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This study reports the development of sustainable UV-curable coatings based on lignin-derived aromatic building
blocks. Bisguaiacol F (BGF) isomers obtained from vanillyl alcohol and guaiacol were functionalized to produce
bisguaiacol-F-diacrylate (BGF-DEDA) and bisguaiacol-F-diglycidyl ether (BGF-DGE), which were evaluated in
both pristine formulations and hybrid systems containing tetraethyl orthosilicate (TEOS). The photo-
polymerization behavior of the formulations was investigated, revealing different reactivity trends depending on
the curing mechanism. The use of dual-curing strategies enabled effective formation of an inorganic silica
network. Dynamic mechanical thermal analysis (DMTA) and field emission scanning electron microscopy
(FESEM) confirmed the in-situ generation and homogeneous dispersion of silica nanoparticles, which signifi-
cantly restricted polymer chain mobility. As a result, hybrid materials exhibited notable improvements in
thermomechanical performance, with glass transition temperatures reaching up to 106 °C and surface hardness
values up to 8H in epoxy-based coatings. Overall, these results demonstrate the potential of lignin-derived ar-
omatic platforms for designing high-performance bio-based hybrid coatings with tunable properties, offering

promising prospects for advanced protective coating applications.

1. Introduction

Growing awareness of climate change and the progressive depletion
of fossil-based resources has intensified research efforts toward the
development of sustainable alternatives to petroleum-derived polymers.
In this context, the replacement of conventional petrochemical feed-
stock with renewable and bio-based building blocks has become a key
objective, particularly in the field of polymeric coatings, where large
volumes of materials are produced and consumed annually. The design
of sustainable precursors for coating applications is therefore of
considerable interest, as highlighted in recent reviews addressing green
strategies for polymer synthesis and processing [1-5].

Among advanced coating technologies, ultraviolet (UV) curing has
emerged as a highly attractive approach due to its low environmental
footprint. UV-curable systems are typically solvent-free, exhibit rapid
curing rates, and require relatively low energy input, resulting in sig-
nificant reductions in processing time and energy consumption [6,7].
These advantages make UV curing particularly appealing for industrial
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applications. Acrylates, methacrylates, and epoxy resins remain the
most widely employed chemistries in UV-curable formulations, owing to
their high reactivity and tunable material properties under radical and
cationic photopolymerization mechanisms.

Over the past decades, substantial progress has been made in the
development of bio-based and renewable polymer precursors suitable
for UV-curing applications. Numerous studies have demonstrated the
feasibility of replacing fossil-derived monomers with bio-sourced alter-
natives while maintaining competitive performance [8]. To replace
petrochemical monomers, cyclic monoterpene-based acrylates have
been proposed since they combine good mechanical properties with
decreased volatility [9]. The synthesis of a bio-based acrylated polyol
derived from castor oil glycidyl ether and its formulation into a UV-
curable coating resin were recently reported, showing interesting
properties in terms of corrosion protective coatings [10]. Recent review
highlighting bio-based acrylic resins, including acrylated tannic acid
systems and other renewable monomers used to enhance adhesion and
corrosion protection in coatings [11].
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Epoxidised vegetable oils represent one of the most commercially
established classes of bio-based epoxidised resins, benefiting from the
abundance and accessibility of unsaturated fatty acid chains that can be
readily functionalized with epoxy groups. These systems have been
widely investigated in our group [12-14]. In particular, epoxidised
linseed oil and cardanol-based resins have been investigated as renew-
able starting materials for coating applications [15]. Further studies
have also demonstrated the successful use of bio-renewable epoxy
monomers in cationic photopolymerization, highlighting the possibility
of tailoring the properties of the resulting crosslinked networks through
selection of the monomer structure [16].

Despite their advantages, triglyceride-based epoxy resins suffer from
intrinsic structural limitations. The presence of long aliphatic chains
typically leads to low cross-link densities and highly flexible polymer
backbones, which often translate into inadequate thermomechanical
performance, particularly in applications requiring high stiffness, ther-
mal stability, or dimensional integrity [17,18].

To overcome these limitations, alternative bio-based building blocks
with more rigid molecular architectures have been explored. Isosorbide,
a bicyclic compound derived from glucose, has attracted significant
attention due to its rigid heterocyclic structure, which can impart high
glass-transition temperatures and improved mechanical properties upon
functionalization and curing [19,20]. However, the strong hydrophi-
licity of isosorbide-based resins remains a major drawback, limiting
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their applicability in moisture-sensitive environments.

Other promising renewable platforms include itaconic acid [21-24],
both of which can be derived from biomass and have been successfully
employed in the synthesis of epoxy resins. These molecules offer the
advantage of incorporating unsaturation or aromatic functionality,
enabling the formation of crosslinked networks with enhanced thermal
and mechanical properties. Similarly, cellulose-derived furan-based
epoxy resins have been reported as high-performance bio-based alter-
natives, capable of achieving elevated glass-transition temperatures and
high storage moduli at ambient conditions due to their rigid aromatic-
like backbone [25-27].

Within this framework, lignin-derived aromatic compounds repre-
sent an especially appealing class of renewable feedstocks, as they
combine bio-based origin with inherent structural rigidity and large
availability, also as waste feedstock valorization. In the present work,
we focus on precursor resins obtained through the aromatic condensa-
tion of vanillyl alcohol and guaiacol, both readily accessible from lignin
depolymerization pathways [28], leading to the formation of bisguaia-
col F (BGF) isomers, as schematized in Fig. 1.

