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ABSTRACT

Covalent adaptable networks (CANs) are a new class of polymers possessing the structural robustness of classical thermosets and
stimuli-dependent malleability of thermoplastics, imparting them with repairability, reprocessability, and recyclability potential.
These CANs can even be tailored to have spatially controllable properties and enhanced functionality; however, the introduction of
additional reactive moieties leads to inadvertent side reactions and deterioration of the desired performance. Herein, we present
a comprehensive approach to the optimization of locally controllable CANS, relying on base catalyzed thiol-thioester exchange
reactions. The network is formed by visible light (405/450 nm) induced radical thiol-ene polymerization, whilst local deactivation
of the dynamic exchange reaction is achieved by neutralizing the basic catalyst with a photoacid generated upon UV-light (365 nm)
exposure. The intricate interactions between the resin components were studied, and the factors affecting the network performance
were investigated to provide a detailed account of the development process, from the rational selection of initial components to
the systematic optimization of a locally controlled, photoswitchable CAN. Finally, its on-demand tunability is demonstrated by
surface- and bulk shape reconfiguration through heat-assisted processes.

1 | Introduction such materials behave like traditional covalently crosslinked

polymer networks, which possess high thermal stability, chemical
Covalent adaptable networks (CANSs) are a class of polymers that ~ resistance, and high mechanical properties. Once a certain stim-
find their place between classical thermosets and thermoplastic ulus is applied, dynamic exchange reactions take place, resulting
materials [1-8]. Without the application of an external stimulus, in the topological rearrangement of the polymeric network.
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This unique property allows CANs to be malleable, reshapeable,
healable, and recyclable, similar to thermoplastics [7-11]. The
majority of CANs rely on a thermal stimulus, but light, chemical
agents, or ultrasound are also known to be used to activate
the exchange reactions [8, 12-14]. Based on the mechanism of
dynamic exchange reactions, CANs are divided into two sub-
groups: dissociative and associative. In case of dissociative CAN,
the topological rearrangement proceeds through the breakage of
a chemical bond at one place with further establishing of a new
bond, which leads to a temporary decrease of the crosslink density
of the network. In associative CANS, the exchange reactions hap-
pen through a transition state where the new covalent bond forms
before the old one breaks. Thus, the structural integrity of the
polymer is retained while undergoing a topology rearrangement
[11, 15-17].

Leibler and co-authors introduced the term vitrimer for this type
of CANs from their investigation of dynamic epoxy-acid and
epoxy-anhydride networks, which underwent thermoactivated
transesterification reactions [18]. Over the past years, various
chemical mechanisms have been investigated for the design of
associative CANs [19]. One rapid exchange reaction exploited in
associative CANs is the thiol-thioester exchange reaction, which
allows stress-relaxation to occur even at room temperature [20-
22]. The transthioesterification is accelerated by basic catalysis,
which opens the possibility to control the rate of exchange
processes via selection of a suitable catalyst and by tuning the
network [20, 23, 24].

However, most of the dynamic chemistries rely on thermoac-
tivated dynamic reactions, which lack spatial control [25, 26].
CANs utilizing the thiol-thioester exchange reactions are no
exception. Achieving spatial control for such dynamic net-
works is possible by the use of light-stimulated processes,
such as the photo-thermal effect [27, 28] or the use of photo-
sensitive compounds to locally tune the dynamics of topological
rearrangement via shifting the concentration of the reactive
groups, which participate in the exchange reactions [29, 30]
or by light-induced release of the catalyst [31, 32]. The use
of various photolatent bases and acids was deeply investi-
gated in our group for the local control of bond exchange
reactions in thermally and photochemically curable polymeric
networks [21, 25, 26, 30].

In particular, the concept of chemical amplification upon the
activation of a photoacid generator (PAG) with subsequent release
of the hydroxyl groups was investigated for local control of
transesterification kinetics [29, 30]. Besides that, in our previous
work, we demonstrated an approach for further improvement of
the activation resolution by introducing a covalently attachable
photolatent catalyst (PAG-Vi) [26].

