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Introduction

The effect of photolatent catalysts on the exchange
kinetics of dual-wavelength 3D printable and

photopatternable thiol-click vitrimers
Elisabeth Rossegger, Usman Shaukat, Khadijeh Moazzen, '=/ Mathias Fleisch,
Michael Berer (22 and Sandra Schlogl (e *

The use of photolatent transesterification catalysts provides a unique way to locally control dynamic bond
exchange reactions in vitrimers. In the non-illuminated state, the polymer network behaves like a perma-
nent crosslinked duromer. Upon light exposure, the catalysing species is formed on demand facilitating
topology arrangements above the network’s topological freezing temperature (T,). For photopolymer net-
works, photoacid generators provide distinctive advantages as latent catalysts. They are well soluble, com-
prise a high temperature stability and release strong Brensted acids upon light exposure, which are able to
efficiently catalyse thermo-activated transesterifications. In addition, they are typically transparent in the
visible light region, which enables the radical induced curing of photopolymers by light irradiation at
405 nm, without premature release of Bronsted acids. Herein, a library of photoacid generators is com-
prehensively studied for the design of photocurable vitrimers applicable for dual-wavelength 3D printing
and photopatterning. Stress relaxation measurements revealed that the bond exchange rate is affected by
the thermal stability of the released Breonsted acid, the size of the counter-anion and the quantum yield of
the cleavage reaction. As the photolatent catalysts neither affect pot life nor cure kinetics of the photo-
curable resins, it is possible to fabricate 3D printed objects via vat photopolymerization. By carrying out
the printing at two different wavelengths (405 and 365 nm), the catalyst is locally activated during the
layer-by-layer build-up of the 3D structures. In the UV exposed areas, the dynamic network is able to
undergo triple shape memory by using the glass transition temperature (Tg) and T,, whilst in the non-
exposed parts it performs like a simple Ty-based shape memory polymer. This enables a controlled
locking of defined areas during the thermal programming step and offers exciting ways towards the addi-
tive manufacturing of functional devices. In addition, the local activation of the catalyzing species was
exploited to inscribe positive-tone microstructures in the photopolymer networks by photolithography. In
the exposed areas, the network was selectively depolymerized during the development step in organic
solvents at room temperature. Without any opimization, structures with a feature size of around 500 ym
could be obtained.

as 3D printing. This method is highly versatile and can
produce complex geometries with high intricacy.” Additive

Facing a rapidly growing automation and digitalization of tra-
ditional manufacturing processes, modern industry is chan-
ging significantly. Personalization of products at reasonably
low costs has become an important aspect of this industrial
change.! To date, the most efficient method for the fabrication
of individual products is additive manufacturing, also known
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manufacturing yields parts with high performance and is cost-
effective.® Polymers offer numerous advantages as they are
conveniently tailorable in terms of mechanical, thermal, elec-
trical, and other functional properties.* Moreover, polymers
can be designed to undergo stimuli-induced changes in shape,
property, or functionality over time. These stimuli include
temperature, light, humidity, pH value, solvents, electric or
magnetic fields, and enable a controlled conversion of the 3D
printed part into another predictable structure.’

In particular, stereolithography based techniques such as
digital light processing (DLP) 3D printing have gained
increased attention, as they provide a decent building speed,
high resolution and good surface quality of the printed parts.

This journal is © The Royal Society of Chemistry 2023
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They rely on the local solidification of a liquid resin by photo-
polymerization, which provides distinctive advantages com-
pared to thermal polymerization routes. The polymer is
formed rapidly under mild conditions, the reaction is typically
free of solvents and highly volatile organic compounds, which
makes it an environmentally friendly processing method. In
addition, the mechanical properties can be easily adjusted by
the choice of monomers and crosslinkers.

Various strategies are reported in literature, to print stimuli-
responsive structures by DLP 3D printing.*” By adding multi-
walled carbon nanotubes to acrylate monomers, Chiappone
et al. successfully fabricated electrically conductive devices,
whose shape memory properties were activated by Joule’s
heating.? In a recent work, they in situ formed electrically con-
ductive fillers within DLP 3D printed structures during a UV
induced post-processing step.’

Following a multi-material approach, Hawker and co-
workers printed multi-material soft active devices by Solution
Mask Liquid Lithography (SMaLL)."® SMaLL exploits photo-
chromic dyes with reversible absorption characteristics that
allow a local activation or deactivation of photoreactions at
different wavelengths. By combining a radical curing of acry-
late monomers (at 530 nm) with additional activation of the
cationic ring opening of epoxy monomers (at 470 nm), they
fabricated soft joints and mechanically reinforced “brick-and-
mortar” structures with high resolution.

Boydston et al. constructed a DLP printer that operated
with two different light engines, which they used to sequen-
tially cure an epoxy-acrylate resin.'* By visible light irradiation,
they radically crosslinked the acrylate resin. Exposure with UV
light induced the curing of the acrylate as well as the epoxy
monomers yielding an interpenetrating network with higher
crosslink density. Soft active devices were fabricated, whose
activation relied on the differences in network structure and
related swelling properties. Recently, we optimized the compo-
sition of the hybrid epoxy-acrylate system and introduced a
dual-wavelength 3D printer containing light emitting diodes
with higher light intensity."> This allowed a significant
decrease in the layer cure time (from 60-120 s to 1-5 s) and
thus, a distinctive increase in the build time of multi-material
structures was accomplished.

Along with post-processing and the use of orthogonal
photoreactions, which are activated at different wavelengths,
other concepts towards DLP 3D printing of stimuli-responsive
structures with multi-material properties rely on an automatic
exchange of vats and a local variation of the crosslink density
by grey scale imaging.*™?

