alkaline solution.

Weight(%) = % x 100 6)

3. Results and discussion
3.1. Synthesis of epoxidized ferulic acid and cationic UV-curing

The FA epoxidation was achieved following previous protocols re-
ported in literature (Ye et al., 2021; Zhong et al., 2022) obtaining FAE in
relatively high yield and purity, as confirmed by NMR analysis (Fig. 1).
The high scalability of the protocol allowed to obtain the required
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PREPARATION OF THE ADHESIVE JOINT

Strength

v

Strain SHEAR LAP TEST

THERMAL
TREATMENT

Scheme 3. Preparation and testing of the joints. The different steps are shown from the spreading of the formulation on the substrate to the final shear lap test.
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Fig. 1. (A) 'H NMR and (B) 3C NMR spectra of the synthesized FAE.

amount of product for the further analysis. This involved the use of ECH
as epoxidation reagent, that could represent a limitation in green level of
the entire process (Cavusoglu and Yalcin, 2023), nevertheless at this
moment this reagent is crucial to achieve the epoxidation of several

—— Pre_UV irradiation

3700 3400 3100 1725 1650 1575 950 850

M

—— Post_UV irradiation A

: : : - : .
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Wavenumber (cm™)

monomers (Caillol et al., 2021; Eid et al., 2021; Pezzana et al., 2021; Xin
et al., 2016). Future studies could be performed to avoid the hazardous
ECH, scouting for greener processes to increase the sustainability of this
established class of monomers (Sternberg et al., 2021).
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T T T
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Fig. 2. ATR-FTIR pre and post UV-irradiation and DSC of UV-cured FAE.
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The cationic UV-curing of FAE was investigated in the presence of
sulphonium salt as photoinitiator. The UV-irradiation was not
completely successful achieving only a partial curing as confirmed by
ATR-FTIR and DSC analysis (Fig. 2). The epoxy vibration bands centered
at 905 cm™! and 855 cm™! were slightly reduced confirming partial/
incomplete reaction. However, the opening of the epoxy ring was
confirmed by the appearance of OH band at 3500 cm . As expected, the
C=C double bond was not affected and remained unchanged as
confirmed by the band at 1640 cm ™. The DSC analysis performed on a
UV-cured sample, showed a T; around 10 °C and an exothermal peak
present around 150 °C due to the incomplete curing reaction. From this
analysis it was also possible to investigate the theoretical Ty achievable
with the thermal treatment. Indeed, the second thermogram reported in
Fig. 2 highlighted a higher Tg, at around 120 °C. This was due to the
thermal degradation of the photoinitiator which started the epoxy
curing at high temperature allowing a complete cross-linking reaction.

The partial cross-linking was also confirmed by photorheological
analysis as presented in Figure S1. In this analysis the monitoring of the
storage modulus evidenced an increase in the E value due to the cross-
linking reaction with an evident delay in the time and the achieved
storage modulus value was in the order of 10° Pa. This value was rela-
tively low compared with the usual value of around 10°-10° Pa and was
attributed to the low epoxy group conversion.

The limitation of the curing was explained analyzing the UV-vis
spectra of the FAE (Fig. 3) where an extremely broad and intense ab-
sorption peak between 200 and 400 nm can be observed. This absorp-
tion competes with the absorption of the cationic photoinitiator,
severely limiting the efficiency of the process. Moreover, the penetration
depth of the light can also be limited due to the strong monomer
absorption.

Thus, it is possible to affirm that the intrinsic chemical nature of the
starting monomer is a limiting factor for the exploitation of cationic UV-
curing process. However, to overcome this challenge, the system was
redesigned by adopting two different possible solutions: firstly, a thiol-
epoxy system activated by a photo-latent base initiator and secondly,
a cationic thermal-curing activated by an Ytterbium initiator.