Along with the local activation of the dynamic exchange reaction
via release of the catalyst, the spatially controlled deactiva-
tion of the exchange dynamics was shown by the Bowman
group through the release of a catalyst scavenger in the system
[22]. A deactivation of the exchange reactions is of particular
interest for soft (with a glass transition temperature below
room temperature) dynamic networks to avoid undesired creep
during usage (e.g., once the material has been reshaped or
reprocessed).

Inspired by this study, herein, we investigate the local deacti-
vation of thiol-thioester exchange reactions through photolysis
of a covalently attachable PAG in a photocurable thiol-ene
photopolymer. The polymeric network was cured with 405 nm
visible light (VIS-cured), and the local deactivation of the net-
work’s exchange dynamics was achieved by irradiation with
365 nm UV light (UV-deactivated), allowing patterning of the
surface of the material by thermal imprinting. While previ-
ous studies have demonstrated spatial deactivation of dynamic
chemistries in CANs, we highlight the effect of the interaction
between resin components on the dynamic exchange kinetics.
The orthogonality of the photoprocesses and intercomponent
behavior was taken into careful consideration to establish a
robust strategy in local control of dynamic exchange reactions
and optimization of the photoswitchable dynamic photopolymer
within a single thiol-thioester CAN. The established procedural
framework identifies the critical parameters governing resin
formulation and performance. By detailing the process from
initial component selection down to the system optimization, we
describe not only the creation of effective thiol-thioester CANs
but also their refinement based on experimental outcomes. The
intricate chemical interplay between photoinitiators, catalysts,
and crosslinking agents requires careful navigation, which is a
challenge we address through our targeted recommendations.
Our goal is to establish a reliable methodology that researchers
can adapt to their specific requirements, ultimately advancing the
development of photoswitchable materials with precisely, locally
controlled, and experimentally validated behavior.

2 | Results and Discussion
2.1 | Designing a Wavelength-Orthogonal System

The development of a thiol-thioester photoswitchable dynamic
polymer requires careful consideration of material components
and their specific interactions. Figure 1 lays out the components
making the resin, while Table 1 lists the tested compositions and
their respective labels. Thiol-ene photopolymers were selected as
the matrix material due to their significant advantages in polymer
synthesis. Their step-growth polymerization generally results in
lower shrinkage and higher monomer conversion compared to
traditional radical homopolymerization [23]. A critical aspect of
this material’s design involves the phototriggered processes of
curing and deactivation. Curing relies on interactions between
monomers to form the network, while the deactivation mech-
anism utilizes acid-base interactions to modulate the catalyst’s
activity and to control bond exchange dynamics. Moreover, a
polymer’s performance extends beyond a simple summation
of individual component properties. Intricate chemical inter-
actions necessitate precise balancing of components; as such,
the initial research approach involves establishing a preliminary
composition with strategically assigned component quantities.

The studied photopolymers were obtained using TEDAE
monomer and PETMP crosslinker, keeping the ratio between
—-ene and thiol moieties equal to 1:2 to ensure an excess of
free thiol functionalities that could facilitate thiol-thioester
bond exchange reactions in the presence of TMG as basic
catalyst. TPO-L was added as a long-wavelength-absorbing
radical photoinitiator enabling network formation upon visible

20f10

Macromolecular Rapid Communications, 2025

85UBD1T SUOLLIIOD SANTESID 3|qedi[dde ay) A peusnob aJe SajoNre O ‘8sN JO Sa|NJ 10} Aeid 1 8UljUQ /8|1 UO (SUONIPUCD-PUR-SLBIAL0D 4B |IMAReiq 1 [pul|Uo//Sdny) SuonIpuoD pue swis 1 8y} 89S *[520z/ZT/0T] uo Ariqiyauluo A[IM ‘oulio] 1d 11jod Pa [a!g SIS 0uLo . 1d 091Ul |od Aq 59005202 2/ew/Z00T OT/I0p/u0d A8 Im Aleiqjpuljuo//sdny wolj papeoumoq ‘Zz ‘520z ‘/Z65T2ST