Another way for designing stimuli-responsive materials is
the preparation of a polymer network that undergoes bond
exchange reactions to adapt itself to desired conditions. The
dynamic nature of these reactions renders the networks self-
healable, weldable and malleable, whilst introducing shape
memory properties and enhanced toughness.'* These so-
called covalent adaptable networks (CANs) fall into a category
between thermosets and thermoplastics. In other words, while
having permanent bonds in the form of covalent crosslinks,
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they undergo stimuli-triggered bond exchange reactions. As a
result, the viscoelastic properties of CANs highly depend on
the kinetics of these dynamic exchange reactions, which follow
either an associative or a dissociative pathway.'> In 2011,
Leibler et al. reported on insoluble, yet reprocessable, dynamic
networks that could rearrange their topology via thermo-acti-
vated associative bond exchange reactions."® They were termed
vitrimers as their viscosity change over temperature followed
an Arrhenius-like trend comparable to vitreous silica.'”
Besides the glass transition temperature (T), vitrimers are
characterized by another transition, which is called the topo-
logy freezing transition temperature (7). Above T,, the bond
exchange reactions become considerably fast and result in a
macroscopic flow of the polymeric network.'® In vitrimers, the
rate of exchange reactions and the T, are influenced by a
number of factors, including the nature and content of cata-
lyst, availability of functional groups, or the structure and
mobility of the network.’ To date, one of the most widely uti-
lized exchange reaction for vitrimers is the thermo-activated
transesterification, which requires appropriate catalysts such
as Brensted acids, organometallic complexes, or organic bases
to proceed at high rates and at moderate temperature.”®
Advancing from traditional processing techniques such as
moulding or extrusion, recent research is geared towards the
introduction of dynamic hydroxyl ester bonds in 3D printable
materials.

However, as a typical thermo-activated dynamic exchange
reaction, the catalysed transesterification suffers from a lack of
spatial control. Thus, various strategies have been pursued to
locally control exchange reactions in thermo-activated vitri-
mers. On the one hand, nano-sized fillers with photothermal
properties are exploited, which efficiently convert light to heat
upon irradiation with a NIR laser.>* On the other hand, photo-
latent transesterification catalysts are applied, which can be
selectively switched on by light exposure.”” In previous work,
we used the concept of photolatent bases and acids to locally
activate the catalysing species in dynamic thiol-acrylate and
thiol-epoxy networks simply by light exposure.?*>* In particu-
lar, photoacid generators showed superior performance in
photopolymer networks as they are well soluble in the resin
formulations, benefit from a temperature stability up to
180 °C, do not affect cure kinetics or shelf life and release
strong Brgnsted acids upon light exposure. We developed a
visible light curable thiol-acrylate resin using phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO) as radical photo-
initiator, which had an absorption in the visible light region.
We added a triarylsulfonium hexafluorophosphate as photola-
tent acid, which was activated in the UV-A spectral region but
was transparent at longer wavelengths (>380 nm). The
sequence dependent orthogonality of the curing and the
release of the catalyst allowed the printing of 3D objects upon
visible light exposure (405 nm) without premature release of
Breonsted acids. By using a dual-wavelength DLP printer, which
contained two light sources (405 and 365 nm), we were able to
additionally expose selected layers at 365 nm to activate the
catalyst during the printing. Consequently, soft active 3D struc-
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tures were obtained, which underwent a controlled shape
change after a programming step above the network’s 7,.>*

Advancing from these proof-of-concept studies, the current
work addresses structure-property relationships of photolatent
catalysts in vitrimeric photopolymers to fabricate soft active
devices with fast relaxation kinetics and locally controllable
shape memory properties. A particular focus is placed on the
structure and absorption characteristics of the photoacid gen-
erator, as it is well known that the acidic strength of the
released acid depends on the nucleophilicity of the counter-
anion, whilst the cation governs the photochemistry.”> The
most efficient photolatent catalyst, which additionally shows
an onset of absorption at around 365 nm is then used in print-
ing experiments with a dual wavelength DLP 3D printer operat-
ing at 405 and 365 nm. During printing, the catalysing species
is activated in a spatially-controlled way and soft active devices
are fabricated, whose shape memory properties are con-
veniently varied along the three axes.

In addition, we performed a photopatterning experiment,
to demonstrate the versatility and resolution of the developed
system. Structures with feature of around 500 pm could be
obtained by local activation of the transesterification catalyst
and thus, selectively changing the solubility of the network in
methanol.

Results and discussion

Introducing a photolatent transesterification catalyst in photo-
curable CANs opens the way towards a local control of bond
exchange reactions in thermo-activated vitrimers. At the same
time, the photo-reactive resin formulations can be locally soli-
dified by light exposure and thus, conveniently processed by
vat based 3D printing processes.”® For this, the photolatent
catalyst has to fulfil several requirements including a high
solubility in the resin formulation, a high temperature stability
(well above the T, of the vitrimers), optical transparency in the
visible light region (to avoid premature activation during the
visible light induced radical curing) and the release of catalys-
ing species, which are able to promote exchange reactions.
Our previous work revealed that onium salts meet those
requirements and enable a selective formation of strong
Bronsted acids, which efficiently catalyse transesterifications
in thiol-acrylate vitrimers.”® In particular, triarylsulfonium
salts are promising candidates as they benefit from a low
reduction potential and do not oxidize photolytically formed
radicals.”” However, compared to conventional acid-catalysed
transesterifications, whose kinetics are accelerated with rising
PK, values of the acid, the use of photolatent acids is far more
complex as the formation of the catalysing species is also
affected by the photochemistry (e.g. absorption characteristics,
quantum yields) of the compound.>®

