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In the field of photocurable coatings, disulfide-containing monomers are gaining importance due to the unique
properties and responsiveness of S-S bonds, which make them suitable for various applications, including
photoinitiator-free and self-healable materials. In this work, a photocurable disulfide-containing polyurethane
diacrylated monomer (DS-IPDA) was synthesized through a simple two-step addition reaction. First, the initi-
ating ability of thiyl radicals, which are photogenerated by cleavage of disulfides by irradiation at wavelengths
around 250 nm, was demonstrated by investigating the photopolymerization kinetics of the monomer in the
presence or absence of a photoinitiator by FTIR analysis. Secondly, the dynamic nature of disulfide bonds and
hence the self-healing ability of the coatings was assessed. Clear coatings were obtained by photocuring DS-IPDA
alone or together with polyethylene glycol diacrylate at various weight ratios under a broadband (200 — 600 nm)
ultraviolet (UV) light or under a UV LED light at 365 nm. The latter is safer and more energy efficient than
traditional UV sources and helps preserve a higher content of unreacted disulfide bonds in the cured coatings for
further use in dynamic covalent reactions. However, it requires the presence of a photoinitiator in the photoc-
urable formulation. The disulfide exchange reaction proved effective in repairing surface damages after quick
heat treatment. The incorporation of disulfide bonds imparting self-initiating or self-healing properties to
coatings thus may contribute to improved sustainability reducing the number of components in the formulation
by avoiding the use of potentially migrating photoinitiators and by extending product lifetime.

1. Introduction

Photopolymerization has inherently environmentally friendly and
sustainable features, which have led to its growing significance and
establishment as a reliable process in a wide range of fields [1-4].
Thanks to the low-energy demand, fast and controlled curing process,
and absence of solvents, UV-curable materials are one of the main
choices in several applications, primarily coatings, as well as 3D print-
ing, biomedical materials, and optoelectronic components [5-8].
Despite its environmentally friendly features, photopolymerization still
presents some drawbacks for its sustainability. Particularly, for
UV-curable coatings the use of photoinitiators and the thermosetting

nature of the photocured material are important issues [3,9-11].
Photoinduced polymerization relies on the propagation of a reactive
radical, with varying chain length, generated through photocleavage of
a specific photoinitiator [12]. Nevertheless, the presence of residual
unreacted photoinitiator molecules or photodegradation products in the
final cured coating can be deleterious for certain applications where the
presence of small migrating species can be problematic, e.g., food
packaging [13,14]. Moreover, more stringent regulations are arising
concerning the potential effects on health of certain commercially
available photoinitiators, thus limiting their use in UV-curable formu-
lations [15]. In this scenario, reducing or avoiding photoinitiators in
UV-curable formulations brings several advantages. Photoinitiator-free
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Fig. 1. Structures of chemicals used.

formulations can be designed by incorporating specific monomers, such
as diacrylamides, or systems such as thiol-ene or bismaleimides [16-21].
More recently, disulfide bonds and related chemistry have been used as
an initiating mechanism for acrylic formulations [22-25]. When
exposed to UV light, disulfides are promptly cleaved, generating reactive
thiyl radicals, which are able to start the polymerization reaction [23,
25-27].

The thermosetting nature of photocured resins offers several ad-
vantages in terms of mechanical and chemical resistance of the mate-
rials; however, it also limits their potential for reuse, reprocessing or
recycling once crosslinked, arising environmental concerns [28-30]. To
overcome this issue, dynamic covalent bonds have been explored as a
possible solution to increase the recyclability of the photocured net-
works, introducing the capability to change the network structure in
response to external stimuli [11,31-35]. In the coatings industry,
providing a healing solution for surface damage is also of primary
importance. Coatings are susceptible to scratching during use, which has
a detrimental effect on both their lifespan and intrinsic value [36,37]. In
this scenario, the implementation of UV-curable coating bearing dy-
namic functionalities, allowing damage healing, has gained importance
[38].

Among different types of dynamic covalent bonds, disulfides are very
attractive due to their responsiveness to several external stimuli such as
temperature, light, pH, and reductive agents [39-42]. Either used alone
or coupled with reactive thiol groups, disulfide bonds may undergo a
series of exchange reactions, such as disulfide metathesis or
thiol-disulfide exchange [43,44]. These on-demand molecular rear-
rangements can be exploited to repair mechanical damage or reprocess
the material once crosslinked [42,45,46].

Different studies have reported the use of disulfide-containing com-
pounds in photo- or thermally curable formulations, to achieve self-
repairing and self-healing properties by applying light [47] or heat
[48], relying on disulfide exchange reactions. The incorporation of bis
(2-methacryloyl)oxyethyl disulfide in a classical bisphenol A digly-
cidyl ether dimethacrylate UV-curable formulation allowed the suc-
cessful thermally-induced healing of the photocured coating [41].
Disulfide-containing diamines with different proportions of flexible
segments were used to cure a polyurethane-modified epoxy resin,
showing that the efficiency of the thermally induced healing was
influenced by the content of dynamic bonds and by chain flexibility
[49].

Monomers and prepolymers containing both disulfide and urethane
functional groups have been synthesized for different applications. Self-
healing ability was imparted to spray paint or cast and thermally

crosslinked polyurethane coatings [50,51] and poly(urethane-urea)
coatings [52]. A self-healing polyurethane elastomer [53] and a
self-repairable, recyclable, and shape memory castor oil-based poly-
urethane acrylate [54] suitable for Digital Light Processing (DLP) 3D
printing applications, were reported. In addition, a polyurethane acry-
late prepolymer containing a disulfide bond and a flexible
polycaprolactone-diol chain was synthesized and used as a debondable
UV-curable adhesive, exploiting the reversibility of the disulfide bond
within crosslinked networks [55]. More specifically, different
disulfide-containing polyurethane acrylates have been employed either
as neat resins or in combination with conventional photocurable acrylic
resins to obtain coatings with self-healing ability [40].

