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We introduce trioxanes as a new motif for on-demand photolysis of 3D printed polymer networks via an
orthogonal light source using photoacid generators (PAGs). The acid-induced degradation of otherwise
very stable trioxanes in combination with the versatility of generating trioxane-containing monomers
makes the motif particularly interesting. Herein, we demonstrate the use of the motif as a trifunctional
ene-crosslinker in combination with a trifunctional alicyclic thiol. Thereby, a latent PAG (UVI 6976,
absorption < 400 nm) is included into the photopolymerizable formulation and its latency during photo-
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curing at longer wavelengths (>400 nm) is proven. Upon photopolymerization, the PAG-containing
material exhibits equal (thermo)mechanical performance to a reference network excluding PAG. Upon UV
light irradiation, degradation of trixoanes is proven via NMR, DSC and solubility tests. Finally, facile printing
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Introduction

Additive manufacturing techniques for polymers can be
divided into two major groups. Extrusion-based methods
(fused deposition modelling, FDM) utilize thermoplastic poly-
mers as filaments, which are molten and deposited onto the
platform, while photopolymer-based techniques are based on
in situ formation of crosslinked polymer networks from a
liquid resin in a vat, utilizing light as the trigger to obtain
spatio-temporal control over the reaction. These photopoly-
mer-based additive manufacturing technologies, often referred
to as vat photopolymerization (VP), exhibit better resolution
and surface quality compared to FDM methods. However, the
resulting parts consist of highly crosslinked polymers that
cannot be recycled by melting like it would be the case for
thermoplastics utilized in FDM.

Therefore, disintegrating the crosslinks of thermosets on
demand has become particularly interesting for the VP com-
munity. Common triggers for the decomposition of bonds can
be heat,’™ light**® or pH,>'® but also ultrasound™** and
mechanical agitation'® have been investigated as degradation
triggers. Light can be a particularly useful trigger as it can also
be used in heat sensitive applications, e.g. in living tissue like
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of the trioxane-containing formulation has been shown.

dental applications.'* However, this approach is limited by the
penetration depth of light into the material.’>*®

Photocleavable crosslinkers have become particularly
important with the ever-increasing popularity of VP** in com-
bination with the need for mechanical modulation and spatio-
temporally controlled degradation of the materials, especially
for biological applications. They are utilized for mechanical
modulation as well as full degradation of polymer networks.
Several intrinsically photoresponsive functional groups have
been explored in photocleavable crosslinkers,"””* as well as
catalytically degradable motifs,>**® which can be degraded
through the use of photolatent degradation catalysts. For
example, acid-catalyzed depolymerization of polyphthalalde-
hyde has been demonstrated.’” *° PAGs are particularly inter-
esting photolatent degradation catalysts because all motifs
prone to conventional acidic degradation can undergo photo-
degradation via PAGs. Another major advantage is the orthog-
onal combination of PAGs with visible light responsive photoi-
nitiators such as TPO-L, as long as the light sources are
applied in the right order (UV irradiation second; sequence-
dependent orthogonality or semi-orthogonality). This could
enable 3D printing of a photocleavable crosslinker containing
formulation at longer wavelengths and subsequent degra-
dation in the harsher UV light regime.

Aside from direct depolymerization, the polymer com-
munity has demonstrated a variety of acid labile motifs as
degradable crosslinkers in VP, which are particularly useful to
degrade polymer networks effectively. However, several
popular acid-degradable motifs in polymers have not been
examined as photodegradable motifs so far,™*” and some
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acid degradable motifs remain unexplored even in the broader
realm of polymer chemistry. Interestingly, reported photode-
gradable polymers found in literature were typically not syn-
thesised by a (sequence-dependent) orthogonal photochemical
polymerisation process and are therefore not suitable for
Lithography based printing.>”~*° Further, some studies have
shown that the presence of latent PAGs in the polymer can
cause unwanted depolymerisation prior to photoactivation.*®

Trioxanes have already been studied in polymer chemistry,
not as cleavable crosslinkers but rather as starting material to
synthesize polyoxymethylene.*®*® We have recently published
a similar polymerization method where we depolymerize paraf-
ormaldehyde via acid to form formaldehyde as a crosslinking
agent in situ.”® This approach has inspired us to utilize this
same reaction for a reverse approach. However, the integration
of paraformaldehyde into a polymer network is unfeasible for
a number of reasons, most importantly its linear oligomeric
molecular structure, which is unsuitable for building up a
network. Similarly, poly(phtalaldehyde), which has been uti-
lized as self-immolative polymer®" and even for acidic photode-
gradation,®® has an intrinsically linear structural motif unsui-
table for polymer networks. The trioxane-related paraldehyde,
however, offers facile and flexible threefold endgroup inte-
gration and is prone to acidic hydrolysis.>