Herein, we studied the performance of selected triphenyl-
sulfonium salts with varying chemical structures to get a
better understanding of the catalytic activity of photoacid gen-
erators in thiol-click vitrimers. Upon direct UV exposure, the
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heterolytic bond rupture of the sulphur-carbon bond in triphe-
nylsulfonium salts preferably yields reactive carbocations
(CH.*° Subsequent reaction of the cations with solvent or
monomers leads to the formation of strong Brgnsted acids,
whose acidity is influenced by the chemical nature of the
counter anion. Whilst the size and nucleophilicity of the anion
determines the acidity of the generated acid, the structure of
the cation controls the photochemistry of the triphenylsulfo-
nium salt, including absorption characteristics, molar extinc-
tion coefficients and quantum yields.

Influence of the photolatent catalyst’s counter anion on stress
relaxation kinetics

In a first step, we evaluated the influence of the counter anion
on the stress relaxation kinetics of a thiol-acrylate vitrimer,
which consisted of 50 mol% HPPA, 25 mol% GDGDA,
25 mol% TMPMP and 2 wt% BAPO as long wavelength absorb-
ing photoinitiator (Fig. 1). Upon light exposure at 405 nm, a
flexible photopolymer network (T, = 3 °C) was accomplished,
which provides ample -OH and ester groups for subsequent
thermo-activated transesterification.

For a direct comparison of the photolatent catalytic activity,
the photoacid catalysts were dissolved in propylene carbonate
and their content was kept constant at 1.5 mol% (related to
the free ~-OH groups in the network).

In particular, the catalytic activity of Speedcure 992, a
mixture of triphenylsulphonium hexafluorophosphate and its
bis-functional derivative, was compared to Speedcure 976s as
hexafluoroantimonate counterpart (Fig. 2a). Since the absorp-
tion characteristics of onium salts are mainly governed by the
organic cation, both derivatives exhibit a comparable UV-Vis
absorption spectrum (Fig. 2b). They are transparent in the
visible light region and show absorption maxima at 231, 285
and 325 nm. In addition, (4-phenylthiophenyl)-diphenylsulfo-
nium trifluoromethanesulfonate (PDS-triflate) was employed
as triflate counterpart. Although it does not contain any bis-
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Fig. 1 Chemical structures of acrylate monomers, thiol crosslinker and
photoinitiator, employed for the preparation of thiol-acrylate vitrimers.
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Fig. 2 (a) Chemical structures and (b) UV-Vis absorption spectra of triphenylsulfonium salts (1 mol% in acetonitrile) with varying counter anions
used in this study. (c) Monitoring the cure kinetics in catalysed and non-catalysed thiol-acrylate formulations as a function of the applied photolatent
catalyst by FTIR spectroscopy. The normalized peak area of the IR absorption bands of the acrylate groups (1635 cm™) and thiol groups (2570 cm™)
is plotted against exposure time. Irradiation (1 = 420-450 nm, 3.3 mW cm™2) was performed under air (the zoom of the data at an irradiation time
range between 0 and 50 s is provided in Fig. S3 in ESIT). The lines are a guide for the eye.

functional species and thus, only shows two absorption
maxima at 234 and 300 nm, we assume a photochemistry
somewhat comparable to the other two salts. The anions of
the chosen onium salts are poorly nucleophilic and non-coor-
dinating, which is crucial to prevent termination reactions by
anion-cation combination in cationic polymerization or cat-
ionic curing of epoxides. Previous work showed that the cure
rate and molecular weight of related polymer systems decrease
with increasing nucleophilicity of the anions in the order
SbFs~ > PFs~ > CF3S0;7.%° At the same time, the acidity of the
released Brgnsted acids increases in the same order, which
should directly affect the transesterification rate.

As the spectral sensitivity of the photoacid generators under
investigation was limited to the short UV wavelength region,
they did not compromise the visible light-induced curing reac-
tion of the thiol-acrylate system. The time-dependent depletion
of the characteristic FTIR absorption bands of acrylate
(1635 cm™") and thiol groups (2570 cm™") of the resin formu-
lation with PDS-triflate as photolatent catalyst are provided in
ESI (Fig. S1t). Catalysed as well as non-catalysed thiol-acrylate
formulations were characterized by a comparable cure rate and
final conversion of the monomers (Fig. 2c). However, the final
acrylate conversion was higher (80-81%), compared to the
thiol one (51-52%), as acrylates are also prone to homopoly-

This journal is © The Royal Society of Chemistry 2023

merization via a chain growth mechanism under the applied
conditions.*' Along with cure kinetics, thermogravimetric ana-
lysis further revealed that the photolatent catalysts were not
affecting the thermal stability of the photopolymer networks,
which were stable well above 180 °C (as an example the TGA
data of the thiol-acrylate network containing PDS-triflate as
photolatent catalyst is provided in Fig. S5 in ESIT and the TGA
data of photolatent catalysts under investigation in Fig. S6 in
ESIt).