Previously [56], we reported a disulfide-containing polyurethane
diacrylate monomer exhibiting both UV-induced self-initiation and
thermally activated self-healing. However, its solid-state nature at room
temperature limited processability and practical use in coating formu-
lations. To overcome this limitation, we synthesized a structurally
related monomer inspired by Zhang et al. [57], featuring improved
handling characteristics. Beyond formulation aspects, this study pro-
vides a systematic investigation of its photopolymerization behaviour
and network structure. Real-time curing kinetics were analysed, and
self-initiation and self-healing were evaluated for both homopolymer
networks and copolymers prepared with a conventional diacrylate. This
approach clarifies the relationship between disulfide content, network
mobility, and healing efficiency in photocurable polyurethane acrylate
systems.

2. Materials and methods
2.1. Materials

2-Hydroxyethyl disulfide (HEDS), isophorone diisocyanate (IPDI), 2-
hydroxyethyl acrylate (HEA), poly(ethylene glycol) diacrylate (PEGDA)
with average M, of 575, 2,6-di-tert-butyl-4-methylphenol (BHT), and
dibutyltin dilaurate (DBTL) were purchased from Sigma Aldrich.
Dipropylene glycol diacrylate (DPGDA), used as a reactive diluent, and
ethyl phenyl(2,4,6-trimethylbenzoyl)phosphinate (Genocure® TPO-L),
used as a photoinitiator for the polymerization reaction were kindly
provided by Rahn AG, Switzerland. The chemical structures of the re-
agents are summarized in Fig. 1.

All other solvents used were purchased from Sigma-Aldrich. All the
reagents were used without any further purification.
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Table 1
Labels and compositions of the prepared formulations.

Formulation DS-IPDA [wt%)] PEGDA [wt%] Genocure® TPO-L [phr]

DS-IPDA 100 0 0
DS-IPDA 100 100 0 1
DS-IPDA 75 75 25 1
DS-IPDA 50 50 50 1
PEGDA 0 100 1

2.2. Synthesis of DS-IPDA

A disulfide-containing polyurethane diacrylate (DS-IPDA) monomer
with the molecular structure proposed by Ref. [57] was synthesized
according to a well-established two-step addition reaction scheme
commonly used for polyurethane synthesis [53,58,59].

In the first step IPDI (159.92 g, 0.72 mol), BHT, and DBTL were
added to a round-bottom reaction flask. The mixture was first stirred and
then HEDS (55.81 g, 0.36 mol) was added dropwise to the reaction
mixture through a graduated dropping funnel. The mixture was stirred
for 2 h before proceeding with the following step. As already reported
for the synthesis of another disulfide-containing urethane monomer
[56], the exothermic reaction given by the urethane bond formation
between hydroxyl groups of HEDS and isocyanate moieties of IPDI was
constantly monitored and kept in the range of 50-60 °C using a cold
bath.

In the second step, HEA (84.01 g, 0.72 mol) was added dropwise to
the reactor, using a graduated dropping funnel. As performed for the
first step, the exotherm given by urethane bond formation between the
step-one product and the HEA was kept below 60 °C, to avoid over-
heating of the reaction. Due to the high viscosity developed in the re-
action flask, a difunctional reactive diluent, DPGDA (75 g, 20 wt%), was
added to the mixture as a diluent. To simplify the notation, the mixture
of DS-IPDA and DPGDA will be referred to just as DS-IPDA in the
following sections. The presence of unreacted isocyanate was assessed
through FTIR analyses, checking the disappearance of the -NCO
stretching peak around 2260 cm™!. The reaction proceeded until the
remaining amount of isocyanate groups was lower than 0.3% (~20 h). A
steady air inlet was constantly fluxed into the reaction flask to inhibit the
polymerization of the reacting mixture.

2.3. DS-IPDA coatings preparation

Coating formulations were prepared using DS-IPDA alone or by
mixing it with PEGDA using different ratios, up to 50:50 w/w, as well as
PEGDA alone used as reference; 1 part per hundred resin (phr) of Gen-
ocure® TPO-L was then added to each formulation, except the self-
initiating DS-IPDA one, mixing for 15 min to ensure complete disper-
sion of the photoinitiator. The compositions of the different formula-
tions tested are reported in Table 1.

Each formulation was spread on a glass slide with a 50 pm wire-
wound applicator to obtain a homogeneous layer of material. Given
the high viscosity of the synthesized DS-IPDA, the formulations that did
not contain PEGDA (i.e. DS-IPDA and DS-IPDA 100) were heated to
50 °C in an oven before spreading on glass slides, thus facilitating the
coating procedure. Coatings with photoinitiator were then cured using a
UV LED spot curing system operating at 365 nm (OmniCure® LX500,
Excelitas) with an intensity of 100 mW cm 2. The UV LED light intensity
was quantified using a UV Power Puck® II (EIT® Instrument Markets).
The coating samples were irradiated for 120 s under an inert atmosphere
to allow complete curing of the samples. The self-initiating DS-IPDA
coating was cured using a mercury-xenon lamp (LIGHTNINGCURE™
Spotlight source LC8, Hamamatsu) having a spectral distribution in the
200 - 600 nm range, using the same conditions of time and intensity as
for the LED cured coatings. In this case the light intensity was evaluated
using a UV Handheld Meter HI1 (UV-Technik international LTD)
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equipped with the sensor SI1 UV Gesamt 230-410 nm 200 mWem 2. The
final thickness of the coatings was in the 75 — 85 pm range.

For self-healing and hardness measurements, self-standing films in
the form of disks with a diameter of 12 mm and a thickness around 770
pm were prepared using a silicon mould. The curing was performed with
the same procedures as for the coatings; only in the case of DS-IPDA it
was necessary to increase the irradiation time, 10 min on each side, to
obtain solid films.

2.4. Characterization

The molecular weight distribution of the synthesized DS-IPDA was
investigated by gel permeation chromatography (GPC) using an Erca-
tech GPC system. Tetrahydrofuran (THF) was used as the eluent for the
samples, imposing an injection volume of 100 pL and a mobile phase
flow rate of 1.0 mL min~".