In this work we aim to introduce a new photodegradable
motif based on trioxane that can be used in formulations for
additive manufacturing (Fig. 1). Thiol-ene chemistry is chosen
as a popular polymerisation mechanism for 3D printing due to
its lower shrinkage than acrylate-based formulations,”* high
reactivity, and tuneable mechanical properties.>* Most impor-
tantly, bioderived aldehydes with double bond end groups are
readily commercially available, that can be transformed into
trioxanes in only one step.”® Based on this trioxane ene-cross-
linker and a cycloaliphatic trithiol, we will demonstrate acidic
degradation on demand by triggering latent photoacid genera-
tors in the 3D printed part. The printed part containing the
trioxane units can be degraded on demand either by using
light at moderate temperatures, which is particularly interest-
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ing for disassembly on demand, e.g. of electrical components,
or by heating it to higher temperatures of 160 °C.

Results and discussion
Cleavable crosslinker design and proof-of-principle

To obtain a polymerizable trioxane moiety, ene- or thiol end-
groups have to be introduced to the degradation motif.
10-Undodecenal was chosen as the ideal building block to syn-
thesize a trifunctional ene-crosslinker because it is commer-
cially available and a polymerizable trioxane could be yielded
in a one-step synthesis in analogy to Arias-Ugarte et al.
(Fig. 2A).>°

The newly synthesised monomer should be polymerized
using visible light-induced thiol-ene polymerization. In a
second step, the degradable trioxane moiety should be cleaved
using a semi-orthogonal photoacid generator (PAG, UVI6976),
which is only active in the UV light range. The requirements
for this monomer are therefore stability during visible light-
induced radical polymerisation and degradability upon acti-
vation of the PAG. These aspects were investigated for the pure
trioxane monomer before using it in a polymerization reaction.
"H-NMR spectroscopy was employed for this purpose (Fig. 2B).
To prove the stability of the trioxane moiety during the radical
polymerization, the monomer was mixed with the latent PAG
and its 'H-NMR spectrum was compared to the trioxane
monomer without added PAG. To identify potential degra-
dation products, the spectrum of 10-undecanal, which is the
expected degradation product of the trioxane, was recorded for
reference. The reference aldehyde exhibits a distinct peak at
9.76 ppm, while the trioxane can be identified via the peak at
4.83 ppm. When adding PAG to the trioxane solution, no
change in the trioxane or aldehyde peak was visible. Therefore,
it can be concluded that the trioxane is stable in the presence
of the latent PAG and can act as a crosslinker during polymer-
ization as long as the PAG remains inactive. When activating
the PAG using UV-light with the 320 nm-500 nm light for two
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(A) Schematic representation of visible light-induced network formation and subsequent UV light-induced network degradation utilizing the

photoinitiator (PI) TPO-L (radical Pl) and the photoacid generator (PAG) UVI6976, respectively, which exhibit sequence-dependent orthogonal

photoreactivity as indicated in (B) their UV/vis absorption spectra.
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Fig. 2 (A) Synthesis of the trioxane-based ene-crosslinker catalyzed by FeCls and its degradation catalyzed by UV-activated PAG and (B) *H-NMRs
of this crosslinker containing PAG (UVI6976, triaryl sulfonium hexafluoroantimonate salts in propylene carbonate, 10 wt% with respect to the triox-
ane) in the presence and absence of UV light compared to the spectra of pure trioxane and the reference degradation compound 10-undecanal to

proof the viability of the trioxane crosslinker as degradable crosslinker.

minutes at full intensity in the UV oven, the trioxane dimin-
ished and the expected aldehyde signal emerged, thereby
proving successful degradation upon irradiation with UV light.
The small residual peak in the region of the trioxane peak can
be attributed to a PAG signal that overlaps with the trioxane
peak.