Once cured, the stress relaxation kinetics of the photopoly-
mers was determined by rheometer measurements using DLP
3D printed discs with a diameter of 10 mm. The stress relax-
ation of catalysed networks was determined at 180 °C, prior to
and after UV exposure with a conventional mercury UV lamp,
and compared to a non-catalysed network. Fig. S7 in ESI}
shows an example of the thiol-acrylate network with PDS-tri-
flate as photolatent catalyst. In the absence of the photolatent
catalyst, a slight stress relaxation is observed, which is related
to a thermal release of volumetric shrinkage stresses arisen
during network evolution.*> Prior to UV exposure, the catalysed
networks exhibit a similar behavior, which indicates that the
catalysing species is not prematurely released during the
photo-curing process or the high temperature applied in the
stress relaxation experiment. This behavior is also observed for

Polym. Chem., 2023, 14, 2640-2651 | 2643
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the photopolymer networks containing Speedcure 976s and
Speedcure 992 as latent catalysts (see Fig. S9 in ESIT).

The stress relaxation studies clearly show that all three
photolatent catalysts are able to catalyse bond exchanges upon
subsequent UV exposure, albeit at different rates (Fig. 3a).
Interestingly, the stress relaxation rate corresponding to the
rate of bond exchange reactions seems to increase with
decreasing acidity of the released “super acid”: HSbF, < HPF,
< HCF;3S0;. However, it should be noted that for HCF;SO3, no
decomposition is observed near room temperature, whilst
both HSbF¢ and HPF, suffer from a low thermal stability and
start to degrade at 25 and 40 °C, respectively.”® The thermoly-
sis yields HF, whose pK, value (3.18) is significantly lower than
the pK, value of HCF;S0; (—14).>* We assume that at the temp-
eratures (140-180 °C) applied in the stress relaxation experi-
ments, the majority of the formed “super acids” have been
converted to the lower acidic HF, which explains the superior
catalysing performance of PDS-triflate.

In contrast, the higher reactivity of HPFs compared to
HSbFs might be attributed to the size of the counter anion.
Along with the acidity, the size of the counter anion also influ-
ences the migration rate of the released acid. For the design of
positive tone photoresists, it was reported that the resolution
of the micropatterns increased with rising size of the counter
anion of the applied photoacid generator, which was associ-
ated with the lower migration rate of the released acid.*®

Due to the poor spectral sensitivity, we expect that Brgnsted
acids were mainly formed at the surface of the printed disc,
which then migrated inside the bulk leading to a more hom-
ogenous distribution of the photochemically formed catalyst.
Thus, the faster migration of HPFs compared to the bulkier
HSbFs might also explain the more efficient stress relaxation
of the sample containing the hexafluorophosphate salt as
photolatent acid.

To confirm the crucial role of the size of the counter anion
and its migration properties on the stress relaxation kinetics,

(@)
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we repeated the experiments with diphenyl(methyl)sulfonium
tetrafluoroborate (DMS-borate). Compared to the other three
photolatent acids under investigation, it contained the smal-
lest and least nucleophilic counter anion (BF,").

Thus, the released acid (HBF,) is highly mobile but suffers
from a lower acidity. However, in contrast to HPFs and HSbFg,
it benefits from a significantly higher thermal stability
(130 °C).?® 1t should be noted that the photochemistry of DMS-
borate is not directly comparable to the other three investi-
gated onium salts since it differs in the chemical structure of
the cation. In particular, with an even more limited UV absorp-
tion in the lower wavelength region (onset of absorption
occurs at 280 nm), we expect a lower quantum yield under the
applied irradiation conditions.

Despite the unfavorable absorption characteristics and
lower acidity of the released Bronsted acid, DMS-borate is by
far the most efficient catalyst in the current study (Fig. 3a).
However, by comparing the relaxation curves of the system
prior to and after UV exposure it is obvious that the catalyst is
already thermally released (Fig. S8 in ESIf) as the exchange
kinetics are similar. This thermal activation together with the
higher mobility of the acid catalyst might explain the fast relax-
ation rate.

In contrast to conventional acid catalysts applied in vitri-
mers, the results clearly show that the efficiency of photolatent
systems for catalysing transesterifications is strongly affected
by the thermal stability and migration kinetics of the catalys-
ing species, whilst the acidity of the released Brgnsted acid
plays a minor role. Thus, by simply varying the counter anion
of the photoacid generator, we were able to adjust the relax-
ation time over two orders of magnitude.

As the stress relaxation is directly related to the bond
exchange rate in vitrimers, we further characterized the temp-
erature-dependent relaxation kinetics to determine the acti-
vation energy (E,) of the catalysed networks.’”” The stress
relaxation curves obtained at different temperatures for the
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(a) Normalized stress relaxation curves (obtained at 180 °C) of catalysed and non-catalysed thiol-acrylate networks as a function of triphenyl-

sulfonium salts with varying counter anions. Prior to the measurements the films were UV irradiated with a mercury emitter for 10 s (1 =

200-550 nm, 20 mW cm™2). (b) Arrhenius plots derived from the measured relaxation times of catalysed thiol-acrylate networks.
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investigated photolatent catalysts are provided in Fig. S10-S14
in ESL.¥

In dynamic networks undergoing an associative bond
exchange mechanism, the relaxation time (¢*) follows an
Arrhenius-type temperature dependency t* = 7, exp (E./RT), in
which E, is the activation energy of the exchange reaction and
R is the universal gas constant.'®*® By following the Maxwell
Model, 7* is obtained from the measured relaxation data by
taking the normalized relaxation modulus (G)/G,) required to
relax e (37%) of the initial stress.>® In Fig. 3b, 7* is plotted
against (1/T) in a semilogarithmic scale and E, of the catalysed
bond exchange reactions was determined, by taking the slope
(m = E,/R) of the straight line fitted to the data. Independent of
the applied photoacid generator, the irradiated thiol-acrylate
networks’ 7* follows a linear trend, which confirms the
Arrhenius-type temperature dependence and the vitrimeric
nature of the networks.*® Whilst the networks exhibited com-
parable final monomer conversions (Fig. 2b) and network pro-
perties, they significantly differed in their E, values.