Initial state

FIGURE 1 |

Thiol-thioester exchange

VIS—cured

- e e e e e e e e e e s e e e e -,

- e em = -

UV-deactivated

Legend: b o o
- 9 \/\OJ\/\SJ\/\WOA
monomer TEDAE O
o o}
HS ™A W sH
X we
(o} (o]
crosslinker HS‘/\‘g PETMP (\)ﬁ/\’SH
NH

| |
™G

»
&

basic catalyst

€]

base scavenger

PAG-VI
o O
op/ or /©/Lce)k©\o
Ol I AU
photoinitiator TPO-L Ivocerin®
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deactivation by UV-induced release of an acid. (b) Chemical structures of the primary resin components.

TABLE 1 | Compositions (in mole equivalence) of studied formulations.
Sample name TEDAE PETMP TPO-L Ivocerin T™™G DABCO DBN PAG-Vi
POTOL2 1.00 1.00 0.02 — — — — —
P3T3L1 1.00 1.015 0.01 — 0.03 — — 0.03
P3T3L2 0.02
P3T3L5 0.05
POT3L1 1.00 1.00 0.01 — 0.03 — — —
POT3L2 0.02
POT3L5 0.05
P1T3L2 1.00 1.005 0.02 — 0.03 — — 0.01
P2T3L2 1.010 0.02
P3T3L2 1.015 0.03
PODABCO3L2 1.00 1.00 0.02 — — 0.03 — —
P3DABCO3L2 1.015 0.03
PODBN3L2 1.00 1.00 0.02 — — — 0.03 —
P3DBN3L2 1.015 0.03
P3T3IVO1 1.00 1.015 — 0.01 0.03 — — 0.03
P3T3IVO2 0.02
P3T3IVO5 0.05
POT3IVO2 1.00 1.00 — 0.02 0.03 — — —

light exposure (405 nm). For the controlled deactivation of
TMG in the photopolymer, a photoacid generator (PAG) with a
non-overlapping absorption wavelength was chosen to avoid its
premature release during the visible-light induced curing step.
From the wide range of reported PAGs, PAG-Vi was selected due
to its (1) absorption characteristics, (2) good solubility in PETMP,
(3) non-ionic nature of the photo-cleavable group, and (4) ability

linked to
hasal,,
Absorptio
shown in

to be immobilized within the network through its vinyl group
that enables enhanced spatial control of the system. PAG-Vi is
comprised of a photocleavable naphthalimide group covalently

a vinyl-functionalized aromatic sulfonic acid, which
at 333 nm and is transparent in the visible light region.
n spectra of the radical photoinitiators and PAG-Vi are
Figure S1.
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FIGURE 2 | UV-vis spectra of formulation containing 3 mol% of
PAG-Vi, 3 mol% of TMG, and 2 mol% of TPO-L (P3T3L2) upon irradiation
of 405 and 365 nm light as a function of the exposure dose.

However, despite the use of two different wavelengths for curing
and activation of the PAG-Vi, claiming full orthogonality of the
photocleavage reactions of TPO-L and PAG-Vi warrants further
investigation. Our previous study, related to the use of the
latter in photocurable thiol-ene vitrimers relying on a latent
transesterification acidic catalyst, revealed that the photocleavage
reactions of TPO-L and PAG-Vi are not fully orthogonal in thiol-
ene photopolymers and that PAG-Vi is already activated during
irradiation at 405 nm, albeit at a low extent (12%) [26]. This is also
observed in the thiol-thioester resins under investigation contain-
ing TMG as a base catalyst. Figure 2 shows the UV-vis spectra
of the thioester-thiol system with 3 mol% of PAG-Vi, 3 mol%
of TMG and 2 mol% of TPO-L (P3T3L2). The broad absorption
band (1,,,x = 335 nm) can be related to PAG-Vi; however, TPO-L
also possesses certain absorption, although relatively low, in this
region. Upon photocuring at 405 nm this absorption band slightly
decreases (5.6%), which could be associated with the photolysis
of TPO-L as well as premature photocleavage of naphthalimide
group of PAG-Vi. In contrast, subsequent UV irradiation (365 nm)
leads to a fast and distinctive decrease of the absorption profile,
giving rise to the efficient cleavage of the chromophore.