NMR spectroscopy was used to investigate the chemical structure of
the product after synthesis. 1D and 2D NMR experiments were per-
formed on a Bruker NEO console operating at 400 MHz. The sample was
dissolved in chloroform (10 mg mL 1) which was used as an internal
deuterium lock. Chemical shifts () are reported in parts per million
(ppm) using the residual CDCl3 as a reference. The experimental con-
ditions are: 'H spectrum (16 scans and 10 ppm sweep width); 13C-I{H}
and '3C-1{H} DEPT experiments (2048 scans, 200 ppm sweep width and
D1 of 55). 2D 'H-'H COSY spectrum was recorded with a spectral width
of 10 ppm, 4 scans, 512 increments in t1, and 2048 complex data points
in t2. Natural abundance heteronuclear *C-{'H} HSQC spectrum was
acquired with 512 t1 increments and 1024 complex data points in t2,
using a sweep width of 10 ppm in the proton and 200 ppm in the carbon
dimension.

The photocleavage of DS-IPDA upon UV light irradiation with
different wavelengths was investigated using a Thermo Fisher Scientific
Evolution 220 UV-Vis spectrophotometer in absorbance mode. For
irradiation experiments, DS-IPDA was dissolved in a suitable amount of
anhydrous methanol and placed into a 10 mm quartz cuvette. UV-Vis
spectra were acquired before and after UV exposure at different times.
Irradiation of the DS-IPDA/methanol solution was performed with the
two light sources used for photocuring: the UV LED spot curing system
operating at 365 nm (OmniCure® LX500, Excelitas), and the mercury-
xenon lamp (LIGHTNINGCURE™ Spotlight source LC8, Hamamatsu).
In both cases, the intensity of the UV light was set to 100 mW cm ™2,

The conversion of acrylate groups was evaluated at discrete time
intervals during photocuring by FTIR spectroscopy analyses by using a
Thermo Fisher Scientific Nicolet™ iS50 spectrometer in transmission
mode in the spectral range of 4000-400 cm'. 10 pm-thick films were
cast on a silicon wafer and irradiated for up to 350 s in an inert atmo-
sphere (N5), and spectra were collected at fixed time intervals with 32
scans per spectrum and a resolution of 4 cm ™. The value of acrylate
conversion was calculated according to Eq. (1).

A
Conversion% = (1 —A—t ) x 100 (Eq. 1))

0

where A; is the normalized area of the peak of the reactive group
(acrylate C=C double bond at 1635 cm’l) at time t of irradiation and Ag
is the normalized area of the same peak before irradiation. The area of
the C=0 stretch peak centered at 1720 cm ! was used as an internal
reference for normalization.

Photopolymerization kinetics of LED cured formulations were
investigated using real-time FTIR (rt-FTIR) spectroscopy in transmission
mode using the same Thermo Fisher Scientific Nicolet™ iS50 spec-
trometer fitted with a custom accessory for in situ irradiation, working in
the spectral range of 2700-400 cm™!. DS-IPDA/PEGDA films were pre-
pared by spreading the formulation on a silicon wafer using a 10 pm
manual wire-wound applicator. Samples were then irradiated for 120 s
using the same LED spot curing lamp (OmniCure® LX500, Excelitas)
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Fig. 2. Synthesis reaction of DS-IPDA.

previously employed, placing the optical fibre at a distance of 5 cm from
the surface of the sample. The light intensity was set at 100 mW cm 2.
The intensity of incident light was assessed by means of UV Power
Puck® II (EIT® Instrument Markets). In order to carry out the poly-
merization under inert conditions and thus avoid oxygen presence on
the sample surface, formulations were covered with a 50 pm poly-
ethylene film during measurements, aiming to hinder the oxygen inhi-
bition on the surface of the samples. FTIR spectra were recorded
continuously during irradiation, setting the sampling rate at 50 spectra
per minute. For each measure, the UV lamp was switched on 30 s after
the beginning of data acquisition. The acrylate group conversion was
calculated according to Eq. (1) as a function of time. Starting from the
kinetic curve (double bond conversion vs time of irradiation), the pho-
topolymerization rate was calculated as the first-order derivative of the
curve. Three different kinetic curves were registered for each sample and
then averaged to calculate the final conversion value. The standard
deviation for each conversion kinetics was in the range between 1 and
5%.

The gel fraction, and thus the amount of insoluble photocured
coating, was assessed by gel content analysis, evaluating the weight
difference for each sample after 24 h of extraction in acetone at room
temperature. After being immersed in the solvent, the samples were left
to dry first under the fume hood for 24 h, then in the oven at 60 °C for 5 h
and 80 °C for two more hours.

The viscosity (1) of DS-IPDA/PEGDA formulations was measured
respectively at 25 °C and 50 °C by using an Anton Paar MCR 702e
MultiDrive Rheometer (Graz, Austria) in a parallel plate configuration.
The measures were conducted in a shear rate range of 0.1-100 s,
assessing the value of viscosity from the plateau region of the curve.

Thermal properties of the synthesized DS-IPDA were examined by
differential scanning calorimetry (DSC), conducted with a Mettler
Toledo DSC 3+, placing a total amount of 13.5 mg into a sealed
aluminum pan. The uncured DS-IPDA monomer was subjected to heat-
ing/cooling cycles ranging from —70 °C to 100 °C with a heating/
cooling rate of 10 °C min~". All DSC analyses were performed under N
flux (50 ml min’l). The thermal properties of photocured DS-IPDA/

PEGDA samples were measured using a Q20 TA Instrument by placing
samples of about 5 mg in sealed aluminum pans. All the experiments
performed were conducted under N flux (50 ml min™Y). Samples were
subjected to heating/cooling cycles ranging from —70 °C to 180 °C with
a heating/cooling rate of 10 °C min~!. In all cases, the midpoint of the
inflection was employed to estimate the glass transition temperature
(Ty).