In the presence of PDS-triflate, Speedcure 992 and
Speedcure 976s, the networks exhibited E, values between
73.84 and 53.99 k] mol™'. In the same network, we obtained
similar E, values (42.4-64.5 k] mol™") with protic organopho-
sphate catalysts comprising pK, values in the range of 1.29 to
2.11.3>%% The results demonstrate that photolatent catalysts
are highly versatile in accelerating dynamic exchange reactions
in vitrimeric photopolymers and based on their thermal stabi-
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lity, migration properties and acidity enable a convenient
tuning of exchange kinetics.

Influence of the photolatent catalyst’s cation on stress
relaxation kinetics

By keeping the composition of the thiol-acrylate network con-
stant, we studied the role of the photolatent catalyst’s cation in
more detail by applying selected triphenylsulfonium triflates
with various substituents on the phenyl rings (Fig. 4a). Fig. 4b
displays the UV-Vis spectra of the photolatent catalysts under
investigation, showing the influence of the cation structure on
its absorption characteristics. In contrast to the unsubstituted
(F-triflate), which exhibits an
absorption maximum at 235 nm, the absorption window of

triphenylsulfonium cation

the substituted derivatives is extended to longer wavelengths.*!
This is in good agreement with the work of Dektar and Hacker,
who demonstrated that the absorption coefficients of triphe-
nylsulfonium salts increase with increasing substitution whilst
the absorption maxima are shifted to longer wavelengths.”” In
particular, PDS-triflate is characterized by the most red-shifted
maximum (300 nm), which Dektar and Hacker explained by
the resonance stabilization of the electron-donating 4-phe-
nylthio group due to presence of electron-withdrawing sulfo-
nium sulfur moiety.

Along with the absorption characteristics, the substituents
also govern the rate of acid formation. Whilst mono-fluoro
(F-triflate) substituted and tris-tolyl (TTS-triflate) substituted
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(a) Chemical structures and (b) UV-Vis absorption spectra of the triphenylsulfonium salts (1 mol% in acetonitrile) with varying cations under

investigation. (c) Monitoring the cure kinetics in catalysed and non-catalysed thiol-acrylate formulations as a function of the applied photolatent
catalyst by FTIR spectroscopy. The normalized peak area of the IR absorption bands of the acrylate groups (1635 cm™) and thiol groups (2570 cm™)
is plotted against exposure time (the zoom of the data at an irradiation time range between 0 and 50 s is provided in Fig. S4 in ESI}). Irradiation (1 =
420-450 nm, 3.3 mW cm™2) was performed under air. The lines are a guide for the eye.
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salts are reported to exhibit about the same rate as the unsub-
stituted triphenylsulfonium salt, 4-phenylthio substituted
derivatives such as PDS-triflate benefit from a significantly
higher rate. This can be explained by differences in the direct
photolysis of the triphenylsulfonium salts. Whilst photolysis
of 4-phenylthio substituted salts proceeds through the triplet
state, mono-substituted and the parent triphenylsulfonium
salt decompose via the singlet state.?”

Introduced as photolatent catalyst in the thiol-acrylate resin
formulation, the triphenylsulfonium triflates under investi-
gation do not affect the cure kinetics of the visible light-
induced radical curing as evidenced by FTIR experiments
(Fig. 4c). Both cure rate and final monomer conversion are
comparable to the thiol-acrylate resin containing no catalyst.

Upon subsequent UV exposure, all three triphenylsulfo-
nium salts yield the thermally stable acid HCF5;SO3, albeit at
different rates.

This is directly affecting the stress relaxation kinetics of the
UV irradiated thiol-acrylate networks (Fig. 5a). Whilst the
stress relaxation rates of networks with F-triflate and TTS-tri-
flate are slower, with 63% of the initial stress being relaxed
within 153 and 196 min (at 180 °C), respectively, the stress
relaxation rate is significantly faster in the presence of PDS-tri-
flate (79 min). The results correlate well with the rate of acid
formation of the related photolatent catalysts giving rise to
faster exchange reactions at higher acid content. This is also in
good agreement with previous work on acid catalysed vitrimers
relying on transesterification, whose exchange rate increased
with a larger amount of catalyst.3**>

Dual-wavelength DLP 3D printing of soft active devices

For the printing experiments, PDS-triflate was applied as cata-
lyst as it was the most efficient derivative for catalysing
thermo-activated transesterification in the thiol-acrylate system
under investigation. Whilst DMS-borate was even more reac-
tive, it’s low thermal stability (thermal release of the catalyst)
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G(t)/GO
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Fig. 5
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makes it unsuitable for locally controlling exchange reactions
in 3D printed structures.

In addition, 0.05 wt% of a light absorbing dye (Sudan II)
was added to the formulation to improve the resolution of the
printed objects.** Since viscosity and stability are crucial para-
meters for 3D printing, the viscosity of a freshly prepared resin
and after 6 hours was determined with a shear rate ranging
from 1 to 300 s'. The viscosity increased slightly from
740 mPa s to 1078 mPa s, which is still in a reasonable range
for DLP 3D-printing (see Fig. S10 in ESI}).

