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ABSTRACT 

In photoinduced cationic ring-opening polymerization (ROP) of epoxy monomers, chain-transfer reactions in the presence of 
alcohols are well established, and monosulfides are known to inhibit polymerization even at very low loadings (i.e., 0.01 mol%). 
Herein, it is thoroughly investigated the role of a disulfide-containing diol in quenching the polymerization of a difunctional 
epoxy formulation. Differently from the monosulfide, the propagation can start, and only at high sulfur:epoxy ratio the reactions 
of the disulfides with the oxonium ions effectively compete with the propagation and stops the polymerization. This inhibition 
mechanism can be exploited as a novel maskless photolithographic approach, enabling the spatially controlled patterning of 
epoxy coatings through localized deposition of the disulfide diol. As a proof of concept, sharply defined features with sizes down 
to 200 µm are successfully fabricated. These results introduce disulfide-mediated polymerization quenching as a versatile and 
material-efficient method for epoxy photopatterning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Over the past decades, photoinduced ring-opening polymeriza-
tion (ROP) of epoxy monomers was affirmed as a well-established
polymerization technique, mainly due to its wide range of appli-
cations, e.g., coatings, adhesives, microelectronics, or 3D printing,
both at laboratory and industrial scale [ 1–4 ]. Epoxide cationic
photopolymerization offers several advantages compared to the
free-radical mechanism, chief among them being the lack of
oxygen inhibition, as well as good adhesion to various substrates,
higher mechanical properties, lower shrinkage, and enhanced
chemical resistance [ 5–9 ]. Furthermore, the ability to “dark cure”
and proceed even when light is switched off, due to the long-living
cationic propagating species, makes this process particularly
attractive for the polymerization of thick samples or colored and
filled systems [ 7, 10–13 ]. 

The cationic polymerization of epoxy monomers is initiated with
the protonation of epoxy groups by strong Brønsted acids, gen-
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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erated upon photocleavage of onium salts (e.g., triarylsulfonium
or diaryliodonium) [ 14, 15 ]. The propagation is then driven by
a chain growth mechanism, which proceeds with the addition
of epoxy monomers to the protonated oxonium ions through a
ring-opening reaction [ 16 ]. When cationic photopolymerization 
is carried out in the presence of alcohols, the ring-opening
proceeds with the so-called activated monomer mechanism . This
mechanism involves the transfer of protons from the alcohol to a
new epoxy monomer, thereby initiating a new propagating chain
[ 1, 5, 17–20 ]. The presence of the nucleophilic hydroxy group thus
leads to a deep change in the reaction process and in the final
properties of the material [ 6, 18, 21, 22 ]. Moreover, the presence
of amines has been extensively studied as a possibility to improve
the control of the cationic polymerization mechanism, avoiding 
side reactions, and regulating byproduct formation [ 23, 24 ].
Besides alcohols and amines, several studies have investigated the
role of sulfides and thiols in the curing of epoxide and vinyl ethers
[ 23, 25, 26 ]. In these cases, the lone pair of sulfur atoms promptly
reacts with the carbonium ions [ 23, 25 ] and the polymerization is
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 Ring-opening of epoxy groups over irradiation time for (a) HDGE/HD and (b) HDGE/DS systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1 Gel fraction values, initial polymerization rate Rp,i (t = 0–
10 s) and propagation rate Rp,p (t = 60–240 s) for HDGE, HDGE/HD and 
HDGE/DS samples. 

Sample Gel fraction [%] Rp,i [s− 1 ] Rp,p [s− 1 ] 

HDGE 95.0 ± 0.3 6.5 × 10− 3 2.7 × 10− 3 

HDGE/HD 90:10 93.2 ± 0.2 3.5 × 10− 3 3.9 × 10− 3 

HDGE/HD 70:30 83.8 ± 0.4 1.1 × 10− 3 3.5 × 10− 3 

HDGE/DS 99:1 94.9 ± 0.3 5.9 × 10− 3 2.3 × 10− 3 

HDGE/DS 90:10 Fully soluble 5.4 × 10− 3 3.4 × 10− 4 

HDGE/DS 70:30 Fully soluble 0.7 × 10− 3 2.1 × 10− 5 
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inhibited [ 25 ] due to the high stability of the obtained sulfonium
ion, whose formation is then favored compared to the propagation
of epoxide. Inhibition of a photoinduced reaction can serve as
a principle to create specific spatial arrangements or surface
patterns. To generate defined patterns, traditional lithographic
methods that rely on predesigned masks are now overcome by
maskless photolithography [ 27, 28–30 ] which allows direct pro-
jection or deposition of the desired pattern onto the photoresist
[ 27 ]. Such method offers several advantages, including higher
scalability, reduced contamination risk, and lower fabrication
costs associated with mask production [ 23, 28–30 ] 

Herein, we investigate the influence of a disulfide compound
bearing hydroxy groups on the cationic photopolymerization
of epoxides. Conditions enabling controlled inhibition of the
polymerization process are identified and subsequently exploited
to demonstrate a novel maskless photolithographic strategy
for fabricating well-defined epoxy patterns without the use of
physical masks. 