Formulation and photoreactivity

In combination with the trioxane ene-crosslinker, 2-[2,4-bis(2-
mercaptoethyl) cyclohexyl] ethane thiol (CHTT) was chosen as
thiol because it is miscible with the trioxane monomer and, as
a trifunctional thiol with a cycloaliphatic group, it is expected
to yield less flexible and more stable networks than difunc-
tional and aliphatic thiols (Fig. 3A). TPO-L was used as radical
initiator because it can still be activated at 385 nm, which is a
wavelength where the employed PAG cannot be activated. This
enables the radical polymerization without activating the PAG,
i.e. sequence-dependent orthogonality of polymerization and
degradation reactions. Butylhydroxytoluene (BHT) was added
to the formulation to prevent premature gelation of the formu-
lation when mixing the thiol with the trioxane component.
The reactivity of the system is important because it deter-
mines the speed of the 3D printing process. If the reactivity is
too low, printing will be slow or even unfeasible: using a stan-
dard gap size of 50 pm, it takes 200 layers to build up a struc-
ture of 1 cm height. For this reason, every additional second of
curing to form stability will multiply by the number of layers.

This journal is © The Royal Society of Chemistry 2025

To test the reactivity, photo-DSC was performed using an
LED with a wavelength maximum of 385 nm and an intensity
of 50 mW cm™ at the sample surface, conditions under which
the PAG should not cleave — an assumption, which will be
investigated in-depth in the next chapter. For the reactivity
study, two formulations were measured. One formulation con-
tained latent PAG, i.e. PAG, which was not subjected to UV
irradiation (L-PAG), and one formulation did not contain any
PAG (N-PAG, Fig. 3B). From the photo-DSC measurements, two
important parameters concerning reactivity can be extracted
from the recorded exothermic heat flow during the reaction:
the time until maximum heat flow is reached (¢.,.,) and the
time until 95% of the total heat flow is reached (ty59, Fig. 3C).
The ¢nax of below two seconds indicates very high reactivity,
which was expected for a thiol-ene system. A ty5¢, of around 10
s is also very fast, indicating good reactivity for fast 3D print-
ing. In fact, this high reactivity can also cause overpolymerisa-
tion and may need to be suppressed using light absorbers
during 3D printing later on. As expected, no significant reactiv-
ity difference was found between N-PAG and L-PAG
formulations.

The t950, determined by complimentary photorheology ana-
lysis shows similar trends as the photo-DSC experiment
(Fig. 3D, Table 1). Thereby, double bond conversion (DBC) can
be tracked via near-infrared (NIR) spectroscopy simultaneously
to rheological data during curing with UV light. The light
source used in the photorheology experiments was again an

Polym. Chem., 2025, 16, 3597-3607 | 3599
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Fig. 3 Reactivity of the formulation (A) consisting of the trioxane triene and CHTT triol with and without the active photoacid generator and (B)

sample and colour code used for the resulting polymers. (C) Photo-DSC

results (tnax time until maximum heat flow is reached, tgsy, time until 95%

of conversion is reached) and (D) photorheology results (tge, time until gel point is reached, tgs5 time until 95% of conversion is reached).

Table 1 Data of photorheology measurements: time until gel point is reached (ty), double bond conversion at the gel point (DBCge), time until 95%
conversion is reached (tgss), final double bond conversion (DBCqina), storage modulus at DBCgina (Gfinat). hormal force at DBCyingi (N final)

tgel/s DBCgel/o/0 tos0/S DBCfinal/ % Gfinal /MPEI FN,final/N
No PAG 2.1+0.1 79.1+1.2 6.0 +1.5 >99 415.5 +9.2 —-22.2+£0.1
Latent PAG 2.7 £0.5 78.6 +1.7 7.8+1.8 >99 416.1 + 1.1 —22.4+£0.5

LED with its maximum wavelength of 385 nm and an intensity
of 50 mW cm™>. The slightly faster tys¢, can be explained by
the thinner layers and better homogenisation of the formu-
lations through the oscillation during the measurement.
Additionally, the time until gelation (ty) was determined from
the onset of the normal force decrease during photorheology,
since it could not be determined from the intersection of G’
and G”, which crossed several times in the region of polymeris-
ation (Fig. S31). In both formulations, DBCs of over 99% were
achieved. The DBC at the gel point (DBCg,) is at around 80%,
which is consistent with findings from photo-DSC. This is a
rather late gel point as expected for a step-growth thiol-ene
network.