For the manufacture of soft active devices with locally-con-
trolled shape memory properties, 3D objects were fabricated
with a dual-wavelength DLP 3D printer operating at 405 and
365 nm. The schematic set-up of the printer is provided in
Fig. 6a. During the printing process, the thiol-acrylate formu-
lation is selectively cured layer-by-layer upon visible light
irradiation (405 nm) without premature activation of PDS-tri-
flate. In contrast, if the printing is carried out at 365 nm,
radical curing of the photopolymer and the activation of the
catalyst occur simultaneously. Consequently, the formation of
the catalyst can be controlled in x- and y-direction and along
the z-axis. However, it should be considered that the migration
of the photo-released acids, particularly during stress relax-
ation experiments at elevated temperature, can negatively
affect the resolution of the differently irradiated domains.

ATR FTIR spectra were taken directly after the printing with
405 nm and after a subsequent irradiation with UV light
(365 nm). The spectra are provided in Fig. S4 in ESL} The
C=C-H band of the acrylates (1635 cm™') has already nearly
disappeared in the printed test samples, giving rise to a high
monomer conversion during the printing process. Additional
UV exposure led to a further decrease of the signal, which evi-
dences further crosslinking induced by residual photoinitiator
molecules.

In first printing experiments, simple test structures invol-
ving rectangular shaped samples and open cubes were fabri-
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(a) Normalized stress relaxation curves (obtained at 180 °C) of thiol-acrylate networks as a function of triphenylsulfonium salts with varying

cations. Prior to the measurements the films were UV irradiated with a mercury emitter for 10 s (A = 200~550 nm, 20 mW cm™2). (b) Arrhenius plots
derived from the measured relaxation times of catalysed thiol-acrylate networks.
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Fig. 6 (a) Schematic representation of the dual-wavelength DLP 3D printing of thiol-acrylate vitrimers containing photolatent catalysts. (b) Dual
wavelength DLP 3D printed spring (d = 25 mm, h = 60 mm) containing PDS-triflate as photolatent catalyst, which has been activated along the
z-axis by printing with 365 nm. Programming and local shape recovery of the printed spring is demonstrated. (c) Hand form obtained by dual wave-
length DLP 3D printing with the thiol-acrylate resin containing PDS-triflate as photolatent catalyst. The catalyst has been activated in the area of the
middle finger by printing with 365 nm. Programming and selective shape recovery of the fingers illuminated with 405 nm is demonstrated.

cated, in which selected areas were UV exposed layer-by-layer
(Fig. S5 in ESIf). To demonstrate the localized activation
of the catalyst and the related topological rearrangements in
the 3D structures, shape memory experiments
performed.

For the programming step, the printed test specimens were
heated at 160 °C, which was above the network’s T,, and
deformed. By applying an external force, the samples were
kept in the deformed state for 2 h at 160 °C. During this
thermal treatment, the UV exposed areas containing the
photo-released catalyst changed from elastic solid to a visco-
elastic liquid and thus, could rearrange their network topo-
logy. Subsequently, the structures were cooled to room temp-
erature and were able to retain their programmed shape
without applying any external force.

The specimens were then heated at 45 °C, which was well
above the network’s T, and within 40 min, the domains illumi-
nated at 405 nm were able to move back to their original shape
as the elongated polymer chains returned to their entropically
more favorable initial state. In contrast, the domains irradiated
with 365 nm retained their programmed shape due to the
topological rearrangements of the network, catalysed by the
photo-released acid.

were

This journal is © The Royal Society of Chemistry 2023

Advancing to more complex structures, a spring was
printed in the next step, in which the catalyst was selectively
activated along the z-axis (Fig. 6b). After the programming
step, a selective movement of the 405 nm exposed part of the
spring was achieved, whilst the 365 nm exposed part remained
locked in its programmed position due to the catalysed topolo-
gical rearrangements.

To demonstrate the potential for the fabrication of elaborate
3D objects with locally controllable shape memory properties,
we printed a lattice structure in the form of a hand (Fig. 7c).
The middle finger was printed with 365 nm, whilst the other
four fingers were printed with 405 nm. During the program-
ming step, the fingers were bent and only the middle finger was
able to undergo topological rearrangements at 160 °C. Thus, in
the subsequent shape recovery step at 45 °C, the middle finger
stayed in its bent shape, whilst the other fingers were moving
back to their original position. The results clearly confirm that
concept of photolatent catalysts in combination with dual wave-
length DLP 3D printing is a promising route towards the per-
sonalized fabrication of complex soft active devices.

To show the versatility of the system, we also printed a
simple test structure only with 365 nm and performed a
shaping-experiment (see Fig. S12 in ESI{).
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Fig. 7 Schematic procedure and positive-tone photopatterns inscribed
in a thiol-acrylate photopolymer containing PDS-triflate as latent
catalysts.

Inscribing positive-tone micropatterns by photolithography

Along with multi-material 3D printing of soft active devices, we
further exploited the local activation of the catalyzing species
for inscribing positive-tone micropatterns in thin films. For
this, a thin layer of the thiol-acrylate resin containing PDS-tri-
flate as photolatent acid was drop cast on a Si-wafer, which
was surface modified with an organosilane to improve the
adhesion. The thin film was cured via flood exposure with
visible light. Photopatterning was then carried out with UV
light (365 nm) using a quartz mask (see Fig. 7) to locally acti-
vate the acid in the exposed areas. The patterned film was
immersed in a methanol solution containing 2 vol% dichloro-
methane (DCM), which was added to slightly swell the photo-
polymer and to facilitate the dissolving process. The exposed
areas could be selectively depolymerized by bond exchange
reactions of the ester moieties across the -OH groups of the
mono-functional alcohol. Due to the high reactivity of the cata-
lyst, depolymerization proceeded already at room temperature
and after 2 hours, positive tone patterns could be observed
(optical microscopy image is provided in Fig. 7). Without any
optimization, micropatterns with a feature size of 500 pm were
realized. This significantly enhances the applicability of the
developed system in the direction of photoresist technologies.
Here, further studies will be dedicated to improve the resolu-
tion of the patterns by covalent immobilization of the photola-
tent catalyst within the photopolymer network.