2 Results and Discussion 

2.1 Disulfide Effect on Epoxide 
Photopolymerization 

In this study, we investigated the cationic photopolymeriza-
tion of 1,6-hexanediol diglycidyl ether (HDGE) in the presence
of two diols with comparable chain lengths: 1,6-hexanediol
(HD), which contains a six-carbon aliphatic chain, and 2-
hydroxyethyldisulfide (DS), which has a four-carbon backbone
and a disulfide linkage. The extent of epoxide ring opening
as a function of irradiation time was monitored using Fourier
Transform Infrared (FTIR) spectroscopy (Figure 1 ), and the
gel content was also determined. The epoxide conversion was
estimated through the change of absorbance of the C-O stretching
band centered at 910 cm− 1 (see Figures S1 and S2 ). In accordance
with the existing literature [ 5, 7, 12 ], HD acted as a chain transfer
agent (CTA), as illustrated in Scheme 1 . Its presence significantly
influenced the polymerization kinetics, causing a pronounced
reduction in both the conversion and the polymerization rate
during the first minute of irradiation. At longer irradiation
times, however, HD promoted a higher final conversion (nearly
2 of 9
95%) compared to the neat epoxy monomer HDGE, which
reached approximately 80% conversion after 360 s of irradiation
(Figure 1a ). 

A comparison of the conversion curves further showed that both
the initial polymerization rate Rp,i and the propagation rate Rp,p 
(Table 1 ) depend on the hydroxy:epoxy ratio. When this ratio was
0.1 (HDGE/HD 90:10), the propagation rate increased, as reported
in the literature, despite the initial lowering of Rp,i . The same
trend was observed at a ratio of 0.4 (HDGE/HD 70:30), although
in this case a dilution effect might arise, partially offsetting the
rate-enhancing contribution of the hydroxy groups [ 21, 31–34 ] 

In the presence of HD as CTA, the gel fractions of the samples
(Table 1 ) decreased only slightly. This behavior arose from the
bifunctionality of HD. When a difunctional diol reacts with
the growing polymer chain, it produces a hydroxy-terminated 
polymer and releases a free proton capable of initiating further
monomer activation. Therefore, the overall polymerization is not 
terminated, as would occur with monofunctional CTAs [ 31 ], and
the network density is largely preserved. 

A remarkably different trend was noted when DS was added to
HDGE. As shown in Figure 1b , when the DS diol content was
not exceeding 1 mol% (sulfur:epoxy ratio 0.01), the polymerization
proceeded with a negligible reduction of the epoxy conversion.
When the DS amount increased, the extent of epoxide ring-
opening dropped: the value of the final conversion was as low
Macromolecular Rapid Communications, 2026
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SCHEME 1 Cationic ring-opening polymerization reaction in the presence of a diol as CTA. 

SCHEME 2 Proton-induced disulfide cleavage of DS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SCHEME 3 Oxonium ion-sulfonium ion equilibrium. 
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as 28% for a sulfur:epoxy ratio of 0.1 (HDGE/DS 90:10), while
a near complete inhibition occurred when the ratio was 0.4
(HDGE/DS 70:30). Accordingly, in the FTIR spectra, shoulders
around 3000 cm− 1 , corresponding to C-H bonds present in the
unreacted epoxy monomer, were evident confirming that the
polymerization did not take place (see Figure S2 ). In both cases,
the resulting polymers remain very tacky and completely soluble
in dichloromethane, indicating the absence of any gel formation
(Table 1 ). 

Excluding the system with the highest DS content, which expe-
rienced complete inhibition, the initial polymerization rate Rp,i 
was only slightly reduced by the presence of the disulfide CTA
(Table 1 ). Whereas the propagation rate Rp,p was strongly affected
by the amount of disulfide: for the HDGE/DS 70:30 formulation,
Rp,p was approximately one order of magnitude lower than that
of neat HDGE. 

Overall, in contrast to HD, the addition of DS to the monomer
did not induce any reduction in the initial polymerization rate,
nor did it lead to an increase in conversion or an enhancement
of the polymerization rate. The different effect of the two diols
on the photopolymerization of HDGE could clearly be ascribed
to the presence of the disulfide bond in DS. In fact, many
reactions involving sulfur could play a role in the system. As
reported in previous studies [ 35, 36 ], disulfides are susceptible to
attack by electrophile species, e.g., protons, which can interact
with the 3p electrons of the sulfur atoms. This interaction
leads to the protonation of the S-S bond and its subsequent
cleavage, with the formation of a thiol and a sulfonium ion,
which gives an exchange reaction as illustrated in Scheme 2
[ 35, 36 ]. Consistent with this, acid-initiated cationic ROP of
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v

cyclic disulfide monomers (i.e., 1,2-dithiolanes) has also been 
recently reported in the literature [ 35 ], with the sulfonium ion
acting as a key intermediate enabling chain propagation through
nucleophilic attack. Sulfonium ions and disulfide groups can then
undergo multiple exchange reactions where the S-S bonds are
continuously broken and reformed. 