The UV-Vis transmittance was evaluated on 50 pm cured DS-IPDA/
PEGDA coatings using a Thermo Scientific™ Evolution™ One series
UV-Visible spectrophotometer. The spectra were collected in trans-
mittance mode in the range of 300-1000 nm with a bandwidth of 1 nm.

The wettability properties of photocured DS-IPDA/PEGDA coatings
were determined using static contact angle analyses by means of an FTA
1000C instrument (First Ten Angstroms) equipped with a video camera
and image analyzer software. Five measurements were obtained for each
coating sample, and the mean value and associated error were subse-
quently calculated. Two probe liquids with different surface tensions
were employed: water (surface tension = 72.1 mN m 1) and hexadecane
(surface tension = 28.1 mN m™}). The surface energy of the sample
analysed was then calculated according to the Owens-Wendt geometric
mean method [60].

The surface hardness of cured DS-IPDA/PEGDA formulations was
assessed through a shore D durometer hardness apparatus (SAUTER
HBD 100-0 by Sauter GmbH). The samples analysed were in the form of
disks with a diameter of 12 mm and a thickness of around 770 pm
(prepared as explained above), and they were tested at room
temperature.

The adhesion level of the various coatings was evaluated following
the method of the standard ISO 16276-2:2007 on a glass substrate, using
a TQC sheen kit. A X-cut was performed with a single blade cutter, and
then a transparent pressure-sensitive tape was applied on top and then
removed at 180°. The adhesion was estimated by inspecting the un-
damaged coating after tape removal and scored following the scale given
by the standard, going from 0 in case of no peeling or removal up to 5 for
a removal beyond the area of the X-cut.

The resistance of the DS-IPDA/PEGDA coatings to solvent was
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Fig. 3. (a) H NMR and (b) '*C NMR spectra of DS-IPDA after synthesis reaction.

investigated using an adapted version of ASTM D5402 [61]. The surface
of the coating was rubbed with an ethyl acetate-soaked cloth, and
coating solvent resistance was identified as the number of double rubs
required to create a damage or a scratch on the surface of the sample.

The self-healing ability of the obtained networks was assessed by
testing the healing of surface scratches or cuts following a heat treat-
ment. Surface scratches were obtained on coatings with a sharp metal tip
(obtaining 7 — 25 pm wide scratches, depending on the coating type) and
with a surgical blade, obtaining thin surface scratches. Without applying
any external force, the damaged samples were heat-treated in a con-
vection oven with temperatures ranging from 55 °C to 130 °C. Also, cuts
obtained with a surgical blade on DS-IPDA 75 and DS-IPDA 50 self-
standing films were healed in a heated press (Mini-Film Maker Kit
GS03970, Specac) for 15 min applying a force of 0.5 — 0.7 ton, at tem-
peratures of 85 °C and 55 °C, respectively. Optical microscope images
were taken before and after the thermal treatment, using an Olympus
BX53MREF-S optical microscope equipped with a digital camera, with a
magnification of 20x. A visual qualitative assessment was done for the
healing of thin surface scratches, while the healing of larger surface
scratches and cuts was quantitatively assessed by measuring the
reduction of the width of the damaged area (image analysis was per-
formed using Adobe Photoshop software, Adobe Inc.).

3. Results and discussion
3.1. Synthesis of DS-IPDA
A disulfide-containing polyurethane diacrylate monomer (DS-IPDA)

was synthesized through a two-step addition reaction between a
hydroxyl-terminated disulfide (HEDS), IPDI, and HEA [59]. A general

scheme of the reaction is depicted in Fig. 2. In the first step, HEDS was
reacted with IPDI, at 50 °C in the presence of a catalyst, yielding an
isocyanate end-capped disulfide intermediate (1). Product (1) then un-
derwent a second addition reaction with HEA to introduce the termi-
nating acrylic groups on the isocyanate groups and to obtain the final
product (2). To decrease the viscosity of the medium and enhance its
suitability for industrial applications, 20 wt% of a low-viscosity
difunctional reactive diluent (DPGDA, n = 15 mPa s~1) was added.

The synthesis of DS-IPDA was monitored by GPC and NMR. The
obtained GPC chromatogram is reported in Fig. S1. Several peaks were
present: the small peak at 18.6 min could be assigned to the unreacted
HEA still present in the mixture, while the two following peaks,
respectively at 17.8 and 17.2 min, were attributed to DPGDA added as a
viscosity modifier. The high peak at 16.5 min was reasonably due to the
formation of a diacrylate monomer between unreacted IPDI and HEA
since no purification step was done between the two addition reactions
during the synthesis procedure. The highest peak at 15.5 min was
related to the final product (2), thus DS-IPDA. Multiple peaks between
14.8 min and 13 min were attributed to high-molecular-weight
byproducts, given by the uncontrolled addition of IPDI on HEDS dur-
ing the first addition reaction. This undoubtedly led to the formation of a
series of oligomers formed by the subsequent repetition of HEDS-IPDI
units, which were acrylated during the second addition reaction with
HEA. Since the stoichiometric reaction in which one molecule of HEDS
reacts with two molecules of IPDI was no longer valid, an excess of IPDI
was present in the reaction mixture. The formation of diacrylated IPDI
served as further evidence in support of this hypothesis.

'H and ¥c-{'H} NMR spectra of DS-IPDA polymeric mixture, ob-
tained after reaction, are shown in Fig. 3 (a and b respectively). The
proton spectrum was assigned using the 2D 'H-'H cosy, Bc-{'H}


astm:D5402

A. Spessa et al.

Hg-Xe UV lam
@ g P

DSPDA-L

— No irradiation
—15s
—60s
—1200 s

Absorbance

T T T T
225 250 275 300 325
Wavelength (nm)

Polymer 358 (2026) 130200

®) LED 365 nm UV lamp

DSPDA-L

—— No irradiation
—15s
—120s

Absorbance

T T T T
225 250 275 300 325
Wavelength (nm)

Fig. 4. UV-Vis photolysis spectra of DS-IPDA solution in methanol when exposed to (a) a mercury-xenon UV lamp and to (b) a UV LED lamp operating at 365 nm.