BGF mimics the 4,4-methylenediphenol structure, which is the
structural motif of bisphenol F (BPF) and all bisphenolic analogues.
Numerous syntheses of BGs were reported in the literature, differing
mainly in the degree of substitution of the aromatic rings and the nature
of the bridging element between them. The common feature among
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Fig. 1. Schematic overview of the synthetic and fabrication routes followed, upper and lower schemes respectively. Synthesis of bisguaiacol F derivatives. Reaction
pathway to BGF-DEDA. A) Guaiacol (8.0 eq.), SSANa (0.2 eq.), 80 °C, 3 h; B) EC (3.0 eq.), K»CO3 (0.2 eq.), 160 °C, 6 h; C) AcrCl (2.4 eq.), TEA (3.0 eq.), DCM, 0 °C, 1
h, RT, 2 h. 2) Reaction pathway to BGF-DGE. D) ECH (10.0 eq.), TEAB (0.1 eq.), 60 °C, 2 h; NaOH (4.0 eq.), RT, overnight. E) Photoinitiator (2 phr), mixing, UV-
curing (3 min, 170 mW/cmz); F) 160 °C, 2 h. Please refer to the experimental section for a detailed description of the methods.



N. Porcelli et al.

structures are the two aromatic rings that impart structural rigidity,
giving the bisphenolic molecule the stacking characteristics which are
reflected in the excellent mechanical performance of the derived poly-
mers. Furthermore, it was shown that the presence of ortho-substituent
methoxy groups on the aromatic rings greatly reduces the toxicity
commonly associated with bisphenolic analogues [29,30], thus making
them ideal candidates for replacing BPA in its various applications. The
synthesis of these BPA analogues follows a common pattern: they are
acid-catalyzed electrophilic aromatic substitution reactions, often con-
ducted under mild conditions and require excess substrate to prevent
isomerization and oligomerization phenomena. BGF is, indeed, the most
studied of all BG derivatives [31-33]. It is both the cheapest to produce
and has the most straightforward synthesis. Despite its history in syn-
thesis, it is yet to be studied in the context of coating applications. Thus,
the compound was synthesized and accordingly functionalized with
acrylates and epoxy groups to tailor the needs of the various photo-
polymerization processes.

To enhance the final thermo-mechanical properties of the UV-cured
coatings, a strategy previously proposed by our group was adopted [26].
Specifically, a hybrid organic-inorganic network was developed via a
sol-gel process, using tetraethoxysilane (TEOS) as the precursor for the
inorganic phase, via a dual UV-thermal curing process. The process in-
volves a series of hydrolysis and condensation reactions of hydrolysable
multifunctional alkoxysilane. The incorporation of the sol-gel-derived
inorganic domains within the UV-curable organic matrix is expected to
improve coating performance by increasing mechanical robustness and
thermal stability. At the same time, this approach is designed to preserve
and valorize the intrinsic sustainability benefits of lignin-derived aro-
matic components, effectively combining renewable feedstocks with the
high performance required for advanced UV-curable coating systems.

This work introduces, for the first time, the use of lignin-derived
bisguaiacol F (BGF) as a multifunctional platform for UV-curable
coating systems, addressing the current lack of studies on its applica-
tion in this field. Unlike conventional bio-based epoxy resins derived
from triglycerides, which suffer from limited thermo-mechanical per-
formance, the rigid aromatic structure of BGF enables the development
of high-performance networks. Furthermore the dual functionalization
of BGF into both acrylate and epoxy resins, allowing comparison of
radical and cationic photopolymerization pathways, combined with the
integration of a sol-gel-derived inorganic phase to form hybrid organ-
ic-inorganic coatings. This synergistic approach enables the design of
largely bio-based UV-curable materials with enhanced thermal and
mechanical properties, bridging the gap between sustainability and
high-performance coating applications.

2. Materials and methods
2.1. Materials

Guaiacol (Sigma-Aldrich, 99%), vanillyl alcohol (VA) (Sigma-
Aldrich, 98%), ethylene carbonate (EC) (Fluka, >99%), triethylamine
(TEA) (Sigma-Aldrich, for synthesis), acryloyl chloride (AcrCl) (Sigma-
Aldrich, 97%), epichlorohydrin (ECH) (Tokyo Chemical Industry,
>99%), tetraethyl ammonium bromide (TEAB) (Sigma-Aldrich, for
synthesis), silica gel (Millipore, 0.063-0.200 mm mesh), dichloro-
methane (DCM) (Sigma-Aldrich, 99.5%), ethyl acetate (EtOAc) (Sigma-
Aldrich, 99.5%), petroleum ether (PE) (Sigma-Aldrich, b.p. = 40-60 °C),
diethyl ether (DE) (Sigma-Aldrich, 98%), methanol (MeOH) (Sigma-
Aldrich, 99%), potassium carbonate (Riedel-de Haen, >99%), sodium
carbonate (Sigma-Aldrich, 99.5%), concentrated HySO4 (Scharlau,
95-97%), and NaOH (Carlo Erba, >99%), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (Sigma-Aldrich, 97%), triar-
ylsulfonium hexafluoroantimonate salts, mixed at 50 wt% solution in
propylene carbonate (Sigma-Aldrich), tetraethyl orthosilicate (Sigma-
Aldrich, 97%). All reagents and solvents were used as purchased without
further purification.
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2.2. BGF-DEDA and BGF-DGE synthesis