To improve the orthogonality between curing and acid release,
two different strategies were pursued. On the one hand, the
photoinitiator concentration was increased, and on the other
hand, TPO-L was replaced by Ivocerin, which has an extended
absorption profile in the visible light region and can be activated
at 450 nm. At a higher TPO-L concentration (5 mol%), no clear
decrease in the PAG-Vi absorption profile could be detected dur-
ing curing (405 nm), which indicates an improved orthogonality
due to an internal filter effect of the radical photoinitiator. In
the case of the use of Ivocerin, the absorption spectra of PAG-
Vi and the photoinitiator are strongly overlapping, and no clear
conclusion could be made.

The influence of resin formulation on cure kinetics was examined
in a stepwise manner using FTIR spectroscopy to monitor alkene
and thiol conversion (Figure S2).

First, the influence of the basic catalyst on the curing of thiol-
ene photopolymer was investigated with the use of TPO-L as
photoinitiator on a base-free formulation (POTOL2) and one con-
taining TMG (POT3L2). In the absence of TMG, efficient curing

was observed, with rapid and high conversion of both alkene
and thiol functional groups. The addition of TMG significantly
reduced the cure rate. After exposure to a 405 nm lamp delivering
a dose of 720 mJ-cm~2, the maximum alkene conversion dropped
from 99.90% for POTOL2 (without TMG) to 91.37% for POT3L2
(with TMG). This is attributed to the basic nature of TMG, which
promotes the formation of thiolate species. These thiolates can
react with free thiyl radicals to generate metastable disulfide
radical anions that do not participate in chain propagation;
thereby acting as inhibitors in the radical-mediated thiol-ene
reaction. As a consequence, TMG not only acts as a basic catalyst
but also introduces a decelerating effect on the curing kinetics due
to radical scavenging behavior [33].

Second, the type and concentration of the photoinitiator also
affect the cure kinetics. Under identical irradiation intensity (9.4
mW-cm™ at 405 nm), Ivocerin-containing resins - POT3IVO2 and
P3T3IVO2 - exhibited faster and more complete conversion of
thiol and alkene groups compared to their TPO-L equivalents,
POT3L2 and P3T3L2. This can be explained by the higher
quantum efficiency of Ivocerin compared to TPO-L (¢ = 0.83 [34]
vs. ¢ = 0.30 [35, 36]), allowing more efficient radical generation
under the same light exposure. This effect is especially relevant in
systems where radical inhibition by TMG is present, as the higher
efficiency of Ivocerin can help partially overcome this kinetic
limitation.

Third, the addition of PAG-Vi to the TMG-containing formulation
led to surprising acceleration in cure kinetics regardless of the
chosen photoinitiator component. Although PAG-Vi is designed
to be inactive under visible light, its mere presence appears to
reduce the effective basicity of TMG, possibly through acid-base
interactions or complex formation. This attenuation of TMG’s
basicity diminishes the inhibitory effect of thiolate formation,
allowing the radical propagation to proceed more efficiently. As
a result, an unexpected increase in cure rate is observed even in
the absence of PAG-Vi activation, suggesting a nuanced interplay
between the basic catalyst and the acid generator.

In the end, it is important to compare the cure degree since
it could significantly affect the material’s relaxation properties
in the UV-deactivated state. Therefore, a comprehensive evalu-
ation of both kinetic profiles and final cure degree is necessary
to optimize the orthogonal photochemical sequence for both
performance and responsiveness.