Conclusions

In a comprehensive way, the efficiency of selected photolatent
catalysts towards the local activation of topological rearrange-
ments in thermo-activated vitrimers was studied. In particular,
triphenylsulfonium salts were applied, which are transparent
in the visible light region and release strong Brensted acids

2648 | Polym. Chem., 2023, 14, 2640-2651
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upon UV exposure. However, compared to conventional protic
acids applied for catalysing transesterifications in vitrimers,
the use of photolatent acids is far more complex, since the for-
mation of the catalysing species is affected by the type of
counter anion (acidity of the released acid) as well as the struc-
ture of the cation (absorption characteristics and quantum
yields of the released acid).

Applied in thiol-acrylate vitrimers, it was found that the
bond exchange rate did not increase with the size of the
counter-anion and thus, the acidity of the released acid. This
is explained by the low thermal stability of the generated
Bronsted acids (HPFs and SbFg), which are easily converted to
HF at higher temperatures, and by the faster migration of
acids featuring a smaller anion. In contrast, stress relaxation
experiments revealed that the bond exchange rate correlates
well with the quantum yield and rate of acid formation of the
corresponding triphenylsulfonium triflates.

Due to the narrow absorption window of the triphenylsulfo-
nium salts under investigation, visible light curing of thiol-
acrylate photopolymers was accomplished without premature
release of the acid and was furthermore not affected by the
presence of the photolatent catalyst. This enabled the spatially
controlled activation of the catalyst in 3D objects during dual
wavelength 3D printing, which was carried out at two different
wavelengths (405 and 365 nm). Owing to the fast stress relax-
ation and appropriate absorption characteristics, PDS-triflate
was used as photolatent catalyst in the printing studies. Local
movement of simple and complex 3D structures was achieved
after a programming step above the network’s T, confirming
the selective activation of the catalyst during the printing
process. Moreover, the local control of the dynamic nature of
the photopolymer networks was used to inscribe positive-tone
micropatterns in a thin film. Structure sizes of 500 pm could
be resolved by immersing the photopatterned (and locally acti-
vated) film in a methanol solution containing 2 vol% dichloro-
methane for 2 hours at room temperature.

Experimental
Materials and chemicals

Trimethylolpropane tri(3-mercaptopropionate) (TMPMP) was
kindly provided by Bruno Bock Chemische Fabrik GmbH & Co.
KG (Germany). 2-Hydroxy-3-phenoxypropyl acrylate (HPPA),
glycerol 1,3-diglycerolate diacrylate (GDGDA), phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO), propylene carbon-
ate, (4-phenylthiophenyl)-diphenylsulfonium trifluoro
methane sulfonate (PDS-triflate) and (4-fluorphenyl)-diphenyl-
sulfonium trifluormethansulfonate (F-triflate) were purchased
from Sigma-Aldrich (USA). Diphenyl(methyl) sulfonium tetra-
fluoroborate (DMS-borate), tri-p-tolylsulfonium trifluorometha-
nesulfonate (TTS-triflate) and Sudan II were obtained
from Tokyo Chemical Industry Co. (Japan). 4-{[4-
(Diphenylsulfanylium)phenyl]sulfanyl}phenyl diphenyl sulfo-
nium bishexafluorophosphate (40 wt%) dissolved in propylene
carbonate (Speedcure 992) and (sulfanediyldibenzene-4,1-diyl)
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bis(diphenylsulfonium) bis(hexa fluoroantimonate)
(Speedcure 976s) were supplied by Lambson Co. Chemicals
GmbH (UK). All chemicals were used without further
purification.

Sample preparation

For the preparation of thiol-acrylate formulations, BAPO
(2 wt%) was dissolved into a resin containing 50 mol% HPPA,
25 mol% GDGDA and 25 mol% TMPMP. Each photoacid gen-
erator was separately dissolved in propylene carbonate
(50 wt%) at 50 °C using a magnetic stirrer. 1.5 mol% (related
to -OH groups within the formulation) of the photoacid gen-
erator in solution was added to the thiol-acrylate resin formu-
lation and dissolved at room temperature by means of a mag-
netic stirrer.

For the printing experiments, 0.05 wt% of Sudan II was
added as dye to the formulation to enhance the resolution of
the printed objects. The chemical structures of the monomers,
crosslinker and photoinitiator are provided in Fig. 1.

Characterization

Cure kinetics was determined with a Vertex 70 FTIR spectro-
meter (Bruker, United States). Sixteen scans were accumulated
in transmission mode between 4000 cm™" and 700 cm™" with
a resolution of 4 cm™. The absorption peak areas were calcu-
lated utilizing OPUS software. For sample preparation, 1.5 pL
of each formulation was drop-casted between two CaF, discs,
and the curing process was initiated by a light-emitting diode
lamp (zgood® wireless LED curing lamp) with a power density
of 3.3 mW cm™? (1 = 420-450 nm). The emission spectra of the
light sources used in this study are provided in ESI (Fig. S18-
S20%). To ensure that the film thickness of each sample was
comparable, the intensity of the FTIR bands was evaluated if it
reached similar transmission values. The conversion rates
were calculated using the normalized intensity of C=C
(1635 em™") and -SH (2570 cm™") absorption bands with the
OPUS software. After the experiments, the CaF, discs were
immersed in acetone for several days. Once the cured resin
layer was swollen, the discs were separated from each other,
cleaned with acetone and reused for other studies.