2.2.1. Preparation of silica sulfuric acid sodium salt (SSANa, 3.0 mmol/g)

NaHSO4 (2.34 M aqueous solution, 7.5 mL, 17.55 mmol) and SiO,
(3.75 g) were inserted in a 25 mL round bottom flask containing a
magnetic stirring bar, and the mixture was stirred for 15 min. Once
evaporated to dryness at the rotavapor, the solid residue (free-flowing
powder) was oven-dried at 130 °C overnight, giving SSANa (3.0 mmol/
g) as a white powder (5.86 g).

2.2.1.1. Synthesis of bisguaiacol F (BGF). In a typical experiment,
guaiacol (10 g, 80.6 mmol) and VA (1.55 g, 10.1 mmol) were inserted
into a 50 mL round bottom flask. The suspension was heated to 80 °C
while vigorously stirring, until complete dissolution of VA, then SSANa
3.0 mmol/g (0.67 g, 20.0 mol%) was added. The reaction mixture
turned light purple over the course of one hour. Upon completed con-
sumption of VA, monitored by thin layer chromatography (TLC) (DCM:
MeOH = 90: 10 v/v), the reaction mixture was filtered to remove SSANa
and the filter washed with DCM (10 mL). After removing the volatile
fractions under reduced pressure, the crude product was first heated
under reduced pressure to remove residual guaiacol through distillation
(39 °C, 1.6 mbar). The residue was further purified through flash column
chromatography (PE: DE = 80: 20 v/v, then PE: EA = 60: 40 v/v),
affording BGF as a white solid (13.22 g, 66% yield).

'H NMR (600 MHz, CDCls) 6 (ppm): 6.86-6.64 (m, 6H, Ar—H),
5.59-5.41 (s, 2H, Ar-OH), 3.87-3.83 (m, 6H, Ar-OCH3s), 3.85-3.80 (bs,
2H, Ar-CHpy).

13C NMR (600 MHz, CDCl3) & (ppm): 146.62, 145.65, 145.04,
144.06, 135.08, 133.48, 133.69, 122.72, 121.63, 120.18, 119.54,
115.18, 114.34, 111.47, 110.80, 108.77, 56.16, 56.01, 41.34, 41.10,
35.27.

2.2.1.2. Synthesis of BGF bis(2-hydroxyethyl) ether) (BGF-DE). BGF
(1.00 g, 3.84 mmol), EC (1.014 g, 11.5 mmol), and K»CO3 (0.106 g, 0.77
mmol) were inserted into a 25 mL round bottom flask and heated to
160 °C for 6 h, under vigorous stirring. The reaction mixture turned light
brown over the course of one hour. Upon complete consumption of BGF
(monitored by TLC, DCM: MeOH = 90: 10 v/v), the reaction mixture was
cooled to 100 °C and 2 M aqueous HSO4 was added to neutralize KoCOs.
The mixture was first stirred at 100 °C for 0.5 h, then it was cooled to
room temperature. Once transferred to a separatory funnel, the mixture
was diluted with EtOAc (50 mL) and washed with brine (5 x 25 mL).
After drying over NapSO4, the organic phase was filtered on a Gooch
funnel and concentrated under reduced pressure. The so obtained dark
red liquid BGF-DE (1.61 g, 96% yield), was used in the following without
further purification.

'H NMR (600 MHz, CDCls) 6 (ppm): 6.88-6.66 (m, 6H, Ar—H),
4.17-4.07 (m, 4H, C-CH;-0), 3.92-3.87 (m, 2H, Ar-O-CH,-C), 3.87-3.77
(m, 8H, Ar-O-CHs + Ar-CHy-Ar).

13C NMR (600 MHz, CDCl3) & (ppm): 150.1, 149.7, 146.6, 146.5,
135.5, 135.3, 134.8, 134.7, 122.3, 121.2, 121.0, 120.9, 116.2, 115.5,
114.0, 112.7,111.9, 72.7, 71.9, 69.6, 68.8, 61.8, 61.4, 56.0, 41.2.

2.2.1.3. Synthesis of BGF bis(2-hydroxyethyl) ether diacrylate (BGF-
DEDA). Inside of a 25 mL round bottom flask, TEA (1.6 mL, 11.5 mmol)
was added to a solution of BGF-DE (1.34 g, 3.84 mmol) in DCM (7.5 mL).
Once cooled near to 0 °C with an ice-water bath, AcrCl (0.75 mL of a
1.23 mol/L solution in DCM) was added dropwise over one hour under
vigorous stirring. Afterwards, the flask was left equilibrate to room
temperature under stirring for 1 h, and the mixture transferred to a
separatory funnel. Once diluted with DCM (10 mL), the mixture was
washed with 2 M aqueous HySO4 (3 x 10 mL), 1 M aqueous NaOH (3 x
10 mL) and brine (3 x 10 mL). The organic phase, dried over NasSO4,
was filtered on Gooch filter and concentrated under reduced pressure.
The residue was purified trough flash column chromatography over
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silica gel, with diethyl ether as eluent, giving BGF-DEDA as a pale-yellow
liquid, 1.75 g, quantitative yield.