3600 | Polym. Chem., 2025, 16, 3597-3607

Overall, no significant difference between the formulation
with and without the PAG could be observed, which indicates
that the PAG does not influence the reactivity or the conversion
through irradiation at 385 nm. Both formulations have proven
to be very reactive, which can be beneficial for 3D printing but
may also lead to overpolymerisation.

Thermal stability and photodegradability of trioxane networks

To investigate the cleaving behaviour of the trioxanes in a bulk
material, three rectangular specimens were prepared either
containing an activated PAG (A-PAG), that was activated via
irradiation at 320 nm-500 nm, a latent PAG (L-PAG) or no PAG
(N-PAG), and subjected first to thermal stability analysis via

This journal is © The Royal Society of Chemistry 2025
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differential scanning calorimetry (DSC) on a simultaneous prepared and a part of each sample was used for the different
thermal analysis (STA) device and thereafter to photodegrada- tests (Fig. 4A).

tion testing via DSC, melt- and dissolution testing of UV- To determine thermal stability of the degradation motif in
treated samples. For this purpose, bulk-cured samples were the polymer network in the absence of a light trigger, DSC

A)
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— N-PAG
— L-PAG

. -/ —— A-PAG V possible
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Fig. 4 Proof of principle for trioxanes as cleavable motifs in a thiol-ene polymer network: (A) experimental design (orange: no PAG; green: latent
PAG, blue: irradiated PAG), and melting and dissolution experiments with cured samples after UV irradiation at 320 nm—-500 nm; (B) differential scan-
ning calorimetry results (solid lines are polymers, dashed lines are small molecules) and (C) *H-NMR of the molten sample of the polymer with active
PAG compared to the reference aldehyde, which is equivalent to the expected degradation product.
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curves of samples N-PAG and L-PAG were compared. Both
show a peak in the region of 225 °C and 250 °C, which can be
attributed to thermal ring opening of the trioxane ring from
225 °C on (Fig. 4B). Since the DSC curves of both samples are
similar, L-PAG does not seem to favour degradation compared
to N-PAG, indicating thermal stability. As reference to the ring
opening of the trioxane ring without incorporation in the
network, DSC of the trioxane monomer was conducted as well.
In this case, the peak at 225 °C is shifted to 265 °C, which cor-
relates quite well with the boiling point of the degradation
product, 10-undecenal (258 °C). Since the peak onset observed
during DSC of the monomer coincides with the onset observed
during DSC of the polymer, the peak observed during STA of
the monomer is considered to include both, the degradation
of the trioxane ring and subsequent evaporation of the alde-
hyde. Additionally, temporal stability over the course of 110
days was proven (Fig. S61).

Subsequently, DSC was employed to prove photo-triggered
degradation of the trioxane motif in the polymer. For this
purpose, L-PAG was activated to A-PAG by UV irradiation and
subsequent DSC. A signal at 80 °C indicates that acid catalysed
ring opening occurs as expected.

Additionally, melting experiments should demonstrate that
the crosslinked network is fully degraded upon UV irradiation
(Fig. 4A). Therefore, two specimens, A-PAG and N-PAG, were
heated up with a heat gun and their temperature was tracked
via infra-red thermometer. It is noteworthy that the A-PAG
specimen broke when handling it with pincers because it is
already mechanically unstable, even before heating it up.
Melting was observed at 110 °C for the sample with active PAG,
and at approximately 180 °C for the sample without PAG,
which aligns well with the DSC results. To confirm that the
expected degradation product had formed, a 'H-NMR was
measured of the molten A-PAG sample and compared to a
reference aldehyde compound, which was synthesised for this
purpose (Fig. 7C, Fig. S21).

View Article Online
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The spectra are almost identical with the exception of a
peak at 9.25 ppm in the molten sample spectrum (Fig. 4C).
This signal is annotated to a common side product that was
already observed during trioxane synthesis.

Since the expected linear degradation products should not
only be meltable but also soluble, solubility tests were con-
ducted. In both samples, A-PAG and N-PAG, the solid non
molten parts were not soluble in CDCl; but the molten parts
were fully soluble. Furthermore, the molten parts did not soli-
dify anymore, even when left overnight, resembling the liquid
reference aldehyde. A significant decrease in mechanical stabi-
lity was again observed when handling the A-PAG sample com-
pared to the N-PAG sample. These observations lead to the
conclusion that the activated PAG in the A-PAG sample already
causes cleavage of significant amounts of trioxane groups at
room temperature as indicated by the model compound NMR
study and ATR-IR studies at room temperature , which attested
degrees of degradation of 80% (Fig. S6T), but needs higher
temperatures to achieve full trioxane cleavage and therefore
solubility.