To get a deeper insight into the possible mechanism, TMG
and PAG-Vi were dissolved in DMSO-d4 at equimolar concen-
trations and characterized using NMR spectroscopy (Figure 3).
Monitoring the change in the 'H-NMR spectra over a two-week
period showed the appearance of new peaks and chemical shifts.
The spectra revealed that progressive chemical shift changes
and the appearance of new peaks, indicating ongoing chemical
interaction between the two species in the absence of light.
Notably, the vinyl protons of PAG-Vi (originally appearing as
two well-defined doublets at § = 6.03 and 5.52 ppm) exhibited
gradual splitting and downfield shifts. The observed effect could
be assigned to the interaction between the sulfone moiety and the
base, suggesting that the interaction between PAG-Vi and TMG is
not merely a static association but a dynamic process that evolves
over time.
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FIGURE 3 | 'HNMR spectra of TMG, PAG-Vi, and equimolar TMG and PAG-Vi systems through time (300 MHz, DMSO-dg).

In addition to the vinyl region, other proton environments
showed significant changes. Broadening, peak splitting, and
deshielding were observed for the methyl protons of TMG (6
~ 2.68 to 3.12 ppm), indicating a change in the electronic
environments likely due to interactions with the sulfonate or
aromatic groups of PAG-Vi whose peaks exhibited more complex
spin-spin splitting patterns. Importantly, no signals appeared in
the strong downfield region between 8 and 9 ppm, where imine
protons would typically resonate. This absence confirms that
no imine formation occurs and that PAG-Vi remains chemically
intact and capable of photoactivation.

To further probe the nature of these interactions, a separate
COSY experiment revealed no through-bond interaction between
TMG and PAG-Vi ruling out covalent bond formation between
the two species. Complementary *C-NMR spectroscopy further
showed the appearance of at least twice the amount of peaks after

reaching an equilibrium (Figure S3). These observations support
the hypothesis that the interaction involves reversible acid-base
interactions or the formation of ion pairs and transient adducts.
Over time, the emergence of stabilized species hints at dynamic
equilibrium processes wherein TMG may be partially protonated,
thereby diminishing its catalytic basicity. The gradual shift and
emergence of new signals indicate the formation of intermediate
species or transient complexes that stabilize after an extended
period. Such behavior implies that the basicity of TMG and the
acidity of the PAG-Vi molecule may contribute to a reversible
equilibrium, affecting the chemical environment of the system.

Complementing the NMR data, pH measurements were con-
ducted in ethanol to monitor the evolution of acidity in various
1 mM mixtures (Table 2). TMG solutions alone exhibited a basic
pH of 12.67, consistent with its strong nucleophilic character.
Meanwhile, a 1:1 molar ratio between PAG-Vi and TMG decreased

Macromolecular Rapid Communications, 2025
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TABLE 2 | Recorded pH values of 1 mM stock solutions in ethanol.

pH after exposure to pH after exposure

Solution pH initial 405 nm/ 450 nm to 365 nm
TMG 12.67 — —
PAG-Vi 7.57 6.32 2.20
TPO-L 7.03 2.84 —
Ivocerin 6.63 3.23 —
TMG, PAG-Vi 10.35 9.84 4.36
TMG, TPO-L 12.27 8.21 —
TMG, Ivocerin 12.59 8.57 —
TPO-L PAG-Vi 7.21 1.69 1.35
Ivocerin, PAG-Vi 7.32 1.69 1.32
TMG, PAG-Vi, TPO-L 9.32 4.44 3.85
TMG, PAG-Vi, Ivocerin 10.39 6.41 5.35

the starting pH to 10.35, reflecting partial neutralization and/or
formation of an acid-base complex. The addition of TPO-L to the
mixture (TMG:PAG-Vi:TPO-L = 1:1:1) further reduced the initial
pH to 9.32. After sequential photoirradiation at 405 nm for 10 min
and 365 nm for 45 min (47 J-cm™? and 580 kJ-cm™2, respectively),
the final pH dropped markedly to 3.85. This stepwise acidification
underscores the additive effect of each component on the system’s
net proton balance. Analogous measurements were performed in
systems where TPO-L was replaced by Ivocerin. Results revealed
a similar trend in decreasing pH values but with slightly less
pronounced final acidification, suggesting differences in the
acidic byproducts generated by the two photoinitiators.