'H NMR (400 MHz, CDCls) 6 (ppm): 6.88-6.64 (m, 6H, Ar—H),
6.47-6.36 (ddd, J; = 1.2 Hz, J; = 4.8 Hz, J3 = 17.4 Hz, 2H, -C=CHy),
6.19-6.10 (m, 2H, (0O=)C-CH=C), 5.85-5.80 (m, 2H, C—CHy),
4.50-4.47 (m, 2H, O-CH3-C), 4.35-4.31 (m, 2H, O-CH,-C), 4.27-4.23
(m, 2H, 0-CH;-C), 4.18-4.14 (m, 2H, O-CH»-C), 3.84-3.76 (m, 8H, Ar-O-
CHj + Ar-CHy-Ar).

13C NMR (400 MHz, CDCl3) § (ppm): 166.2, 150.0, 149.8, 146.8,
146.4, 135.4, 135.3, 134.8, 134.7, 131.3, 131.1, 128.4, 128.3, 121.1,
121.0, 115.0, 114.3, 113.2, 113.0, 71.0, 70.8, 70.0, 69.9, 69.5, 69.3,
69.0, 68.8, 67.7, 63.9, 63.2, 60.5, 56.1, 41.2.

2.2.1.4. Synthesis of bis(2-hydroxyethyl) ether diglycidyl ether (BGF-
DGE). Inside a 100 mL round bottom flask, BGF (13.02 g, 50.0 mmol)
and TEAB (1.05 g, 5.00 mmol) were dissolved in ECH (39 mL, 500
mmol). The flask was immersed in a pre-heated oil bath at 60 °C for two
hours, then was cooled down in an ice-water bath. 50% w/w aqueous
NaOH (5.0 mL, 200 mmol) was slowly added under vigorous stirring,
and the mixture was left stirring overnight at room temperature. DCM
(100 mL) and H30 (100 mL) were added under stirring, then the mixture
was transferred to a separatory funnel. After separation of the organic
portion, the aqueous phase was further extracted with DCM (50 mL).
The combined organic layers, once washed with H,O (100 mL), were
distilled at atmospheric pressure to remove DCM. Afterwards, the
application of a reduced pressure (P = 30 mmHg, Tpan = 45 °C) let the
distillation of residual ECH. After dehydration with a mechanical pump,
BGF-DGE was obtained as a pale yellow solid, quantitative yield.

TH NMR (600 MHz, CDCl3) § (ppm): 6.88-6.66 (m, 6H, Ar—H), 4.21
(m, 2H, O-CH3-C*), 4.02 (m, 1H, O-CH,-C*), 3.85 (s, 2H, Ar-CHjy-Ar),
3.82 (s, 6H, Ar-OCHs), 3.74 (s, 3H, C(=0)OCHs), 3.38 (m, 2H, C-C*H(0)
C), 2.89 (m, 2H, C*(—0O—)CHy), 2.73 (m, 2H, C*(O)CHby).

13C NMR (600 MHz, CDCl3) § (ppm): 149.7, 146.4, 134.9, 121.9,
120.9, 115.1, 114.4, 112.8, 112.0, 70.4, 59.2, 50.3, 45.0, 40.9.

2.2.2. Nuclear magnetic resonance spectroscopy (NMR)

'H NMR and '3C NMR spectra were carried out in CDCl3 using a
Bruker Avance 600 MHz spectrometer (Bruker, Karlsruhe, Germany) at
room temperature at the University of Modena.

2.3. UV-curing process investigation

2.3.1. Formulations preparation

The formulations were prepared by mixing each monomer, either the
acrylate (BGF-DEDA) or the epoxy one (BGF-DGE), with 2 phr of their
respective photoinitiator. In the BGF-DEDA case, the radical photo-
initiator corresponded to the phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide, while for the BGF-DGE monomer, triarylsulfonium
hexafluoroantimonate salts, mixed with 50 wt% in propylene carbonate
was used. For both the formulations, a first stirring to dissolve the
photoinitiator was performed using a sonicator at 50 °C for 60 min.
Afterwards, the samples were mixed thoroughly using a planetary
Thinky mixer ARE-310 (Laguna Hills, CA, USA) for an additional 10 min.

After mixing, the resin was poured and spread onto a silicon mould to
form a uniform layer, and UV-cured under a Dymax lamp for 3 min at
170 mW/cm?.

In the case of the TEOS-containing formulations, after the UV curing
reactions, the material underwent to a thermal process at high temper-
ature (160 °C) for a subsequent 2 h, to achieve a complete conversion of
TEOS into SiO, particles. The samples were labelled as reported in
Table 1.

2.3.2. Fourier-transform infrared spectroscopy (FTIR)
FTIR spectroscopy was employed to monitor and verify the photo-
curing behavior of both the acrylate and the epoxy resin formulations.
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Table 1
UV-Curable formulations.