3.2. Thiol-epoxy anionic curing

Thiol-epoxy anionic curing systems are activated by UV-light,
resulting in the formation of a strong base originating from the photo-
latent base (PLB) (Romano et al., 2018). PLB deprotonates the thiol
group and the generated anion opens the epoxy ring to a achieve a
thiol-epoxy cross-linked network (Reisinger et al., 2022). Thus the re-
action can be considered “click chemistry” due to ratio 1:1 between the
opening of the epoxy-ring and the reaction of a thiol group

e 10 mg/mL
=5 mg/mL
— 1 mg/mL
0.1 mg/mL
——0.01 mg/mL
0.02 mg/mL
= 0.04 mg/mL
——0.005 mg/mL

Absorbance

200 250 300 350 400 450 500
Wavenumber (nm)

Fig. 3. UV-vis spectra of the FAE at different concentrations. The measure-
ments were conducted in acetonitrile.
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(Fernandez-Francos et al., 2016; Konuray et al., 2017a, 2017b, 2020).

The cross-linking process was monitored by ATR-FTIR analysis.
Fig. 4A reports the spectra pre- and post- irradiation for the formulation
containing a stochiometric ratio between the epoxy- and the thiol-
groups. Following the ATR-FTIR analysis, the disappearance of the vi-
bration bands related to epoxy and thiol groups confirmed the occur-
rence of the thiol-epoxy click reaction. Moreover, an increase in the
region originating from hydroxyl groups was also detected, due to the
ring opening of the epoxy-ring. Lastly, a decrease in the C—C signal was
also observed, possible due to the thiol-ene reaction. Scheme 4 reports
the UV-activation step of the PLB and the thiol-epoxy and thiol-ene re-
actions which happen in the studied system. Thus, we decided to use an
excess of thiol taking into consideration that thiol-groups under UV-
irradiation can also promote the thiol-ene reaction with the double
bond of epoxidized ferulic acid besides participating to the thiol-epoxy
cross-linking reaction promoted from the photolatent base. Previously,
a work reported the possibility that the C=C double bond present into
the ferulic monomer structure can react by thiol-ene reaction (L Pezzana
et al.,, 2021). In this new system, this fact was further confirmed by
analyzing a new formulation containing a 1:1 ratio between the thiol-
and the functional groups of the FAE, i.e. FAE:SH,3:3. This assumption
was done considering three reactive group in FAE, two epoxy groups and
one C=C double bond. The ATR-FTIR of the resulting thermoset
(Fig. 4B) and the reactivity of the C=C double bond was confirmed by
the disappearance of the C=C vibration band. The decrease was more
accentuate with respect the formulation with stochiometric ratio be-
tween epoxy and thiol (Fig. 4A) meaning and higher contribute of
thiol-ene cross-links.

The investigation of the curing process pursued with photo-DSC
analysis. Taking into consideration that the heating is required for the
mixing of the formulations, the influence of the temperature on the
curing was investigated. It is demonstrated that the thiol-epoxy reaction
can be triggered by heat or UV-irradiation (Chen et al., 2020; Konuray
et al., 2017b) thus the influence of the two components was assessed by
photo-DSC analysis and isothermal curing. The Fig. 5 reports the ana-
lyses performed on the formulations with stochiometric ratio between
epoxy and thiol, FAE:SH,2:3. It can be noticed that the UV-light had a
beneficial effect on the overall reaction time, reducing it from hours to
minutes (Fig. 5A). Nevertheless, the rate of polymerization was
increased significantly with UV-irradiation; the height of the peak at 100
°C increased about 5 times when the formulation was UV-irradiated
(Fig. 5C). However, it was found that the temperature played a crucial
role in the activation of the reaction as confirmed by isothermal curing
conducted at 60, 80, and 100 °C respectively. The temperature incre-
ment itself of the curing temperature from 60 to 100 °C meant a
significative reduction of reaction time. The consequence was a direct
increase in the speed of the reaction as can be clearly seen in Fig. 5B.

The monomer conversion was evaluated by taking the dynamic
curing as a reference for a complete curing (Figure S2). The FAE:SH,2:3
had a total enthalpy of 528 + 16 J/g while FAE:SH,3:3 had 394 + 15 J/
g.