HSQC and 13c{'H} DEPT experiments (Fig. S2-54) and are in agree-
ment with literature data [57]. A careful observation of the NMR
spectra, both proton and carbon, shows multiple signals, most visible in
the 5.5-6.5 ppm region, thus indicating the presence of
high-molecular-weight polymers or unreacted species, as also seen by
GPC. Chemical shifts and integrals of relevant proton signals are re-
ported in Table S1.

Given that all the molecules present in the mixture obtained after the
reaction contained a reactive acrylate group, thereby enabling their
participation in the polymeric network formation upon irradiation, in
addition to one or more disulfide dynamic bonds, it was considered
unnecessary to purify the obtained mixture, in view of a simpler scale-up
of the process. The mixture under discussion has been designated DS-
IPDA in the ensuing sections to facilitate the notation.

DSC was used to investigate the thermal transitions of the synthe-
sized DS-IPDA: the obtained curve is reported in Fig. S5. The glass
transition temperature was assessed at approximately —9.7 °C, while no
melting or crystallization temperatures were present in the curve within
the tested temperature range (—70 °C — 100 °C). At room temperature,
the monomer mixture is in fact a highly viscous liquid (non-crystalline),
owing its amorphous structure to the presence of the IPDI building
block. This, in fact, has a high steric hindrance limiting the formation of
hydrogen bonds between urethane groups, and an asymmetric structure
with cis- (Z) and trans- (E) isomers that does not favour the formation of
a crystalline phase [50,62].

3.2. Photopolymerization of DS-IPDA

The initial step in the study of the photopolymerization of the syn-
thesized DS-IPDA was the investigation of UV-induced disulfide bond
photocleavage, to demonstrate the self-initiation ability of the system.
As demonstrated in previous studies [26,63,64], disulfide bonds are
susceptible to UV light, resulting in photocleavage and the subsequent
production of thiyl radicals. These thiyl radicals are able of reacting in
different chemical processes [23,27], including the initiation of poly-
merization [24,56].

First, methanol solutions of DS-IPDA were prepared and analysed
with UV-Vis spectroscopy. As shown by the absorption spectra of DS-
IPDA (Fig. 4), an absorption peak appeared around 249 nm, ascribable
to the n—o* electronic transition of the disulfide bond. DS-IPDA meth-
anol solutions were then irradiated under UV light using two different
types of light sources with different emission ranges: a mercury-xenon
UV lamp (emission range 200 nm - 600 nm) and a UV LED lamp
(emission range 360 nm — 370 nm). UV-Vis absorption spectra of DS-
IPDA in methanol solution before and after UV light exposure for both
UV lamps are reported in Fig. 4.

When the DS-IPDA solution was exposed to UV light from a mercury-
xenon lamp, the intensity of the peak related to the n—c* electronic
transition of the S-S bond decreased, as previously reported for HEDS
[56]. The peak completely disappeared after 1200 s of irradiation. In

100
=< 80- - :
 —
S
&2
g 60
[ =
8
2 40 ----DSPDA-L UV
S DSPDA-L + 1 phr TPO-L UV
© ‘ - - DSPDA-L LED
I ! DSPDA-L + 1 phr TPO-L LED
3 20
a
l.,.—"‘ ---- - @t L Sk *
0%

0 50 100 150 200 250 300 350
Irradiation time (s)

Fig. 5. Double bond conversion of DS-IPDA cured with mercury-xenon UV
lamp (100 mW cm 2 i without photoinitiator, and a with photoinitiator) and
DS-IPDA cured with UV LED lamp (100 mW cm 2 ¢ without photoinitiator,
and v with photoinitiator).

contrast, when the same DS-IPDA methanol solution was irradiated
using a UV LED lamp operating at 365 nm, the absorption peak of the
S-S bonds centered around 249 nm did not decrease and remained
constant with increasing time of irradiation. As expected, wavelengths
in the UV-C region (UV light with wavelengths below 280 nm) can
promote disulfide cleavage.

To further assess DS-IPDA self-initiating ability, FTIR spectroscopy
was used to quantify the acrylate double bonds conversion in the
absence or presence of a Norrish type I photoinitiator (i.e., TPO-L).
Samples were irradiated with either a mercury-xenon UV lamp or a
UV LED lamp to benchmark the initiation ability of DS-IPDA when
different light sources were employed. As illustrated in Fig. 5, the DS-
IPDA system exhibited similar levels of double bond conversions
(90%) in the presence and absence of a photoinitiator when photocured
with a mercury-xenon UV lamp curing system. In this instance, the
initiating effect of thiyl radicals obtained by photocleavage of disulfide
bonds present in DS-IPDA was confirmed, despite the initial polymeri-
zation rate being slower in comparison to that achieved in the presence
of TPO-L.

When the same photocuring process was performed using a UV LED
lamp emitting 365 nm light, a considerable level of double bond con-
version was only achieved in the presence of a photoinitiator. This
resulted in approximately 67% conversion after 350 s of irradiation. In
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Table 2

Double bond conversions and polymerization rate values of materials cured by LED light at 365 nm with 1 phr photoinitiator.

Formulation n (25 °C, 10 s’l) [mPa s] Double bond conversion [%] Polymerization rate s
DS-IPDA 100 5.83 x 10° 66 7
DS-IPDA 75 1.09 x 10* 76 14
DS-IPDA 50 8.05 x 102 83 18

contrast, the DS-IPDA sample without photoinitiator reached only 12 %
of double bond conversion. This confirmed that UV LED irradiation at
365 nm is insufficient to induce disulfide homolysis and generate initi-
ating thiyl radicals. This behaviour is consistent with the UV-Vis results,
and therefore indicates that under these conditions, an external photo-
initiator is required to effectively trigger polymerization. It is also worth
noting that curing DS-IPDA with the mercury-xenon UV lamp led to a
higher final conversion compared to LED irradiation, even in the pres-
ence of photoinitiator. This suggests differences in the polymerization
pathway and network development. In the case of broadband irradia-
tion, the continuous generation of thiyl radicals via disulfide cleavage
may promote a more progressive network build-up, delaying vitrifica-
tion and preserving molecular mobility to higher conversions.
Conversely, LED-induced curing in the presence of a photoinitiator
likely leads to a faster initial radical flux and earlier diffusion-controlled
termination, limiting the attainable final conversion.