If the disulfide-related reactions described above occurred, no 
epoxy conversion would be expected, even in the presence of the
lowest DS concentration. An estimation of the molar amount of
H+ generated by the photoinitiator (see Table S1 ) indicated that
the proton concentration was substantially lower than the num-
ber of available disulfide bonds in any system under investigation.
Moreover, as suggested by the equilibria shown in Scheme 2 , if
protons were indeed being consumed through interaction with 
disulfide groups, formation of thiols and sulfonium ions could be
expected. In contrast, FTIR analysis did not reveal any absorption
band near 2550 cm− 1 , characteristic of the S-H stretching vibration
of thiols (see Figure S2 ). 

A reaction path previously established for the cationic photopoly-
merization of epoxides in the presence of dimethylsulfides is
sketched in Scheme 3 . Having remarkable nucleophilicity, the
monosulfide displays typical inhibiting characteristics, promot- 
ing the formation of sulfonium ions after the initial protonation
3 of 9
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SCHEME 4 Proposed reaction mechanism between propagating oxonium ions and disulfide-containing diols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SCHEME 5 Light-induced disulfide homolysis. 
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of the epoxide. The equilibrium between the oxonium and the
sulfonium ion always lies in favor of the latter species, given its
lower basicity (pKb ≈ 7 for a typical epoxide, while ≈ 11 for a
sulfide such as dimethylsulfide). As sulfonium ions are relatively
stable, Scheme 3 represents a termination mechanism, commonly
referred to as ion trapping, which stops the propagation [ 23, 26 ].
Crivello et al. reported that even 1 mol% of a sulfide is enough
to have complete inhibition of epoxide polymerization. However,
when the DS disulfide was used at the same concentration, no
inhibition of the photopolymerization was observed; instead,
only a slight decrease in epoxide conversion was detected upon
irradiation (Figure 1b ). This evidence suggests that the ROP
propagation may occur, while full inhibition takes place only
strongly increasing the DS amount. 

Considering the reactions depicted in Scheme 2 and Scheme 3 , the
proposed reaction pathway for the system under investigation is
sketched in Scheme 4 . Upon UV activation, initiation proceeds
normally, and growing chains bearing oxonium end groups are
formed. These oxonium species enter into equilibrium with the
disulfide, which competes with both chain propagation and
chain-transfer processes. The equilibrium generates a sulfonium
ion, which subsequently undergoes thiolysis; this step yields
a thioether and a new sulfonium species, enabling a self-
propagating sequence of side reactions. In short, the disulfide
effectively competes with chain propagation and chain trans-
fer processes: macrosulfonium ions are formed, quenching the
growing chain, and are subsequently converted into short ionic
fragments (HO-R-S+ ) together with hydroxy-monosulfide prod-
ucts. These species can continue to react with oxonium groups,
thereby further terminating propagating chains and reducing
overall polymerization efficiency. 

Furthermore, as reported in the literature [ 36 ], the sulfonium
ions generated in this system could attack additional S-S bonds,
leading to a series of disulfide-exchange cascade reactions within
the formulation. The low nucleophilicity of the non-coordinating
hexafluorophosphate anion (PF6 − ) from the triaryl sulfonium
salt photoinitiator keeps the newly-formed sulfonium ions in
an active electrophilic state, thus supporting the propagation of
the disulfide exchange reaction [ 35, 37 ]. Such exchange and side
reactions can occur and are likely to compete with the epoxide
photopolymerization. 
 

4 of 9
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Another reaction pathway that may compete with cationic epox-
ide photopolymerization is the homolytic cleavage of the S-S
bond, generating thiyl radicals: disulfide bonds are photolabile 
under UV irradiation, and can compete with the photoinitiator
for photon absorption during irradiation (Scheme 5 ), thereby
introducing additional radical processes into the system. 

To better investigate the effect of DS, mixtures containing only
HDGE and the photoinitiator, excluding the diols, were first irra-
diated, and subsequently the diols were added after the reaction
had been initiated. This approach was designed to minimize both
the proton-induced disulfide cleavage (Scheme 2 ) and the light-
triggered homolytic S-S bond scission (Scheme 5 ), which could
both compete with cationic polymerization. In detail, HDGE 

and triaryl sulfonium salts photoinitiator were mixed into a
beaker and exposed to UV light for 20 s to trigger the photoacid
generation and, thus, the protonation of the epoxy rings. An
irradiation time of 20 s was selected because it was sufficient to
form the strong acid required to initiate cationic polymerization,
while still resulting in only around 3.5% epoxide ring-opening.
At this conversion, the mixture remained sufficiently low in
viscosity to allow efficient incorporation and mixing of the
diols. 