Conversion curves were derived from DSC thermograms for the FAE:
SH,2:3 (Figure S3). It is clear that the UV-irradiation was beneficial to
activate the PLB, and hence thereby accelerating the cross-linking re-
action. All the data from DSC analyses are listed in Table 2. The DSC
thermogram for the FAE:SH,3:3 is reported in Figure S4 which
confirmed the same trend showed for the previous formulation.
Furthermore, the conversion vs time plot (Figure S5) corroborated and
confirmed the analysis carried out for FAE:SH,2:3, revealing a decrease
of the total time of the reaction by using UV.

The DMA analysis performed on the thiol-epoxy system revealed that
the different ratio between TMPMP and FAE had an interesting impact
on the final properties. FAE:SH,2:3 (epoxy:thiol = 1:1) resulted in the
highest Tg, 47 °C while the FAE:SH,3:3 had a Ty of 30 °C (Fig. 6). This can
be explained considering the high impact of thiol-ene network. In the
FAE:SH,2:3 system, the thiol-epoxy reaction prevailed contributing to
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Fig. 4. (A) ART-FTIR of FAE:SH,2:3 (black and green) and (B) FAE:SH,3:3 (black and orange) pre and post irradiation with the highlights of the main changes in the

vibration bands of the reactive groups involved into the cross-linking.

a) Thiol-epoxy monomers

HS~ O
o] ?J\/\ = R4_SH
Hs\/\n,o}Co sH = Ri~
)
TMPMP

b) UV-activated clivage of PLB-1193

o, W

v

0.

0\7/\0

O&Rz or ReAp,

]@/\ﬁo’\p =

FAE

(O

. CH, ___ CH;3
.0 /o“/g 07(©
o o o

c) Thiol-epoxy reaction

*o

- o
R SH —> R{_S + O&RZ —_— R1\/s\)\R2 + RyLSH

d) Thiol-ene reaction

hv

RiwSH —> RS + ReFpg, —>

R3
R1/\S)\.’R4 + Ry SH

Scheme 4. Reaction scheme of the studied system with highlighted the monomers used in the formulation (a), the activation mechanism of PLB (b), the thiol-epoxy

reaction (c), and thiol-ene reaction (d).

higher T, as compared with FAE:SH,3:3 where thiol-ene dominated. It is
known that the thiol-ene systems usually have a low T, close to room
temperature (Pezzana et al., 2021; Pezzana and Sangermano, 2021).
Thus, a higher contribution from this specific type of bond to the ther-
moset can contribute to reducing the final T,. All the DMTA data were
corroborated and confirmed by DSC-analysis performed on cured sam-
ples; the results are reported in Figure S6.

Tensile analysis was carried out to investigate the mechanical
properties of thiol-epoxy systems. The FAE:SH,2:3 had higher mechan-
ical response than FAE:SH;3:3, especially it reached higher E and . The
FAE:SH,3:3 had the highest elongation at break, possibly due to the
lowest T, which was close to the tested temperature affecting the
behavior. Indeed, the high elastic elongation could be explained
considering that the polymer network is mainly in the rubbery region (as
DMTA analysis confirmed). The FAE:SH,3:3 had the lowest modulus and

strength at break due to its chemical composition and less cross-link
bonds (v = 52 mmol/dm?) compared with FAE:SH,2:3 with had a
cross-link density of 85 mmol/dm® Moreover, the cross-links were
mainly composed by S-C linkage derived from thiol-ene reaction in the
FAE:SH,3:3 while the FAE:SH,2:3 presented main p-hydroxythio-ether
linkages derived from thiol-epoxy reaction which could have increased
the rigidity of the network. All the curves are presented in Figure S7.