Due to the high viscosity of DS-IPDA, the resin was mixed with
PEGDA in different amounts, namely 25 wt% and 50 wt%: as a reactive
diluent, PEGDA limits the drawbacks viscosity poses to processing. The
viscosity vs shear rate curves measured for the DS-IPDA/PEGDA for-
mulations are reported in Fig. S6. The viscosity curves for DS-IPDA 100
formulation were collected at room temperature (i.e. 25 °C), and at
50 °C to simulate the coating preparation conditions. As expected,
increasing the temperature significantly reduced the viscosity,

DS-IPDA

DS-IPDA 100

facilitating film deposition. When PEGDA was added to the DS-IPDA, the
viscosity value dropped by three orders of magnitude, shifting from
5.83 x 10° mPa s for DS-IPDA 100 to 8.05 x 10? mPa s for the formu-
lation with 50% w/w PEGDA (DS-IPDA 50). In addition to efficiently
reducing the viscosity of the formulations, PEGDA has a flexible struc-
ture that contributes to increasing chain mobility (an important
parameter for dynamic bond exchange and self-healing), while its
difunctional structure allows it to actively participate in the formation of
the crosslinked network.

Curing kinetics under UV LED light at 365 nm was studied for
coatings in the presence of 1 phr of TPO-L radical photoinitiator by real-
time FTIR measurements. Conversion curves and polymerization rates
over irradiation time are reported in Fig. 6, while double bond conver-
sion values and polymerization rates for all the samples are summarized
in Table 2.

By increasing the amount of PEGDA in the formulations, the final
double bond conversion increased, reaching 83% in the case of DS-IPDA
50. The photopolymerization rate followed the same trend, with the
highest rate of 18 s~! for the sample containing the highest amount of
PEGDA. Reasonably, the slower polymerization rates and the smaller
double bond conversions in the presence of a higher amount of DS-IPDA
were not due to a lack of reactivity of the disulfide-containing monomer,
but to the high viscosity of DS-IPDA 100 (Table 2) and to the earlier
onset of vitrification, both hindering reactive groups mobility during the

DS-IPDA 75

DS-IPDA 50

Fig. 7. Images of photocured DS-IPDA based coatings on glass slides.
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Table 3

Gel fraction, glass transition temperature (Tg), contact angles of water and
hexadecane with the respective surface energies and components, hardness and
solvent resistance values for coatings cured for 2 min.

Samples DS-IPDA  DS-IPDA DS-IPDA DS-IPDA
100 75 50

Gel fraction [%] 36 98 91 96

T, [°C] 45.4 80.8 64.9 36.9

0, [°] 61.4 + 726 +£1.2  68.4 % 64.0 +
0.5 2.3 1.8

Oy [°] 10.1 + 13.8+1.6 11+0.2 8.6+ 0.8
0.6

7s [MNm™] 44.2 37.2 39.8 42.6

72 [mNm™'] 27.1 26.7 27 27.2

78 [mNm™] 17.1 10.5 12.8 15.4

Hardness [shore D] N.A. 78 £2 77 £1 73+ 3

Solvent resistance [# double - 20 40 90

rubs]

photoinduced polymerization reaction.

Thus, the addition of the PEGDA comonomer not only enables pro-
cessing at room temperature by providing suitable viscosity for coating
but also increases the conversion degree and accelerates the reaction
imparting sufficient chain mobility during photocuring.

3.3. DS-IPDA based coatings characterization

Since the synthesized DS-IPDA could be easily and rapidly photo-
cured alone or mixed with PEGDA to obtain a consistent transparent film
(shown in Fig. 7), its application as a potential thin coating was studied
and investigated. DS-IPDA based coatings cured for 120 s with a 365 nm
UV LED lamp in the presence of TPO-L photoinitiator were prepared
according to the formulations described in Table 1. This approach allows
to maximize the amount of dynamic covalent bonds in the cured samples
and provides a safer and more energy-efficient curing process compared
to conventional UV sources, however, under these conditions, the use of
a photoinitiator is required to achieve satisfactory conversion. Self-
initiated coatings were obtained by curing the bare DS-IPDA for 120 s
under the mercury-xenon UV lamp, exploiting the photopolymerization
promoted by thiyl radicals.

All coatings were transparent and colourless. Their optical trans-
mittance was evaluated by UV-Vis spectroscopy (Fig. S11). In all cases,
the coatings exhibited transmittance values above 90% across the entire
spectral region above 400 nm.

The gel fraction of the coatings was evaluated after extracting the
soluble fraction in acetone for 24 h, and the results are summarized in
Table 3. For the coatings cured by LED light, despite the considerable
difference in the acrylate conversion value (Table 2), the insoluble
fraction was quite similar in all the cases (higher than 90% for all three
formulations), indicating the formation of well-developed crosslinked
networks. On the other hand, the DS-IPDA coating, cured under the
mercury-xenon lamp, showed a considerably lower value of gel fraction
compared to its LED-cured counterpart (DS-IPDA 100), although both
systems reached a similar double bond conversion of around 65 % after
120 s irradiation. This discrepancy suggests differences in network ar-
chitecture: a plausible explanation is that the thiyl radicals formed by
cleavage of the disulfide bond may react with the double bond both
forming short chains and eventually giving intramolecular addition,
producing cyclic products and reducing the effective crosslink density
[65].