The diol (30 mol%) was added to the pre-irradiated mixture 5 min
after the irradiation was stopped. Following brief stirring, the for-
mulations were poured into a glass petri dish and stored in a dark
environment to allow dark curing (i.e., continued polymerization 
that proceeds after the light source is switched off, driven by long-
lived reactive species). For comparison, the same procedure was
applied to HDGE without diols to provide a reference system.
The evolution of the epoxy ring-opening extent during dark
curing is shown in Figure 2 . In the 8 h following diol addition,
both HDGE and HDGE/HD 70:30 formulations continued to 
polymerize in the dark, reaching final conversions of 97% and
93%, respectively. As expected, the cationic ROP proceeded even
without continuous irradiation, reaching quantitative conver- 
sions, higher than those reached at the end of a longer irradiation
Macromolecular Rapid Communications, 2026
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FIGURE 2 Ring-opening of epoxy groups over time in dark curing. 
Irradiation of samples was carried out in the absence of diol for 20 s 
with a UV light intensity of 100 mW cm− 2 . Corresponding diol amounts 
(30 mol%) were introduced after 5 min. 

TABLE 2 Gel fraction values of HDGE, HDGE/HD and HDGE/DS 
samples cured in dark conditions. Irradiation of samples was carried 
out in the absence of the diol for 20 s with a UV light intensity of 
100 mW cm− 2 . The diol was introduced after 5 min, and the gel content 
was evaluated after 8 h of samples storage in the dark. 

Sample Gel fraction [%] 

HDGE 97.7 ± 0.4 
HDGE/HD 70:30 83.8 ± 0.2 
HDGE/DS 70:30 Fully soluble 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 Ring-opening of epoxy groups over time in dark curing 
with different waiting times (between irradiation and DS addition) for 
HDGE/DS 70:30. Irradiation of samples was carried out for 20 s with a UV 

light intensity of 100 mW cm− 2 . Corresponding diol amounts (30 mol%) 
were introduced after 0, 5, and 10 min. 
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time (360 s) and yielding solid crosslinked samples with similar
gel content to the previous ones (Table 2 ). In contrast, when DS
was added, the epoxy ring-opening reaction completely stopped:
the conversion remained fixed at the value attained prior to diol
addition, and the resulting material remained completely soluble
in dichloromethane (Table 2 ), indicating complete inhibition of
crosslinking. 

Increasing the time between the end of the irradiation and the
DS addition confirmed this behavior: polymerization stopped
as soon as DS was added to the formulation, as shown in
Figure 3 . Regardless of whether the diol was introduced 0,
5, or 10 min after irradiation, the epoxy ring-opening con-
version remained constant, indicating that once DS is added,
the propagation process is irreversibly halted. This time-
independent inhibition suggests that the disulfide does not
interfere with photoacid generation or initial protonation of
the epoxy groups but rather interacts with the growing chains,
effectively deactivating them and preventing further polymer
growth. 
Macromolecular Rapid Communications, 2026
2.2 Exploiting Disulfide Diols Polymerization 

Inhibition for Patterning 

It has been shown that the epoxy cationic ROP can be either
completely inhibited when a sufficient amount of disulfide
bonds is present during irradiation or selectively stopped on
demand upon addition of a disulfide after propagation has already
started. This time-controlled inhibition could be turned into a
photopolymerization spatial control, enabling the generation of 
defined patterns within epoxy coatings. 

A scheme of the maskless photolithographic process exploiting 
this inhibition mechanism is shown in Figure 4a . First, the neat
photocurable epoxy monomer containing the photoinitiator was 
applied on a glass substrate to form a thin film (step 1). The film
was then irradiated for a predefined duration, selected according
to the targeted conversion, and a disulfide-based formulation
was subsequently dispensed onto the film to define the pattern
(step 2). Crosslinking of the epoxy network was obtained either
through a secondary UV exposure (faster) or by dark curing
(slower), while in the areas where the disulfide diol was present,
the epoxide polymerization was locally inhibited (step 3). A
final development step was carried out to obtain the expected
structures (step 4). In the areas containing the disulfide additive,
the epoxy coating remained soluble in the development solvent
and was selectively removed, yielding well-defined features. It 
should be noted that the initial irradiation step may be omitted;
the process parameters must be adjusted according to formulation
viscosity, desired pattern geometry, and the required degree of
conversion. 
5 of 9
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FIGURE 4 (a) Schematic representation of the maskless disulfide-mediated cationic photolithography method to pattern epoxy coatings: ( 1 ) 
deposition of the photocurable epoxy resin optional initial UV exposure, ( 2 ) localized deposition of DS in specific areas to define the pattern, (3) UV 