3.3. Cationic thermal curing

The last part of the investigation of the curing process exploited the
use of the ytterbium-containing compound YTT as thermal cationic
initiator. Therefore, the FAE was mixed with YTT and thermally cured at
150 °C for two hours followed by 2 h at 180 °C. The efficiency of this
particular type of initiator has been already proven for the thermal
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Fig. 5. (A) Photo-DSC of FAE:SH,2:3 (stochiometric ratio between epoxy and thiol) with 2 wt% of PLB; (B) isothermal curing of FAE:SH,2:3; (C) comparison between
the thermogram registered at 100 °C with UV-irradiation (solid line) and without UV-irradiation (dot line) for FAE:SH,2:3.

Table 2
DSC analysis of the curing of thiol-epoxy formulations in the different tested conditions.
ENTRY Temperature (°C) Irradiation tpeak (8) hpeax (W/g) AH (J/g) Conversion (%)
FAE:SH,2:3 60 - 1290 + 30 0.40 £+ 0.09 498 + 17 94
60 uv 118 +£ 20 2.18 £0.57 494 + 20 94
80 - 268 + 10 1.26 + 0.23 506 + 25 96
80 uv 50+ 8 7.05 £ 1.63 486 + 15 92
100 - 66 + 25 3.91 £ 0.68 492 + 15 93
100 uv 20+ 2 14.73 £ 0.53 463 + 10 88
FAE:SH,3:3 60 - 967 + 50 0.27 £ 0.04 383+ 10 97
60 uv 115 + 30 1.05 + 0.31 363 + 40 92
80 - 236 + 25 0.64 £0.12 387 + 37 98
80 uv 46 + 8 3.23 £0.77 378 + 23 96
100 - 80 + 35 1.67 + 0.50 384 + 15 97
100 uv 25+ 2 7.87+ 0.30 380 + 10 96

cationic curing of epoxy systems (Castell et al., 2000; Foix et al., 2012;
Mas et al., 2001). The curing was assessed by ATR-FTIR and DSC anal-
ysis. The ATR-FTIR analysis (Fig. 7) confirmed the epoxy ring-opening
reaction; indeed, considering the epoxy region located at 905 and
855 cm ! it is possible to observe the disappearance of the epoxy bands
together with the appearance of the OH signal (3450 cm™}). Further-
more, it can be observed that C=C double bond signal (~1640 em™ D)
did not change after the thermal treatment suggesting that a pure
cationic curing process occurred.

DSC analysis was performed to complete the characterization of the
curing process. Dynamic and isothermal analyses were carried out to
find the best conditions to ensure complete curing. The dynamic curing
results are reported in Fig. 8. From this data it was possible to calculate
the activation energy of the epoxy system which was found to 71.96 KJ/
mol (Sbirrazzuoli and Vyazovkin, 2002; Yoo et al., 2010). The Arrhenius

plot derived for the activation energy is reported in Figure S8. The value
found is in accordance with literature values for different reported epoxy
systems (Lee et al., 2000; Vyazovkin and Sbirrazzuoli, 1996). Further-
more, it was also possible to establish the conversion curves as a function
of the temperature related various heating rates (Fig. 8B). The dynamic
curing allowed to reach full conversion, however isothermal curing was
also carried out to simulate, more accurately, the curing conditions in an
effort to identify the optimal parameters of time and temperature for
curing (Table 3).

Following, isothermal curing of the FAE_YTT system was performed
at different temperature to investigate the optimization of the thermal
curing process. Isothermal runs at 150, 160, 170, and 180 °C were
conducted to assess the effect of temperature, Table 4 and Figure S9. As
can be noticed, the highest AH was achieved at 170 °C therefore the
thermal curing of further specimens for the mechanical characterization
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was performed in a two-step procedure. The curing at 150 °C was
exploited to start the curing process and second step at 180 °C was used
to achieve full conversion. The requirement of the second step at 180 °C
was verified by performing DMTA analysis on two different samples as
presented in Fig. 9. Firstly, a treatment at 150°C for 2 h was performed
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and the DMTA analysis showed a possible further increase in the storage
modulus after the T, due to the incomplete curing achieved. Thus,
applying a second stage of curing at 180 °C, we reached the highest T,
possible, and the highest cross-linking density as demonstrate by the
DMTA analysis with a final T, above 120 °C. The thermally cured epoxy
system had the highest T, of the studied thermosets (Table 5) confirming
the strong rigidity of the ferulic-based thermoset given by the aromatic
structure of the monomer and the pure cationic ring opening which
generate strong ether linkages. DSC was used to confirm and corroborate
the T, values (Figure S10).