Ultraviolet-visible spectrophotometry (UV/Vis) was per-
formed utilizing a UV/VIS Spectrophotometer Cary 50 Conc
(Varian Inc.). All photoacid generators were dissolved in aceto-
nitrile (1 mol%), and the absorption characteristics were
recorded between 200 and 420 nm.

Thermogravimetric analysis (TGA) was carried out utilizing
a Mettler Toledo (United States) TGA thermogravimetric analy-
ser. The measurements were carried out in N, atmosphere by
heating the samples from 30 to 900 °C with a heating rate of
10 °C min™".

Differential scanning calorimetry (DSC) measurements were
conducted on a Mettler-Toledo DSC 821e instrument (United
States). The cured networks were heated from —25 to 120 °C
with a heating rate of 10 K min~" in nitrogen atmosphere
(nitrogen flow was 20 mL min™"). The glass transition tempera-

This journal is © The Royal Society of Chemistry 2023
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ture (T,) was obtained from the second heating run by taking
the midpoint in heat flow.

Stress relaxation analysis was performed with a moving die
rheometer (Anton Paar, Austria) at 140 °C, 160 °C, 170 °C, and
180 °C. Samples were DLP 3D printed with a diameter of
10 mm, and thickness of 1 mm for such measurements.
Before carrying out the measurements, the samples underwent
an equilibration step at 20 N at the desired test temperature
for 20 min in the rheometer. Subsequently, a 3% step strain
was applied, and the decreasing stress was recorded over time.

The viscosity of the formulations was obtained by using a
modular compact rheometer MCR 102 from Anton Paar
(Austria) with a CP60-0.5/TI cone (49.97 mm diameter and
1.982° opening angle). Each measurement was carried out
with 1 mL formulation at room temperature and a shear rate
ranging between 0.1 and 300 s~

Vat photopolymerization 3D printing

Digital light processing (DLP) 3D printing was carried out on a
prototype from way2production (Austria) equipped with two
LED light sources (405 and 365 nm). For the preparation of
test specimens used for stress relaxation experiments, the
bottom layer was exposed at 405 nm (4 mW cm?) for 8 s and
the subsequent layers were illuminated at 405 nm for 6 s.
Under these conditions, the catalyst was not activated. After
printing, a general post-curing step was performed by using a
light emitting diode (zgood® wireless LED curing lamp) with a
power density of 3.3 mW cm™> (4 = 420-450 nm). The samples
were then UV irradiated with a mercury emitter (Omnicure
$1000, Lumen Dynamics, Canada) to release the transesterifi-
cation catalyst. The light intensity of UV activation in the
sample plane was determined with an integrating radiometer
(Powerpuck II, EIT Instrument Markets, United States) and was
20 mW em > (4 = 250-470 nm).

For preparing dual-wavelength DLP printed structures, in
which the catalyst was selectively activated during the printing,
the bottom layer was again exposed at 405 nm (8 mW cm™?)
for 8 s whilst the subsequent layers were illuminated at
405 nm for 6 s. The activation of the catalyst was simul-
taneously carried out by irradiation of desired layers at 365 nm
(8 mW cm™?) for 10 s.

FT-IR spectra were taken from printed structures prior to
and after activation with UV light (365 nm) using an FT-IR
spectrometer (Vertex 70, Bruker, United States) equipped with
a reflection diamond attenuated total reflection (ATR) acces-
sory (Platinum ATR). 16 scans were accumulated at 4 cm™*
resolution.

Reshaping experiments

Shape memory experiments were performed using dual-wave-
length DLP 3D printed test specimen (rectangular shaped film,
open cube, spring with a height of 60 mm and diameter of
25 mm, and a hand built up by a lattice structure). Selected
domains of the 3D objects were irradiated by 365 nm light to
activate the photocatalyst, whilst the other parts of the printed
structures were exposed to 405 nm light. To erase the thermal
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history, the samples were heated to 160 °C for an hour. To fix
the first shape, the sample was heated to 160 °C, deformed by
applying an external force, and kept at 160 °C for 2 h. The
sample was then cooled down to room temperature and the
external force was removed. Selective shape recovery of the
areas printed at 405 nm (no photo-induced activation of the
transesterification catalyst) was carried out by heating the
printed test specimen at 45 °C, which was above the network’s
glass transition temperature (3 °C).

Photopatterning experiment

A thin resin film containing PDMS-triflate as latent catalyst
was coated on a modified Si-wafer (silanization was performed
according to literature**) by placing 100 pL resin between the
wafer and a PTFE foil. By applying some pressure, the resin
was spread and a homogenous solid film was obtained after
curing with a light-emitting diode lamp (zgood® wireless LED
curing lamp) using a power density of 3.3 mW cm™> (4 =
420-450 nm). Subsequently, a photomask was placed on the
film, and UV-light activation of selected parts was carried out
with a mercury emitter (Omnicure $S1000, Lumen Dynamics,
Canada, 20 mW cm™2). To remove the UV exposed and acti-
vated areas of the film, the wafer was placed in a methanol
solution containing 2 vol% dichloromethane for 2 hours at
room temperature. The film was then dried under atmospheric
conditions for one hour.

Images of the patterned film were taken with an OLYMPUS
DSX1000 (Olympus, Japan).
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