curing of epoxy coating, with polymerization inhibited in DS-containing regions, (4) solvent development to remove uncrosslinked material and reveal 
the patterned structures. Examples of resulting patterns obtained on (b) HDGE and (c) 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate 
coatings. The epoxy resins were premixed with blue dye to enhance pattern visibility. 
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This patterning approach was successfully demonstrated not
only with HDGE but also with other epoxides, including 3,4-
epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate. Epoxy
films with a thickness of 50 µm were patterned using a DS-
based formulation containing a thickening agent to prevent
6 of 9
uncontrolled spreading. The formulation was applied by syringe 
to create either continuous lines or discrete droplets. Represen-
tative patterns obtained on the two epoxy systems are shown
in Figure 4b,c . The resulting features exhibited sharply defined
features with lateral dimensions as small as 200 µm, achieved
Macromolecular Rapid Communications, 2026
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FIGURE 5 Chemical structures of the difunctional epoxy 
monomers and difunctional alcohols used in this study. 
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without the need for optical masks or physical templates/molds.
These results served as proof of concept for maskless disulfide-
mediated cationic epoxy photolithography, showcasing a novel
strategy for spatially controlled photocross-linking based on
selective inhibition. It is important to consider that the deposition
method, as well as the solubility in the resin and the viscosity
of the inhibitory formulation, are critical parameters governing
pattern quality, precision, and resolution. Precise deposition
ensures accurate spatial confinement of the inhibition zones,
directly affecting the fidelity of the patterned features. Adequate
solubility and viscosity minimize diffusion and spreading into the
surrounding resin, preserving feature sharpness. In this context,
the use of DS instead of conventional disulfides is advantageous,
as the terminal -OH groups enable versatile functionalization to
finely tune the inhibitor properties. 

3 Conclusions 

In this study, disulfide inhibition of epoxy cationic ring-opening
photopolymerization was investigated and demonstrated. Results
support a mechanism in which disulfides do not intervene in
the initiation events but deactivate the growing chains, sup-
pressing network formation. Interestingly, the inhibition can be
triggered on demand by adding the disulfide after irradiation,
enabling temporal control over the polymerization. This con-
trollable inhibition was further exploited to propose a maskless,
disulfide-mediated photolithographic technique, enabling spatial
patterning of epoxy coatings without the use of optical masks
or molds. As a proof of concept, sharply defined structures with
feature sizes down to 200 µm were obtained through localized
deposition of the disulfide diol onto a photocurable epoxy layer. 

4 Experimental Section 

4.1 Materials 

1,6-hexanediol diglycidyl ether (HDGE) was kindly supplied
by Huntsman Corporation. 1,6-hexanediol (HD), 2-hydroxyethyl
disulfide (DS), and polyethylene glycol (Mw = 1 000 000 g mol− 1 )
(PEO) were purchased from Sigma–Aldrich. Triarylsulfonium
hexafluorophosphate salt (as a 50 wt.% solution in propylene
carbonate) was also purchased from Sigma–Aldrich and used
as a photoinitiator for cationic polymerization. Blue and orange
pigments were gently provided by Rahn AG. The chemical
structures of the epoxy monomers and diols used in this research
work are reported in Figure 5 . 

All the listed reagents were used as received, without any further
purification. All other chemicals used that were not listed above
were purchased from Sigma-Aldrich. 

4.2 Preparation of Epoxy/Diol Formulations 

The photocurable formulations were prepared by adding different
molar amounts of the two diols (HD or DS) to the epoxy monomer
HDGE. The sulfonium salt photoinitiator was added at 2 wt.%
with respect to the epoxide/alcohol mixtures. The composition of
all the formulations tested is reported in Table 3 . 
Macromolecular Rapid Communications, 2026
Formulations were prepared and mechanically stirred for 15 min
to ensure the complete dispersion of the photoinitiator. While
all samples were prepared at room temperature, the formula-
tions containing HD were stirred at 50◦C for 10 min before
adding the photoinitiator to melt HD crystals, allowing a better
homogenization of the formulations. 

For the patterning experiments, a DS/PEO formulation was 
prepared by mixing DS with 2.5 wt.% PEO overnight to allow
complete dispersion and homogenization. 

4.3 Photocuring of Epoxides 

The UV-curable formulations were coated onto a glass substrate
using a wire-wound applicator with variable pitches. All the
formulations were cured using a medium-pressure Hg lamp 
(Dymax ECE 5000 Flood Lamp, Dymax) using an intensity of
100 mW cm− 2 . The UV light intensity was assessed through a
UV Power Puk II (EIT Instrument Markets). After irradiation,
the samples were stored in the dark to allow dark curing to
proceed. According to a well-established methodology [ 12 ], 24 h
after photocuring, epoxide samples were placed in a closed system
saturated with 5 vol% water/ammonia solution vapors for 15 min
to quench any remaining acidic species. 

Selected epoxide/diol formulations (HDGE/HD 70:30 and 
HDGE/DS 70:30) were also cured following a different protocol.
5 g of HDGE mixtures with 2 wt.% cationic photoinitiator but
without diols were placed in a 20 mL beaker and irradiated
for 20 s using a medium-pressure Hg lamp (Dymax ECE 5000
Flood Lamp, Dymax) with an intensity of 100 mW cm− 2 .
The corresponding diol amount (30 mol%) was then added
to the activated mixture at different intervals and dispersed
homogeneously by briefly stirring the formulation. HDGE/diol 
formulations were subsequently poured into a glass petri dish and
left in a dark environment overnight to allow complete curing.
A neat epoxy formulation without any diol was also prepared,
cured with the same procedure, and used as a reference. 