TEOS amount Acrylate monomer (BGF- Epoxy monomer (BGF-

[phr] DEDA) DGE)
0 BGF-DEDA BGF-DGE
30 BGF-DEDA-3TEOS BGF-DGE-3TEOS

50 BGF-DEDA-5TEOS BGF-DGE-5TEOS

Measurements were performed by means of a Nicolet iS50 spectrometer
(Thermo Scientific, Milan, Italy). Both resins exhibited sufficient vis-
cosity to spread a 32 pm-thick layer on a silicon wafer using a stir bar,
enabling transmission-mode measurements. This configuration allowed
continuous in situ monitoring of reactive group consumption during UV
irradiation. In all cases, spectra were collected over the spectral range
4000-600 cm™! at a resolution of 4 cm”!, with 32 scans per
measurement.

To obtain real-time curing kinetics, the FTIR spectrometer was
equipped with a Hamamatsu Lightingcure LC8 UV lamp operating at
365 nm and 50 mW/cm?. Spectra were acquired at regular time intervals
during UV exposure. The polymerization progress was followed by
monitoring the decrease in the C=C stretching vibration of the acrylate
peak belonging to BGF-DEDA, centered around 1600 cm ™}, and the
decrease of the epoxy peak for the BGF-DGE, centered around 900 cm ™ *.
The aliphatic C—H stretching band at approximately 2950 cm ™!, which
is not involved in the photoreaction, was used as the reference peak.

The ratio of the integrated areas of the acrylate and epoxy peak and
the C—H reference peak was calculated at each time point and
normalized to its initial value at t = 0.

The degree of conversion (%) was then determined according to the

equation:
Agow _ [ Asow
Aref Aref
=0

£ x 100
Aé"‘"-‘P
Aref o

where Agoyp represent the integrated areas of the acrylate or epoxy
peaks and A,¢f represent the reference peak. All spectra were processed
and baseline-corrected using OMNIC software (Thermo Fisher Scienti-
fic), enabling quantification of monomer conversion as a function of UV
exposure time.

Conversion (%) =

2.4. Characterization of crosslinked coatings

2.4.1. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was performed using
a Triton Technology instrument (Netzsch-Geratebau GmbH, Selb, Ger-
many) to characterise the thermo-mechanical behavior of the UV-cured
materials. Tests were conducted in uniaxial tensile mode at an oscilla-
tion frequency of 1 Hz and an initial displacement of 0.02 mm. The
temperature used ranged from 0 °C to 150 °C at 5 °C/min; the starting
temperature was achieved by cooling the chamber with liquid nitrogen.
Testing continued until the sample reached the rubbery plateau region.

Specimens used for the analysis had dimensions of approximately
1.5 x 3.5 x 12 mm. Samples were prepared by pouring the photocurable
formulations into silicone moulds, followed by UV curing using a
DYMAX ECE flood lamp (Dymax Europe GmbH, Wiesbaden, Germany)
at 130 mW/cm? intensity for 60s each layer.

The glass transition temperature (Ty) was determined from the
maximum peak of the tand curve.

2.4.2. SEM analysis

Field-emission scanning electron microscopy (FESEM) was per-
formed using a SUPRA 40 (Zeiss, Oberkochen, Germany) microscope.
The specimens were prepared by covering the exposed surface of the
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sample after a brittle fracture with a 7 nm Pt layer. The sample was then
placed onto an Aluminium stub and attached with a silver-based
adhesive.

2.4.3. Thermogravimetric analysis (TGA)

The thermal stability of the polymer was evaluated by thermogra-
vimetric analysis. The sample was heated from room temperature to 900
°C at a 10 °C/min heating rate under a nitrogen atmosphere to maintain
an inert environment.

In this work, TGA analysis was performed using a Mettler Toledo
TGA/DSC1 (Milano, Italy) instrument equipped with aluminium oxide
crucibles (70 pL). 10 to 15 mg of the sample were weighed and placed in
the crucible for the analysis. The thermal stability was evaluated by
observing the onset of degradation temperature and the residual weight
after the test.

2.4.4. Pencil hardness evaluation

Photocured films were assessed for pencil hardness according to
ASTM D3363. The test involved pencils graded from 8B (softest) to 8H
(hardest). The assigned hardness grade corresponded to the firmest
pencil, producing no surface scratches.

2.4.5. Scratch-adhesion test

To assess the coating resistance to separation from the glass sub-
strates, the adhesion test was carried out according to the BS-EN-ISO-
2409:2020 standard. The Elcometer 107 Cross Hatch Cutter was used
to evaluate the adhesion of the photocrosslinked coatings on glass sub-
strates. The insert number 3 was used as a cutter to perform the test. The
cut areas were carefully visually examined with a viewing lens and were
classified according to Table 2, using the images as a guide.

Table 2
classification of adhesion performance.

Classification ~ Description The appearance of cross-cut
areas from which flaking has

occurred *

0 The edges of the cuts are
completely smooth; none of the
squares of the lattice is detached.

1 Detachment of small flakes of the
coating at the intersections of the
cuts. A cross-cut area lower than
5% is affected.

2 The coating has flaked along the
edges and/or at the intersections
of the cuts. A cross-cut area
greater than 5%, but lower than
15%, is affected.

3 The coating has flaked along the
edges of the cuts partly or wholly
in large ribbons, and/or it has
flaked partly or wholly on
different parts of the squares. A 11
cross-cut area greater than 15%,
but lower than 35%, is affected.