Finally, tensile testing was carried out of the cured thermosets to
investigate the mechanical behavior at room temperature, Figure S7 and
Table 5. As can be observed, the thermally cured FAE_YTT showed the
highest Young’s modulus and strain at break of 774 MPa and 54 MPa,
respectively. This can be expected from the monomer chemistry and the
cationic curing which form strong ether (C-O-C) bonds from the epoxy
ring opening as aforementioned for DMTA result. Furthermore, the high
T, bring a brittle behavior at room temperature as confirmed by the
stress-strain curve in the tested condition.

The thermally cured system FAE_YTT revealed the best performance
in terms of mechanical strength and T, with respect to the previous
investigated process. Furthermore, the FAE_YTT was tested as adhesive
in a shear lap test. Three different substrates were tested, a ceramic
matric composite (CMC) made of C fiber reinforced Si/SiC matrix and

Table 3
DSC data of dynamic curing performed on FAE_YTT.
ENTRY ¢ (K/min) AH (J/8) T, (°C) EC (%)
FAE YTT 2 413 + 20 155+ 9 94
5 460 + 28 188 + 4 ~ 100
10 465 + 22 205 + 2 ~ 100
20 442 + 28 211+ 5 ~ 100
Table 4
Iso-curing of FAE_YTT performed at different temperatures.
ENTRY Temperature tpeak Hpear (W/ AH (J/ Conversion
[§9) (s) 8) ) (%)
FAE YTT 150 42 +£ 2 0.42 £ 190 + 43
0.05 20
160 34+2 0.96 + 335+ 76
0.04 45
170 26 £4 1.15 + 441 + ~ 100
0.05 30
180 18+ 4 1.88 + 435 + ~ 100
0.06 18
1.0
— 2K/min B
—— 5 K/min
084 ——10K/min
——20 K/min
0.6 -
0.4 -
0.2
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Fig. 8. (A) Dynamic curing of the FAE YTT for different heating rate (2, 5, 10 and 20 K/min); (B) trend of « for the different heating rate in function of the

temperature.
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Table 5
Thermoset characterization performed by DMA, DSC and tensile test.
ENTRY Ty T, v’ (mmol/ E° o £ (%)
o] 0 dm?) (MPa) (MPa)

FAE: 44 £2 48 £2 58 250 + 13+3 54 +
SH,2:3 50 20
FAE: 31+4 2945 53 2.8 £ 1.9+ 83 +
SH,3:3 0.3 0.7 16
FAE YTT 117 + 123 + 1621 774 + 25+7 4.0 +

3 5 30 1.5

2 DSC analysis
> DMTA analysis; © tensile test

two metal based materials, aluminum, and steel. The typical strength vs
strain curves are reported in Fig. 10 while the resulted samples after the
rupture are reported in Fig. 11. Fig. 10 shows a brittle behavior of the
joint, thus demonstrating the good accordance of the adhesive with
common behavior of commercial epoxy-based adhesives. The metal
substrates revealed a similar strength value between 20 + 1 and 24 +
4 MPa for aluminum and steel joint respectively. Adhesive failure at
interface between substrate and epoxy adhesive was present in AISI/
AISI and Al/Al as demonstrated by the resulted samples after the test.
The adhesive was mostly present only on one surface meaning that the
starting point of the failure was located at the interface between adhe-
sive and substrate. Instead, as can be notice from the Fig. 10, the CMC
joints revealed a cohesive failure at the adhesive the highest t value of
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Fig. 10. Shear lap test curves of the FAE_YTT adhesive cured on different
substrates, aluminum (red curve), steel (green line), and CMC (blue line).
Representative curves are reported.
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32 + 3 MPa. Indeed, the epoxy adhesive present on both surface of the
CMC and the failure must be located into the adhesive itself meaning
very high adherence at the interface with the substrate. It can be spec-
ulated that the epoxy adhesive spreads on the CMC surfaces infiltrates
the open porosities, thus creating a stronger interface, compared with
those of adhesive with metallic substrates. In this case the failure is not
due to the interface adhesive-substrate but is an adhesive failure. The t
achieved for steel and aluminum is in agreement with a previous result
reported for commercially available resin (Turani et al., 2021) while the
t for the composite was higher showing a high potentiality for the
bio-based epoxy derivatives in industrial applications.