4.4 Characterization 

For evaluating the conversion of the reactive groups during
the photopolymerization reaction, FTIR spectroscopy analyses 
were performed using a Thermo Fisher Scientific Nicolet is50
spectrometer. HDGE films with a thickness of around 10 µm were
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TABLE 3 Composition of photocurable formulations. 

Formulation HDGE [mol%] HD [mol%] DS [mol%] Photoinitiator [wt%] 

HDGE 100 — — 2 
HDGE/HD 90:10 90 10 — 2 
HDGE/HD 70:30 70 30 — 2 
HDGE/DS 99:1 99 — 1 2 
HDGE/DS 90:10 90 — 10 2 
HDGE/DS 70:30 70 — 30 2 
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spread on a silicon wafer through a wire-wound applicator, irra-
diated with specific UV light, and analyzed by FTIR spectroscopy
in transmission mode in the spectral range of 4000–400 cm− 1 ,
collecting 32 scans per spectrum with a resolution of 4 cm− 1 . The
conversion of samples was also investigated in Attenuated Total
Reflectance mode (ATR) at defined time intervals using the same
instrument. The extent of the epoxy ring-opening conversion was
calculated using the following equation (Equation 1 ): 

Conversion ( %) =
( 

1 −
𝐴𝑡 

𝐴0 

) 

× 100 (1)

in which 𝐴𝑡 is the area of the characteristic peak of the epoxy
group (C-O) at time 𝑡, and 𝐴0 is the area of the same peak at
time 0 . Peaks were selected depending on the chemical structure
of the analyzed epoxy monomer. C-O stretching peaks centered
at 910 cm− 1 were used, and peak areas were normalized using
the C-H stretching peak at 2860 cm− 1 as a reference. The first
derivative of the epoxy ring opening conversion was calculated
to evaluate the photopolymerization rate of the reactive mixtures
Rp , according to the following equation (Equation 2 ): 

𝑅𝑝 =
𝑑 ( 𝑐 𝑜 𝑛𝑣𝑒 𝑟 𝑠 𝑖𝑜 𝑛 ) 

𝑑𝑡 
(2)

The initial polymerization rate Rp,i was determined over the
first 10 s of the reaction, whereas the propagation rate Rp,p was
evaluated in the 60–240 s irradiation interval. 

Gel content analyses assessed the insoluble fraction of UV-cured
samples by measuring weight loss after 24 h of extraction in
dichloromethane at room temperature. 

4.5 Patterning 

Patterned samples were made as follows: first the neat epoxy
formulation was coated on a glass slide to form a liquid film
around 50 µm thick. With the aid of a syringe pump equipped with
a 27-gauge needle (SKE Research Equipment), DS in the presence
of a thickener (a high molecular weight polyethylene glycol 2.5
wt.%) was deposited on top of the epoxy films in the form of a
continuous line or as drops. The systems were then cured for 240 s
under UV light using a medium-pressure Hg lamp (Dymax ECE
5000 Flood Lamp, Dymax) with an intensity of 100 mW cm− 2 .
Once cured, samples were rinsed with ethanol to remove the
uncured formulation and dried at room temperature to allow
8 of 9
complete solvent evaporation. To enhance the visibility of the
patterns, a small amount of dye was added to the formulations. 

Acknowledgements 

This work was supported by the Italian Ministry of University and
Research (MUR) [DM 1061/2021 PON-Dottorati di ricerca su tematiche
green e dell’innovazione]. 

Open access publishing facilitated by Politecnico di Torino, as part of the
Wiley - CRUI-CARE agreement. 

Funding 

This work was supported by the Italian Ministry of University and
Research (MUR) [DM 1061/2021 PON-Dottorati di ricerca su tematiche
green e dell’innovazione]. 

Conflicts of Interest 

The authors declare no conflict of interest. 

Data Availability Statement 

The data that support the findings of this study are available from the
corresponding author upon reasonable request. 

References 

1 . J. V. Crivello and S. Liu, “Photoinitiated Cationic Polymerization of
Epoxy Alcohol Monomers,” Journal of Polymer Science Part A Polymer
Chemistry 38 (2000): 389–401. 

2 . A. Vitale, G. Trusiano, and R. Bongiovanni, “UV-Curing of Adhesives:
a Critical Review,” in Progress in Adhesion and Adhesives (Wiley, 2018),
101–154. 

3 . R. Taschner, T. Koch, R. Wolff, J. Stampfl, and R. Liska, “Evaluation of
Sulfonium Borate Initiators for Cationic Photopolymerization and Their 
Application in Hot Lithography,”ACS Applied Polymer Materials 5 (2023):
3023–3033. 