4 The coating has flaked along the
edges of the cuts in large ribbons
and/or some squares have
detached partly or wholly. A cross-
cut area greater than 35%, but
lower than 65%, is affected.

5 Any degree of flaking that cannot -
even be classified by classification
4

T

Progress in Organic Coatings 217 (2026) 110218

3. Results and discussion
3.1. Synthesis of bisguaiacol functionalized resin

The synthesis of functionalized BGF derivatives was articulated in a
two-step synthetic protocol for bisguaiacol-F-dyglycidyl ether (BGF-
DGE), while bis(2-hydroxyethyl) ether diacrylate (BGF-DEDA) followed
a three-step reaction scheme, as reported in Fig. 1. The two synthetic
schemes share a common first step.

For the synthesis of BGF the experimental protocol was based on the
procedures reported by Hernandez et al. [34] and their further de-
velopments [35-39]. In our synthetic protocol, the acid resin was
replaced by SSANa as solid phase catalyst [40]. The product was purified
from its higher molecular weight oligomeric fraction (mainly tri-
sphenols, akin to the byproducts of bisphenol F synthesis, [41]. [someric
purity was determined via 'H NMR spectroscopy, revealing the p-p’ and
p-m’ isomers ratio to be 80: 20. Even though it has been reported in the
literature, [34] we purposedly decided not to perform isomer separation
molecules, and thus obtain a less viscous final product.

The following etherification procedure to achieve BGF-DE was per-
formed on BGF according to previously reported reaction procedures
[42,43]. The complex 'H NMR spectrum appearance has been linked to
the high reaction temperature which, in presence of atmospheric oxy-
gen, can promote the formation of by-products via oxidative coupling.
Those could be potentially avoided by performing the reaction in a
sealed vessel under inert atmosphere. However, these conditions would
limit the release of the by-produced CO,, thus reducing the thermody-
namic drive of the process. Furthermore, the need for inert atmosphere
would severely limit the process' applicability and scale-up feasibility. A
blank experiment, namely with BGF and KyCOs3 only, showed the
occurrence of crosslinking phenomena. Initially, the possible isomeri-
zation of BGF and derivatives was considered, similarly to what has been
reported for bisphenol derivatives [44-48]. Although it has been
demonstrated that interconversion phenomena between isomers do not
occur in similar conditions [44], it cannot be ruled out that such phe-
nomena could occur under drastic conditions such as those used in the
etherification phase. However, the blank experiment dismisses this this
possibility, as no interconversion between isomers was recorded via 'H
NMR spectroscopy. A tentative purification via chromatography was
attempted, which resulted in no improvement in spectral quality. Thus,
the material was used as such in the next reaction step.

The acrylation procedure on BGF-DE to synthesize the BGF-DEDA
followed previously established protocols [49]. Although procedures to
produce acrylic monomers via transesterification of methyl acrylate
under acid-catalyzed conditions are reported, these processes are
disadvantageous when applied to the production of difunctional
monomers. The low yields of the final product, combined with the need
for lengthy and tedious chromatographic purification processes, make
the procedure unattractive at present. With the use of AcrCl, the reaction
proceeds smoothly, as reported by other protocols. The use of acrylic
reagent, the need for a solvent, and a base to suppress the acidity
released during the reaction certainly represent a limitation to envi-
ronmental sustainability. The choice of this protocol was dictated by
procedural simplicity.

The synthesis of BGF-DGE was performed on a batch of BGF that did
not undergo purification by column chromatography and followed the
reaction protocol established by Hernandez et al., achieving quantitative
conversion of the substrate and quantitative yield. Epoxy Equivalent
Weight (EEW) was determined according to ASTM D1652, with an
average value of 201 g/eq. The discrepancy between the experimental
value and the theoretical one (186 g/eq) was attributed to a minor
portion of the final product undergoing ring opening phenomena during
the workup procedure, thus increasing the corresponding EEW value.
The protonic NMR spectrum agrees with those previously reported, with
minor baseline fluctuations being attributed to the presence of isomers.
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3.2. UV-curing and characterization of biobased coatings

3.2.1. Kinetic studies

The UV curing reactions were deeply investigated by means of both
transmission FTIR recorded at different irradiation times. Both pristine
and hybrid formulations containing TEOS were studied. Specifically, the
radical chain-growth polymerization reaction of BGF-DEDA was inves-
tigated by monitoring the acrylate peak centred around 1636 cm™,
while the cationic ring-opening polymerization of BGF-DGE was moni-
tored by following the decrease in the epoxy peak centred around 913
em™! during irradiation. The conversion was calculated by using Eq. 1.
As an example, the FTIR spectra collected at different irradiation time
are reported respectively for pristine BGF-DEDA and BGF-DGE in Figs. 2
and 3. The final conversion data are collected for all the investigated
formulations in Table 2.

Conversion curves as a function of irradiation time are collected in
Fig. 4 and 5 respectively for the BGF-DEDA based formulations and BGF-
DGE based formulations, both pristine formulations and containing 30
phr and 50 phr TEOS.

The conversion curves clearly show different trend. While for the
acrylate monomer the addition of TEOS induced both an enhancement
of photopolymerization rate and final double bond conversion, when
TEOS is added in the epoxy monomer it induced a decrease of both
photopolymerization rate and final epoxy group conversion.