What these findings propose is a more complex role played
by the photoinitiator beyond radical generation. In particular,
TPO-L is known to produce acidic phosphonyl radicals and
phosphorus-containing degradation products upon irradiation,
which can significantly reduce the pH of the medium (37, 38].
Mixing TPO-L and TMG did not result to a pH change until
light exposure led to a measurable decrease in basicity. This
inadvertent generation of acidic species likely also contributes to
the partial neutralization of TMG, thereby reducing its catalytic
activity. These have implications on the optimization of the stress
relaxation kinetics of cured samples discussed in the next section.

2.2 | Wavelength-Dependent Stress Relaxation
Kinetics

The objective of a photoswitchable CAN is to reach a drastic
change in bond exchange kinetics and, consequently, stress
relaxation behavior after light exposure. An ideal dynamic pho-
topolymer shows a fast relaxation in VIS-cured state and a slow
to non-response in the UV-deactivated state (neutralization of
TMG due to the UV-released acidic species). To find the optimal
resin composition of the photoswitchable polymer, VIS-cured
and UV-deactivated samples were prepared and analyzed. All
the VIS-cured samples were obtained by curing with either
405 or 450 nm light irradiation (79.3 mW-cm~2) for 1 min
each side, while UV-deactivated samples were obtained through

subsequent irradiation of cured samples with 365 nm light (215.1
mW-cm~2) for 15 min. Independent on the composition, the
obtained photopolymers had a comparable crosslink degree as
evidenced by DSC (T, ranged between —32°C and -31°C) and
swelling measurements (Figure S4 and Table SI, respectively).
This is crucial as the network mobility affects stress relaxation
kinetics. This structural uniformity ensures that differences in
stress relaxation behavior can be attributed primarily to chemical
factors rather than changes in network architecture.

While FTIR kinetics showed that formulations containing Ivo-
cerin cured faster than those with TPO-L attributed to Ivocerin’s
higher quantum efficiency, this benefit did not translate to
improved dynamic performance. As seen in Figure 4a, the
Ivocerin-based system (P3T3IVO2) exhibited significantly slower
relaxation than any TPO-L-based formulation. A slower relax-
ation profile could also be observed in Figure 4b with increasing
photoinitiator concentration. Interestingly, the same behavior
was observed even in the absence of PAG-Vi (Figure S5). These
observations, as alluded by the pH test results, suggest that the
photoinitiator or its photodegradation products may interfere
with TMG’s catalytic activity due to several possible phenomena:
direct interaction between photoinitiator and base; interaction of
the photodecomposition products with base or PAG-Vi; energy
transfer of the excited state of the photoinitiator to the PAG-
Vi, leading to its preliminary activation during the photocuring
step. To eliminate the effect of energy transfer, another set of
samples initially subjected to lower irradiation dose but with
subsequent thermal postcuring for 1 h at 100°C were also mea-
sured. This approach yielded stress relaxation behavior similar
to that of the fully photocured system, suggesting that a more
complex, persistent interaction occurs in the polymer network,
beyond simple photoactivation events. Based on these results,
a photoinitiator concentration of 2 mol% TPO-L was selected
as optimal for further studies. At this level, a balance was
achieved between sufficient curing speed and acceptable dynamic
response in the active state. The 3 mol% nominal value of
TMG for these samples was chosen based on the recommended
protocol of Bowman’s group [23]. Earlier trials using lower
concentrations of equimolar TMG and PAG-Vi (both at 1.5 mol%)
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FIGURE 4 | Superimposed stress relaxation curves grouped based on the varying (a) photoinitiator, (b) photoinitiator concentration, and (c) PAG-Vi

concentration. Stress relaxation measurements were done at a constant temperature of 60°C.

produced samples not prone to stress relaxation (Figure S6).
This additionally indicates a more prominent partial neutral-
ization or complexation of the base when less than 3 mol% is
present.

With the TPO-L and TMG concentrations fixed, the influence
of PAG-Vi concentration (1-3 mol%) on stress relaxation was
investigated next. Figure 4c shows an increasing relaxation
time as more PAG-Vi was introduced to the resin formulation.
Increasing the PAG-Vi concentration affected the behavior in two
aspects.