Finally, the degradation of the thermosets under alkaline conditions
was investigated for 2 months (Figure S11). The presence of ester bonds
inside the chemical network allowed the degradation of the thermosets.
The mass loss due to the hydrolysis of the thermosets was significantly
different between the thermally cured epoxy and thiol-epoxy system.
This can be attributed to the presence of TMPMP, which has ester bonds
inside the structure increasing the possibility of degradation. For this
reason, FAE:SH,3:3 degraded very quickly (4 h), while FAE:SH,2:3
needed over 200 h. Instead, the FAE_YTT thermally cured had only the
ester bond proper of the ferulic acid thus its degradation was the slowest
and required seven days to reach about the 60% and even after two
months, traces of about 20% were still present. The result can be
explained considering the highest T, of FAE_YTT which can ensure the
glassy state of the network decreasing the mobility of the polymer chains
and thus permeation of the degradation solution.

4. Conclusions

In this work, the synthesis and curing process of epoxy functionalized
ferulic acid was investigated. The initial study focused on the cationic
UV-curing of the bio-based synthesized epoxy monomer. However, the
UV-curing allowed only partial cross-linking and incomplete formation
of the network reaching a T of about 10 °C as confirmed by ATR-FITR
and DSC analysis. Thus, two different strategies were followed to
overcome this problem of curing by UV-light. Firstly, a thiol monomer
was introduced into the photocurable formulation, the TMPMP, pro-
moting a photo-induced thiol-epoxy curing process in the presence of a
photolatent base (PLB). The investigation of the UV-curing process
highlight the effect of temperature and UV on the kinetic revealing an
optimal condition for the curing at 80 °C assisted by UV-light reaching
conversion over 90%. Finally, the epoxy functionalized ferulic acid was
exploited in thermal cationic curing by using Ytterbium initiator. The
achieved thermosets were characterized by DMTA, DSC and tensile
testing. Thermally cured FAE monomer reached a T, of around 120 °C
while the thermosets achieved by thiol-epoxy curing process had T, of
around 30 °C and 45 °C depending on the thiol-epoxy ratio. The ther-
mally cured FAE monomer in the presence of YIT was also exploited as
adhesive. Different kinds of joints with the bio-based epoxy adhesive
were manufactured and tested, showing similar or even better strength
with respect to commercially available epoxy adhesives. Moreover, the
currently used curing temperature of most of commercially available
adhesives is unsuitable for several materials, adversely affecting their
mechanical properties (i.e CFRP). In the present study, a low curing
temperature and promising performance bio-based adhesive has been
developed. Finally, due to the presence of ester linkages the chemical
degradation was assessed revealing an effective degradation for all
thermosets involved. Overall, the study demonstrated different ap-
proaches to overcome an initial problem with the opportunity of
tailoring the final properties according to the monomers involved into
the thermoset and the curing method adopted.

Associated content

Supporting Information. Photorheology curves; dynamic curves of
thiol-epoxy system; a fully photo-DSC analysis of FAE:SH,2:3 and FAE:
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Fig. 11. Fracture surface of joined samples after the SLO shear test. (A) CMC composite; (B) steel and (C) aluminum. The fractured half of the joint are displayed

vertically for each sample.

SH,3:3; DSC curves of cured samples; tensiles test analysis; Arrhenius
plot; isocuring performed at different temperature for FAE_YTT; DSC
thermogram of FAE_YTT; degradation curves.
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