In fact, from data reported in Table 3 it is possible to see that BGF-
DEDA reached a final double bond conversion of 74% while the BGF-
DGE reached a final epoxy group conversion of 83%, showing good
reactivity of these biobased monomers upon UV-Curing process. The
addition of TEOS to the photocurable formulations induced an
enhancement of double bond conversion for the acrylate resin, which
showed a final conversion of 84% in the presence of 30 phr of TEOS and
89% when TEOS was added at 50 phr in the photocurable formulation.
On the other hand, the addition of TEOS to BGF-DGE decreased the
epoxy group conversion with respect the pristine formulation, reaching
a final conversion 69% for the formulation containing 30 phr of TEOS
and a very similar conversion (72%) for the formulation containing 50
phr of TEOS.

In the case of the acrylate monomer BGF-DEDA, the enhancement of
photopolymerization rate and acrylic double bond conversion could be
attributed to a viscosity-lowering effect due to the presence of TEOS
(~0.9 mPa:-s), which delays diffusion control during rapid radical pho-
topolymerization, allowing a higher reactivity and conversion of

0s Y

20s
——30s
1——60s
—120s

Absorbance

T T T T T
3500 3000 2500 2000 1500

Wavelength [cm™!]

Fig. 2. FTIR spectra collected for the BGF-DEDA pristine formulation after different irradiation time.

image shows the magnified region corresponding to the acrylate peak.
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acrylate groups [50,51]. On the other hand, when TEOS is added to the
epoxy resin, the photogenerated acid could be coordinated by alkox-
ysilane group competing with epoxy ring in protonation and therefore
reducing cationic photocuring rate and the final epoxy conversion.

3.2.2. Thermomechanical and morphological properties

The thermomechanical properties of UV-cured coatings were fully
investigated using dynamic mechanical thermal analysis (DMTA). The
pencil hardness was measured on UV-cured and dual-cured coatings.
Finally, SEM morphological investigation of in-situ generated silica was
performed on dual-cured coatings.

The DMTA curves (E' and tand curves) are reported in Fig. 6 and 7
respectively for BGF-DEDA and BGF-DGE and their UV-cured formula-
tions containing TEOS. The Tj of crosslinked coatings was determined as
the maximum peak on the tand curve. The data are collected in Table 4.
It is clear a shifting of tand curves to higher temperature by increasing
the TEOS content in the photocurable formulations. The Tg of pristine
BGF-DEDA was 67 °C and it showed an enhancement to 80 °C and 86 °C
respectively for the dual cured coatings achieved in the presence of 30
phr and 50 phr TEOS. The Tj of pristine BGF-DGE was 84 °C and it was
increased to 93 °C and 106 °C by increasing the TEOS content in the
photocurable formulations of respectively 30 phr and 50 phr.

These data clearly show the good thermo-mechanical properties of
the UV-cured biobased resin, attributable to their aromatic structure
which confer a quite high Tg. The Ty enhancement in the presence of
TEOS could be attributed to the expected silica formation during ther-
mal treatment. The silica generated in-situ hinders the polymer chain
mobility with a consequent increase of Ty values for the dual-cured
coatings.

The thermo-mechanical performance achieved in this study is
notable, with glass transition temperatures (Tg) ranging from 84 °C to
106 °C for the diacrylate and diepoxy resins, respectively, when cross-
linked in the presence of 50 phr of TEOS. Although these values do not
reach the higher thermo-mechanical properties reported for crosslinked
bisphenol-F diepoxy resins, typically exhibiting Tg values between 120
and 180 °C, elastic moduli of 1.5-3 GPa, and tensile strengths of 50-80
MPa [52], such performance is generally obtained through thermal
curing. To date, there are no reports describing the UV-curing of
bisphenol-F epoxy resins.

Achieving a Tg of 106 °C remains a significant result, particularly
considering the use of a bio-based precursor. In our previous work on the
UV-curing of diglycidyl furfuryl alcohol, the development of hybrid

Os
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Fig. 3. FTIR spectra collected for the BGF-DGE pristine formulation. The left image shows the entire FTIR spectrum, while the right image shows the magnified

region corresponding to the epoxy peak.
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Fig. 4. Conversion curves as function of irradiation time for BGF-DEDA pristine
formulation and for BGF-DEDA-3TEOS and BGF-DEDA-5TEOS.

organic-inorganic coatings demonstrated a clear enhancement in
modulus, Tg, and hardness. Specifically, the Tg increased from 80 °C for
the pristine epoxy-furan coating to 106 °C for the formulation contain-
ing 50 phr of TEOS [26]. These findings are consistent with the im-
provements observed in the present study.

The effect of Ty enhancement due to the in-situ silica formation on
surface hardness of crosslinked coatings was evaluated by pencil hard-
ness test. Both BGF-DEDA and BG-DGE UV-cured coatings showed a
surface hardness of H. The dual cured coatings evidenced an important
increase on surface hardness respectively of 4H and 5H for BGF-DEDA-
3TEOS and BGF-DEDA-5TEOS. The epoxy based cured coatings showed
even a higher enhancement when dual-cured in the presence of TEOS,
showing a surface hardness of 6H and 8H respectively for the coatings
BGF-DGE-3TEOS and BGF-DGE-5TEOS. The important enhancement on
surface hardness for dual-cured coatings could be attributed to the silica
generated in-situ from TEOS that induced a surface hardness
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Fig. 5. Conversion curves as function of irradiation time for BGF-DGE pristine
formulation and for BGF-DGE-3TEOS and BGF-DGE-5TEOS.