The thermal properties of photocured DS-IPDA/PEGDA coatings
were investigated by performing DSC measurements. The values of the
glass transition temperatures (Ty) for all the coatings tested are listed in
Table 3, while DSC curves are represented in Fig. S7. For LED-cured
coatings, the addition of PEGDA to DS-IPDA led to a decrease in the
Tg: the value was 81 °C for DS-IPDA 100 and diminished to 37 °C in the
presence of 50% w/w of PEGDA. These results confirm the hypothesis
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that earlier vitrification onset reduces the double bond conversion with
increasing DS-IPDA content. In line with the value of Ty measured, DS-
IPDA 100 coatings were found to be brittle, whilst those from DS-IPDA/
PEGDA demonstrated a higher degree of flexibility. As seen for the gel
fraction, also the T of the self-initiated DS-IPDA coating was lower than
that of the DS-IPDA 100 counterpart, being 45 °C, further supporting the
formation of a network with a distinct architecture under broadband
irradiation.

The wettability of DS-IPDA/PEDGA photocured coatings was
assessed through contact angle analysis. Both polar (water) and apolar
(hexadecane) solvents were employed for the evaluation of the surface
wettability. The contact angle values acquired using the two solvents,
and the surface energies of the three different coatings with the
respective polar and dispersive components are reported in Table 3. The
contact angles of water and hexadecane were found to be analogous to
those reported in the existing literature concerning other photocured
coatings polymerized using disulfide-containing acrylate monomers
[56,66,67]. However, when the PEGDA amount was increased in the
LED cured formulations, a decrease in the water contact angle value was
noted, reasonably due to the higher hydrophilicity of the comonomer. A
similar trend was highlighted for the contact angle values measured
with hexadecane, which showed an increase in the lipophilicity of
DS-IPDA/PEDGA coating with increasing PEGDA amount. The DS-IPDA
coating had a somewhat lower water contact angle that DS-IPDA 100.
This may be attributed to the effect of UV-C irradiation, which may
increase the hydrophilicity of polymers [68]. Given the contact angle
values, the surface energy of coatings was computed using the
Owens-Wendt geometric mean method [60]. As reported in Table 3,
different values of surface energies were obtained, with a slight increase
in the yg, and thus y£ and y? components, with the increase of PEGDA
amount in the formulation, reaching the maximum value for the
DS-IPDA 50 sample.

The hardness of the coatings was assessed through a shore D
durometer for the various formulations prepared in the form of films.
DS-IPDA 100 and DS-IPDA 75 coatings displayed the highest hardness,
while for DS-IPDA 50, having a higher concentration of PEGDA, the
hardness was slightly lower (Table 3). It was not possible to evaluate the
hardness of DS-IPDA and PEGDA films since both broke during the
measurement.

The adhesion on glass substrate was evaluated through the X-cut
method. DS-IPDA and DS-IPDA 100 were characterized by a good
adhesion to glass: the coatings were detached just in small areas along
the cuts, thus following the method's scale they have a score of 2 out of 5.
Instead, both DS-IPDA 75 and DS-IPDA 50, as well as the reference
PEGDA coating were completely detached from the substrate, scoring 5
out of 5. The urethane groups are able to form hydrogen bonds with the
silanols on the glass surface, thus samples with a higher content of such
groups may show better adhesion to glass.

The solvent resistance of the LED photocured coatings was assessed
visually inspecting the film after rubbing them with a cotton pad soaked
in ethyl acetate. Looking at the values reported in Table 3, as they have
only a comparative significance, one can confirm that samples con-
taining the most significant amount of PEGDA (DS-IPDA 50), assuring
the highest value of double bond conversion (83%), have better chem-
ical resistance to ethyl acetate.

3.4. Self-healing

The quantitative and qualitative examination of the self-healing
properties of DS-IPDA/PEGDA coatings was conducted by optical mi-
croscopy. Scratches performed employing a surgical blade or a sharp
metal tip on the surface of the coatings were analysed before and after
heat treatment to understand the extent of the healing process.

As previously assessed by our group for photocured disulfide-
containing acrylate coatings [56], heat-induced self-healing of surface
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Table 4

Temperature of the healing treatment Ty, AT, and healing efficiency calculated
as the percent decrease of the width of the damaged area.

Formulation Ty [°C] AT = T-Tg Healing efficiency [%]
DS-IPDA 100 55 42 + 3

DS-IPDA 100 130 59 42 +3

DS-IPDA 100 100 19 36+4

DS-IPDA 75 85 20 68 +£10

DS-IPDA 50 55 18 95 +5

scratches could be easily achieved by working at a temperature slightly
higher than the Ty of the cured coatings. Therefore, DS-IPDA and
DS-IPDA/PEGDA coatings were heat-treated in an oven at a temperature
at least 20 °C above their glass transition temperatures. The difference
between the healing temperature and the Ty is indicated as AT. Optical
microscope images were taken before and after the heat treatment, using
some defects present in the coatings for benchmarking purposes.
Surface scratches with widths ranging from 7 to 25 pm were made on
the surface of coatings with a sharp metal tip. The coatings were healed
in the oven without any applied pressure, and the reduction of the width
of the damaged area was assessed. The optical microscope images are
shown in Figs. S9-S13 and the results are summarized in Table 4.
Overall, healing efficiency strongly depended on network composition
and on the temperature difference between the healing temperature and
Tg (AT). Healing can be ascribed both to urethane functionalities by
hydrogen bonding and disulfide groups through exchange reactions, as
reported in Ref. [57]. Comparing samples DS-IPDA and DS-IPDA 100
healed with similar AT one can notice that the decrease of the number of
available disulfide groups due to the self-initiated curing did not affect
the healing efficiency for surface scratches, thus indicating that a
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sufficient number of disulfides was still present in the network. Despite
the lowering of the concentration of both urethane and disulfide groups
with the addition of PEGDA, a marked increase of the healing efficiency
appeared with increasing PEGDA concentrations, indicating that
self-healing was enhanced by the mobility of the network. On the con-
trary, PEGDA coatings taken as reference did not show any self-healing
ability (Fig. S14). For comparison, Zhang et al., who used the same
urethane acrylate monomer combined with 40 to 80 % of a mono-
acrylate diluent and an acrylate modified silica nanofiller used as a
crosslinker, reported nearly complete scratch healing after prolonged
UV-assisted treatment above Ty (UV light for 12 h at 50 °C) [57]. In
contrast, the present systems achieve comparable healing under purely
thermal activation and shorter treatment times, highlighting the effi-
ciency of the formulation and network design.