First, the time it took to reach a 1/e or G;/G, = 0.37
(t*) of photopolymers in the VIS-cured state increased
with rising PAG-Vi concentration. This means that the
catalytic efficiency of TMG had been compromised by the
presence of PAG-Vi even before the acid got released to
the system. This is in good agreement with the previously
observed shift in the pH value of TMG after incorporation of
PAG-Vi.

Second, after UV-deactivation, the difference in relaxation time
(*) between the cured and deactivated states became more
pronounced with increasing PAG-Vi content. At1mol% of PAG-Vi
(P1T3L2), the stress relaxation time was very close to the PAG-
free reference system (i.e., 50 s for 1 mol% PAG-Vi and 46 s
for PAG-Vi-free system). Although the catalytic efficiency of 3
mol% TMG was not significantly affected by the lower PAG-Vi
content, almost no deactivation effect was seen for the UV-
deactivated state of P1T3L2. This indicates that the amount of
photoacid generated post-UV exposure was insufficient for full
deactivation, and TMG remained largely active. Increasing the
PAG-Vi content to 2 mol% (P2T3L2) led to a significant slowing
down of the stress relaxation of the VIS-cured sample (7* = 576
s) due to the interaction between PAG-Vi and TMG. However,
deactivation didn’t lead to a complete stop of the exchange
reactions, resulting in gradual stress relaxation (¢* = 2500 s) in
the UV-deactivated P2T3L2. When equimolar amounts (3 mol%)
of PAG-Vi and TMG were present in the system, VIS-cured
P3T3L2 showed slow stress relaxation (z* = 3100 s), but the UV-
deactivated counterpart showed practically no stress relaxation
within the observed timeframe. These results indicate that a 1:1
molar ratio between TMG and PAG-Vi is necessary and sufficient
for complete deactivation under UV exposure.

Since the addition of the PAG-Vi strongly affects the stress
relaxation behavior of the cured sample, the search for a more
suitable base catalyst was undertaken. Choosing the appropri-
ate transthioesterification catalyst has been comprehensively
investigated by Bowman’s group [23, 37]. Generally, organic
bases with high basicity and/or nucleophilicity were reported
to catalyze this type of exchange reaction most efficiently.
Figure S7 shows the effect of the variation on the basic catalyst
included in the resin formulation. Two tertiary amines with high
nucleophilicity, 1,4-diazabicyclo[2.2.2]octane (DABCO) and 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) had been evaluated whether
they could deliver better performance than TMG. It can be
inferred from the curves that all these catalysts provide fast stress
relaxation with all of them relaxing within 60 s. However, the
addition of PAG-Vi slowed down the stress relaxation of DABCO-
and DBN-containing formulations even to a higher degree than
those with TMG. Thus, further experiments were carried out with
P3T3L2, whose bond exchange kinetics could be switched off in
the UV-deactivated state whilst still having rapid stress relaxation
in the original VIS-cured state.

2.3 | Local Deactivation of Bond Exchange
Reactions

To demonstrate the spatial control on the topological rearrange-
ment of the optimized thiol-thioester photopolymer, imprinting
and reshaping experiments were performed on the optimized
polymer formulation, containing 2 mol.% of TPO-L, 3 mol.% of
TMG, 3 mol.% of PAG-Vi.

In the first step, pristine images after subjecting a treated square
disc to confocal microscopy can be seen in Figure 5a-c. The
UV-deactivated top side did not replicate as much of the stamp
compared to the VIS-cured bottom side, which evidences that
topological rearrangements are faster for the side not exposed
to 365 nm. The deactivated side managing to take a faded
imprint can be explained by the non-zero stress relaxation of UV-
deactivated P3T3L2 (see also stress relaxation data in Figure 4).
The VIS-cured and UV-deactivated imprints have mean z-heights
of 54 um and less than 1 ym, respectively.