Table 3
FTIR final conversion for all the investigated photocurable formulations.

Sample name Acrylic d.b. conv. [%] Sample name  Epoxy conv. [%]

BGF-DEDA BGF-DGE
BGF-DEDA 74+ 3 BGF-DGE 83+9
BGF-DEDA- 84+ 4 BGF-DGE- 69 +5
3TEOS 3TEOS
BGF-DEDA- 89+8 BGF-DGE- 72+3
STEOS 5TEOS

enhancement due to the stiffening effect. This is an important result
when designing biobased UV-cured coatings as protective coatings.

All the UV-Cured formulations showed a good adhesion properties
on glass substrate, showing always edges of the cuts, after the scratch
test, completely smooth with none of the squares of the lattice detached
(Classification 0 of Table 2). This means that the Uv-Cured coatings
showed good adhesion performance on polar substrates such as glass.
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4. Conclusions
Table 4

T, and pencil hardness of UV-cured and dual-cured coatings.

Sample name Tg by DMTA (°C) Pencil hardness

BGF-DEDA 67 + 4 H
BGF-DEDA-3TEOS 80 +8 4H
BGF-DEDA-5TEOS 86 + 10 SH
BGF-DGE 84+ 4 H
BGF-DGE-3TEOS 93+ 4 6H
BGF-DGE-5TEOS 106 £ 11 8H

3.2.3. Thermogravimetric evaluation

TGA was performed on all formulations to evaluate the thermal
resistance of the composite materials. The results are shown in Fig. 8.
Analysis of the data reveals that the polymeric phase is fully degraded
after heating in an inert atmosphere to 900 °C, leaving a residual mass
composed only of the reinforcing SiO: phase, which remains stable
under these conditions. Notably, the residual mass percentage decreases
with increasing TEOS content in the formulation, likely due to incom-
plete hydrolysis and condensation of excess TEOS precursor.

3.2.4. Morphological characterization

To further confirm the formation of SiO2 particles during dual-curing
process in the presence of TEOS, morphological FESEM analysis was
performed on a fracture surface of the coatings. The FESEM images are
reported in Fig. 9 for BGF-DEDA-5TEOS (a) and BGF-DGE-5TEOS (b).

The FESEM images show the formation of particles on the sample
surface. The distribution of the spherical nanoparticles (average
dimension 398 + 80 nm) was quite homogeneous without important
agglomerations.

This work demonstrates the successful development of bio-based UV-
curable coatings derived from lignin-based aromatic building blocks,
namely bisguaiacol F (BGF) isomers obtained from vanillyl alcohol and
guaiacol. Through tailored functionalization strategies, bisguaiacol-F-
diacrylate (BGF-DEDA) and bisguaiacol-F-diglycidyl ether (BGF-DGE)
and were prepared and systematically investigated in both pristine UV-
curable formulations and TEOS-containing hybrid formulations. The
photopolymerization studies revealed distinct reactivity trends
depending on the curing mechanism: The presence of TEOS enhanced
the radical curing of the acrylate system by reducing viscosity and
delaying diffusion-controlled termination, whereas it partially hindered
the cationic curing of the epoxy resin due to competitive coordination
with epoxy ring of photogenerated acid species. Nevertheless, dual-
curing strategies enabled effective inorganic network formation, as
confirmed by DMTA and FESEM analyses. The in-situ generation of silica
during thermal treatment significantly restricted polymer chain
mobility, leading to marked Ty enhancements in both acrylate- and
epoxy-based systems, with values reaching up to 106 °C. Moreover, the
homogeneous distribution of silica nanoparticles contributed to
remarkable improvements in surface hardness, achieving up to 8H in
epoxy-based hybrid coatings. These findings highlight the strong po-
tential of lignin-derived aromatic platforms for the design of high-
performance hybrid materials. Importantly, this study underscores the
value of developing bio-based coatings whose final thermo-mechanical
properties can be finely tuned, enabling the achievement of high glass
transition temperatures and elevated surface hardness, features that are
particularly attractive for advanced protective coating applications.
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Fig. 9. FESEM images of surface fracture surfaces of the coatings BGF-DEDA-5TEOS (a) and BGF-DGE-5TEOS (b). Cross-sectional morphology for DGE-5TEOS (c).
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bisguaiacol F (BGF) as a multifunctional platform for UV-curable coating
systems, addressing the current lack of studies on its application in this
field. Unlike conventional bio-based epoxy resins derived from tri-
glycerides, which suffer from limited thermo-mechanical performance,
the rigid aromatic structure of BGF enables the development of high-
performance networks. Furthermore the dual functionalization of BGF
into both acrylate and epoxy resins, allowing comparison of radical and
cationic photopolymerization pathways, combined with the integration
of a sol-gel-derived inorganic phase to form hybrid organic-inorganic
coatings. This synergistic approach enables the design of largely bio-
based UV-curable materials with enhanced thermal and mechanical
properties, bridging the gap between sustainability and high-
performance coating applications.
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