4 . S. Ozen, F. Petrov, B. Graff, et al., “Oxime Esters: Potential Alternatives
to Phosphine Oxides, for Overcoming Oxygen Inhibition in Material
Jetting Applications,” European Polymer Journal 220 (2024): 113459. 

5 . R. T. Olsson, H. E. Bair, and V. Kuck, “Acceleration of the Cationic
Polymerization of an Epoxy With Hexanediol,” Journal of Thermal 
Analysis and Calorimetry 76 (2004): 367–377. 

6 . Z. Wang, X. Lin, and W. Liu, “Synthesis of bis(2,3-epoxycyclohexyl)
and Its Cationic Photopolymerization in the Presence of Different Diols,”
Polymer International 58 (2009): 74–80. 

7 . G. Trusiano, M. Rizzello, A. Vitale, J. Burgess, C. M. Friesen, and
C. Joly-Duhamel, “Modification of Photocurable Epoxides by New Per-
Macromolecular Rapid Communications, 2026

e C
om

m
ons L

icense



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

W

 

 

 

 

 15213927, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

arc.202500956 by A
lessandra V

itale - Politecnico D
i T

orino Sist. B
ibl D

el Polit D
i T

orino , W
iley O

nline L
ibrary on [05/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
fluoropolyalkylether Alcohols for Obtaining Self-Cleaning Coatings,”
Progress in Organic Coatings 132 (2019): 257–263. 

8 . M. Sangermano, G. Malucelli, and R. Bongiovanni, “Photopolymeriza-
tion of Oxetane Based Systems,” European Polymer Journal 40 (2004):
353–358. 

9 . E. Goldbach, X. Allonas, L. Halbardier, C. Ley, and C. Croutxé-
Barghorn, “Use of Pyridine Derivatives as Inhibitor/Retarding Agent
for Photoinduced Cationic Polymerization of Epoxides,” Reactive and
Functional Polymers 200 (2024): 105922. 

10 . R. Bongiovanni and S. D. Vacche, “Photoinduced Processes as a Way to
Sustainable Polymers and Innovation in Polymeric Materials,” Polymers
13 (2021): 2293. 

11 . A. Elkaseer, K. J. Chen, J. C. Janhsen, O. Refle, V. Hagenmeyer, and S.
G. Scholz, “Material Jetting for Advanced Applications: a State-of-the-Art
Review, Gaps and Future Directions,” Additive Manufacturing 60 (2022):
103270. 

12 . M. Sangermano, G. Malucelli, R. Bongiovanni, G. Gozzelino, and F.
Peditto, “Coatings Obtained Through Cationic UV Curing of Epoxide
Systems in the Presence of Epoxy Functionalized Polybutadiene,” Journal
of Materials Science 37 (2002): 4753–4757. 

13 . M. Sangermano, N. Razza, and J. V. Crivello, “Cationic UV-Curing:
Technology and Applications,” Macromolecular Materials and Engineer-
ing 299 (2014): 775–793. 

14 . N. Klikovits, P. Knaack, D. Bomze, and I. Krossing, “Novel Photoacid
Generators for Cationic Photopolymerization,” Polymer Chemistry 8
(2017): 4414–4421. 

15 . J. V. Crivello, “Diaryliodonium Salts. A New Class of Photoinitiators
for Cationic Polymerization,”Macromolecules 10 (1977): 1307–1315. 

16 . J. V. Crivello, “Photoinitiated Cationic Polymerization,” Annual
Review of Materials Science 13 (1983): 173–190. 

17 . A. Hartwig, K. Koschek, and A. Lühring, “Influence of Proton Donors
on the Cationic Polymerization of Epoxides,” in Adhesion (Wiley-VCH
Verlag GmbH & Co, 2006): 205–216. 

18 . T. Vidil, F. Tournilhac, S. Musso, and A. Robisson, “Contr ol of
Reactions and Network Structures of Epoxy Thermosets,” Progress in
Polymer Science 62 (2016): 126–179. 

19 . A. Chemtob, D.-L. Versace, C. Belon, C. Croutxé-Barghorn, and
S. Rigolet, “Concomitant Organic − Inorganic UV-Curing Catalyzed by
Photoacids,”Macromolecules 41 (2008): 7390–7398. 

20 . M. Atif, R. Bongiovanni, and J. Yang, “Cationically UV-Cured Epoxy
Composites,” Polymer Reviews 55 (2015): 90–106. 

21 . A. Fantoni, T. Koch, R. Liska, and S. Baudis, “A Systematic Study
on Biobased Epoxy-Alcohol Networks: Highlighting the Advantage of
Step-Growth Polyaddition Over Chain-Growth Cationic Photopolymer-
ization,”Macromolecular Rapid Communications 45 (2024): 2400323. 