In another demonstration, the single-time shape memory ability
of the P3T3L2 formulation was tested. A tell-tale change in color
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FIGURE 5 | Coin imprinting of (a) VIS-cured square disc, (b) UV-deactivation of the top part, (c) disc after stamping, and (d) insets of the 3D
reconstructed images. Reshaping of (e) VIS-cured strip, (f) UV-deactivation of the left side, (g) twisting of the strip to the rod, (h) twisted strip secured

on both ends, and (i) shape memory ability of the UV-deactivated side.

from clear to yellow can be observed after the UV-deactivation of
the exposed side. The strip was then twisted to a stainless-steel bar
with a diameter of 6 mm and secured at both ends with clear sticky
tape. This was placed in the oven at T = 80°C for 30 min before
unwrapping the strip. Figure 5e-i shows the UV-deactivated side
returning to its original flat conformation while the VIS-cured
side reconfigured to a helical shape after cooling the set-up to
room temperature and unwrapping the strip from the metal rod.
This clearly demonstrates the spatially resolved bond exchange
between the thiol and thioester moieties of the optimized covalent
adaptable network.

3 | Conclusion

This study presents a comprehensive approach to designing and
optimizing locally deactivatable thiol-thioester vitrimers. It was
shown that a thiol-ene network having a covalently attachable
PAG (PAG-Vi) could be cured under visible light irradiation and
subsequently be deactivated by the photolysis of PAG-Vi after
UV irradiation under 365 nm light irradiation, the process was
shown to be spatially controllable, allowing surface patterning
and reshaping at moderately high temperatures. However, for
the studied system, the stress relaxation behavior and photo-
switchability of the network is also highly dependent on intricate
interactions between resin components.

Stress relaxation kinetics of the VIS-cured samples (exposed
only to visible light for curing) showed the sensitivity to both
photoinitiator type and its concentration. Specifically, TPO-L
was identified as a more suitable photoinitiator than Ivocerin
due to its lower interference with network dynamics. Increasing
concentrations of TPO-L were shown to impede stress relaxation
even prior to UV exposure, highlighting non-negligible base
deactivation and molecular interactions in the formulation. In
addition, this effect was evidenced by the drop of the pH of
solutions containing TPO-L and TMG after the visible light
irradiation.

Furthermore, the stress relaxation kinetics were more affected by
the strong interaction between TMG and PAG-Vi. The addition
of PAG-Vi in the system led to a significant increase to the
stress relaxation time for visible light treated samples (from 47
s for PAG-free system to 2500 s for 3 mol% of PAG-Vi). NMR
studies of equimolar mixtures of TMG and PAG-Vi elucidated
the effect, thereby showing the shift in the signals of the compo-
nents and evidencing non-covalent interactions between the two
compounds. The methyl group peaks of TMG were found to shift
downfield, evidencing the lower electron density and hence lower
nucleophilicity of the base. In addition, the pH studies showed
a crucial decrease in the basicity of the TMG-PAG-Vi mixture in
comparison with the pure TMG prior to any irradiation. Hence,
a 1:1 molar ratio between PAG-Vi and TMG (3 mol%) was found
to be the most optimal, maintaining a balance of fast stress
relaxation in the VIS-cured state and slower kinetics in the UV-
deactivated state. Our findings also underscore the necessity
of controlling crosslink density, exposure conditions, and aging
effects to ensure reproducible and tunable material properties
stemming from chemical factors’ bond exchange modulation
rather than changes in network architecture.

The optimized system was used for the demonstration of the
ability to spatially control network deactivation. The cured
sample was imprintable at 80°C within 30 min, resulting in the
average depth of the pattern of 54 um, while the UV-exposed
sample demonstrated almost no imprintability, with the average
depth of the pattern to be <1 um. Locally controlled patterning
and reshaping allow the application of this concept for reconfig-
urable surfaces, adaptive materials, and shape memory polymers.
While challenges persist regarding side reaction mitigation and
catalyst optimization, this work provides a foundational method-
ology for developing photoswitchable vitrimers with tunable
properties. The procedural approach presented herein offers
both novice and experienced researchers a practical roadmap
for further advancing thiol-thioester dynamic bond exchange
systems toward increasingly sophisticated applications such as
reconfigurable microdevices and smart coatings.
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