Healing of thin surface scratches obtained with a surgical blade was
evaluated qualitatively. As demonstrated in Fig. 8, a 10 min treatment
resulted in partial healing of the scratches on DS-IPDA 100, but was
insufficient to fully restore the surface of the coating. Even after 30 min
of treatment at 100 °C, complete healing of the surface scratches was not
achieved. For thin scratches, when a higher AT was employed, the
coating self-healing was more effective, as demonstrated by Fig. 8; this
can be reasonably attributed to the enhanced chain movement and,
consequently, to a higher extent of disulfide metathesis reaction. In the
latter case, with a AT of 50 °C between the treatment temperature and
the T of the coating, almost all surface scratches were recovered after
10 min of heating.

In the case of PEGDA-containing coatings (i.e., DS-IPDA 75 and DS-
IPDA 50) healing was performed at a temperature about 20 °C higher
than the T, of each coating, at 85 °C and 55 °C for DS-IPDA 75 and DS-
IPDA 50, respectively. Almost complete healing of surface scratches
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Fig. 8. Optical microscope images showing the healing of surface scratches on DS-IPDA 100 coating with a 100 °C heat treatment (top) and with a 130 °C heat

treatment (bottom).
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Fig. 9. Optical microscope images showing the healing of surface scratches on
DS-IPDA 75 coatings with an 85 °C heat treatment, on DS-IPDA 50 coatings
with a 55 °C heat treatment and DS-IPDA 50 coatings with a short heat treat-
ment at 100 °C.

could be achieved after only 10 min of treatment, as reported in Fig. 9.
Also in this case, both samples showed better healing compared to DS-
IPDA 100 coatings, with the best results obtained for DS-IPDA 50
coatings. As depicted in Fig. 9, surface scratches present on coatings
were fully recovered after 10 min of treatment at 55 °C.

Due to the outstanding healing ability of DS-IPDA 50, additional
trials were conducted to determine if a more significant temperature
difference between the Ty and the processing temperature could lead to
a faster recovery process. When the coating was treated at 100 °C
(AT=65 °C), surface scratches were healed after only 30 s of treatment
in the oven (Fig. 9).

Finally, the ability to heal cuts was tested for the coatings displaying
the best healing efficiencies for surface scratches, i.e, DS-IPDA 75 and
DS-IPDA 50. Cuts with a width of about 5 - 10 pm were obtained with a
surgical blade on 770 pm thick films, that were subsequently healed in a
heated press under a force of 0.5 - 0.7 ton. In this case, we observed that
for the DS-IPDA 75 coating (Fig. S15) the damaged area bordering the
cut was fully healed, and the width of the cut itself decreased by 55 + 4
% after healing for 15 min at 85 °C. For the DS-IPDA 50 coating little
damage was noticeable beside the cut. After healing for 15 min at 55 °C
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the cut width decreased by 34 + 6 % (Fig. S16). Thus, in this case, the
material containing the highest amount of disulfide and urethane groups
showed the best healing efficiency.

All these results underlined the complex interplay between network
mobility, and thus glass transition temperature, and functional groups
content in determining the healing ability. It can be deduced that while
surface scratch recovery appears primarily governed by segmental
mobility, effective repair of deeper cuts requires a sufficient density of
dynamic functionalities to enable extensive bond exchange and network
rearrangement.

4. Conclusions

In this study, a simple two-step procedure was employed to suc-
cessfully synthesize an aliphatic long-chain polyurethane diacrylate
monomer containing disulfide bonds (DS-IPDA). Photocuring analyses
showed how DS-IPDA underwent a cleavage reaction when exposed to
the broadband UV radiation of a mercury-xenon lamp, including UV-C
light, resulting in the breakdown of disulfide bonds and the produc-
tion of reactive thiyl radicals able to start the polymerization reaction (i.
e., self-initiation), obtaining a 90% conversion of the acrylic double
bonds. When the same monomer was exposed to longer wavelengths
(around 365 nm) disulfide cleavage did not occur, ensuring a higher
amount of available dynamic covalent bonds in the networks, but
requiring the use of a photoinitiator. DS-IPDA was then mixed in
different weight ratios with PEGDA to reduce its viscosity and decrease
the final glass transition temperature of the photocured material. In this
case, UV LED light with an emission around 365 nm was used for the
photocuring reaction to maximize the amount of available sulfur-sulfur
bond in the UV-cured coatings. High values of acrylic double bond
conversion (83%) and gel fraction (96%) were reached for the DS-IPDA
50 material (containing 50 wt% PEGDA), which exhibited the lowest
glass transition temperature value once cured (T ~ 37 °C). The poten-
tial of DS-IPDA based coatings, both self-initiated or cured in the pres-
ence of photoinitiator with the 365 nm LED source, to undergo self-
repair was evaluated. It was demonstrated that, under mild condi-
tions, the coatings could heal surface scratches after a short thermal
treatment at temperatures approximately 20 to 60 °C above the Ty of the
photocured networks. The healing time depended on the temperature
difference (AT) between the Tg and the healing temperature: larger AT
values resulted in shorter healing times. The LED-cured DS-IPDA/
PEGDA coatings were also capable of partially healing cuts when heated
under applied pressure. The results indicate that damage healing,
particularly for defects with different morphologies, is governed by a
complex interplay between network mobility and functional group
content.

In conclusion, the findings presented offer novel insights and per-
spectives for the development of photoinitiator-free as well as dynamic
and responsive UV-curable coatings based on a disulfide-containing
polyurethane acrylate monomer. Interestingly, these features may
enhance sustainability by reducing the use of chemical additives in the
formulation, eliminating the need for potentially migrating photo-
initiators, and imparting healability to the photocured coatings.
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