22 . X. Fernández-Francos, J. M. Salla, A. Cadenato, J. M. Morancho,
A. Mantecón, and A. Serra, “Influence of the Initiating Mechanism
on the Cationic Photopolymerization of a Cycloaliphatic Epoxy Resin
With Arylsulfonium Salts,” Journal of Polymer Science Part A: Polymer
Chemistry 45 (2007): 16–25. 

23 . B. Falk and M. R. Zonca, “Modification of Photoinitiated Cationic
Epoxide Polymerizations by Sulfides,” Journal of Polymer Science Part A:
Polymer Chemistry 43 (2005): 2504–2519. 

24 . M. Tejkl, J. Vališ, M. Kaplanová, B. Jašúrek, and T. Syrový, “Inhibition
of Premature Polymerization of Cationically Polymerizable Low Viscosity
Systems,” Progress in Organic Coatings 74 (2012): 215–220. 

25 . R. A. Ortiz, B. A. P. Urbina, L. V. C. Valdez, L. B. Duarte, R. G. Santos,
and A. E. G. Valdez, “Effect of Introducing a Cationic System Into a Thiol-
Ene Photopolymerizable Formulation,” Journal of Polymer Science Part A:
Polymer Chemistry 45 (2007): 4 829–4 843. 

26 . R. A. Ortiz, B. A. P. Urbina, R. G. Santos, L. B. Duarte, A. E. G.
Valdez, and M. D. Soucek, “Development of Hybrid Polymeric Materials
Macromolecular Rapid Communications, 2026
Based on Thiol-Ene/Cationic Formulations,” Macromolecular Materials 
and Engineering 293 (2008): 731–739. 

27 . D. G. Kasi, M. N. S. de Graaf, P. A. Motreuil-Ragot, et al., “Rapid Pro-
totyping of Organ-on-a-Chip Devices Using Maskless Photolithography,”
Micromachines 13 (2022): 49. 

28 . Y. Guo, H. S. Patanwala, B. Bognet, and A. W. K. Ma, “Inkjet and
Inkjet-Based 3D Printing: Connecting Fluid Properties and Printing 
Performance,” Rapid Prototyping Journal 23 (2017): 562–576. 

29 . J. Sun, C. Yun, B. Cui, P. Li, G. Liu, and X. Wang, “A Facile Approach
for Fabricating Microstructured Surface Based on Etched Template by
Inkjet Printing Technology,” Polymers 10 (2018): 1209. 

30 . R. Menon, A. Patel, D. Gil, and H. I. Smith, “Maskless Lithography,”
Materials Today 8 (2005): 26–33. 

31 . B. Dillman and J. L. P. Jessop, “Chain transfer agents in cationic
photopolymerization of a bis-cycloaliphatic epoxide monomer: Kinetic 
and physical property effects,” Journal of Polymer Science Part A: Polymer
Chemistry 51 (2013): 2058–2067. 

32 . S. Park, L. J. Kilgallon, Z. Yang, and D. Y. Ryu, “Molecular Origin of
the Induction Period in Photoinitiated Cationic Polymerization of Epoxies
and Oxetanes,”Macromolecules 52 (2019): 1158–1165. 

33 . J. V. Crivello, “Cationic Photopolymerization of Alkyl Glycidyl
Ethers,” Journal of Polymer Science Part A: Polymer Chemistry 44 (2006):
3036–3052. 

34 . J. V. Crivello and U. Bulut, “Curcumin: A Naturally Occurring Long-
avelength Photosensitizer for Diaryliodonium Salts,” Journal of Polymer 

Science Part A: Polymer Chemistry 43 (2005): 5217–5231. 

35 . B. Wang, Q. Zhang, Z. Wang, C. Shi, X. Gong, and H. Tian, “Acid-
catalyzed Disulf ide-mediated Reversible Polymerization for Recyclable 
Dynamic Covalent Materials,” Angewandte Chemie International Edition 
62 (2023): 202215329. 

36 . A. J. Parker and N. Kharasch, “The Scission of The Sulfur-Sulfur
Bond,” Chemical Reviews 59 (1959): 583–628. 

37 . H. Mutlu, E. B. Ceper, X. Li, J. Yang, W. Dong, and M. M. Ozmen,
“Sulfur Chemistry in Polymer and Materials Science,” Macromolecular 
Rapid Communications 40 (2019): 1800650. 

Supporting Information 

Additional supporting information can be found online in the Supporting
Information section. 
Supporting File: marc70229-sup-0001-SuppMat.docx. 
9 of 9

tive C
om

m
ons L

icense


	Disulfide-Induced Inhibition of Epoxy Cationic Photopolymerization: A Route to Maskless Patterning
	1 | Introduction
	2 | Results and Discussion
	2.1 | Disulfide Effect on Epoxide Photopolymerization
	2.2 | Exploiting Disulfide Diols Polymerization Inhibition for Patterning

	3 | Conclusions
	4 | Experimental Section
	4.1 | Materials
	4.2 | Preparation of Epoxy/Diol Formulations
	4.3 | Photocuring of Epoxides
	4.4 | Characterization
	4.5 | Patterning

	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