(Thermo-) mechanical analysis of trioxane networks

The thermomechanical properties of the pristine materials,
N-PAG and L-PAG, have been investigated using dynamic
mechanical thermal analysis (DMTA) and tensile testing
(Fig. 5). The DMTA measurements of the pure thiol-ene
network without PAG reveal a T, at around —5 °C, which is
expectedly low considering the long aliphatic chains between
crosslinking points. The T, is well defined, judged by the steep
decrease in storage modulus and the narrow tané peak. The
elongation at break and tensile strength are as expected for
such materials containing only aliphatic components and exhi-
biting comparably long distances between crosslinking points.
To improve the tensile strength, a shorter carbon chain
between trioxane and double bound may be beneficial in the
future.
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0 M \ v 0'0 0 T T T T T
-100 -50 0 50 0 10 20 30 40 50

temperature [°C]

strain [%]

Fig. 5 (Thermo-) mechanical testing of the trioxane formulation: (A) dynamic mechanical thermal analysis (DMTA) and (B) tensile tests.
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Comparing the results of N-PAG and L-PAG, no significant
differences were observed in their (thermo-)mechanical behav-
iour. The Ty is lowered by 5 °C for L-PAG, which is within the
expected inter-sample variability, or could alternatively be
explained by the additional curing step of N-PAG in a UV oven.
The same tendency holds true for the tensile testing results.
The best-performing sample of N-PAG specimens slightly out-
performs the best-performing L-PAG sample. However, there is
no difference in the mean values for stress or strain at break.
These measurements confirm that the inclusion of PAG has no
significant impact on the polymers’ (thermo-)mechanical pro-
perties prior to PAG activation via UV light.

3D printing

For the printing experiments, a custom-made digital light pro-
jector (DLP) printer was used. The DLP-light engine is able to
irradiate at a maximum intensity of 75 mW cm™> at 385 nm.
An area of 96 mm x 54 mm can be irradiated with a pixel pitch
of 50 um. The printer requires 1.5 mL of formulation for a cus-
tomized small vat, for the regular larger vat at least 8 mL of
material are required for the same fill level. The used building
platform for the custom vat allows the creation of objects with
a base size of up to 42 x 38 mm. The small dimensions of the
printer make it ideal to test new systems in small batches.
Quinoline yellow was added to the formulation to prevent
overpolymerization. First printing experiments were conducted
with an irradiation time of 2 s per layer (total time per layer
including irradiation, rising of the building platform and low-
ering it to a gap size of 50 um: 9.9 s) and an intensity of
45 mW cm?, parameters, which were estimated from the
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photo-DSC and photo-rheology measurements. This led to
overpolymerisation despite the use of quinoline yellow. After
finetuning the resolution, the final parameters were 2 s at
16 mW cm >,

Based on these parameters, several parts have been printed,
three of which have been chosen for closer investigation via
scanning electron microscope (SEM, Fig. 6). The SEM pictures
show very defined structures and good resolution of the prints
without signs of overpolymerisation.

Experimental

Materials

Iron(m)chloride and 10-undecenal were acquired from Sigma
Aldrich. The PAG UVI6976 was purchased from DOW. The
radical photoinitiator TPO-L was purchased from BASF. 1,2,4-
Trivinylcyclohexane (mixture of isomers, 98%) and thioacetic
acid were purchased from TCI. 2,2-Dimethoxy-2 phenylaceto-
phenone (IRGACURE 651), was purchased from Fisher
Chemical.

Methods

Synthesis of the trioxane crosslinker. The synthesis was per-
formed according to a synthesis outlined by Arias-Ugarte
(Fig. 7A).>° The aldehyde 10-undecenal (25 g, 148.6 mmol, 1
eq.), FeCl; (8 g, 29.7 mmol, 0.2 eq.), water (59 mL, 200 vol%
relative to the aldehyde) and toluene (29.5 mL, 100 vol% rela-
tive to the aldehyde) were filled into a flask. The flask was
flushed with argon and the solution was stirred for four days.

Fig. 6 Show-prints of the formulation containing the trioxane triene and trithiol CHTT: (A) digital microscope image of hollow ball structure and
corresponding SEM images: (B) full structure, (C) close-up, (D) bar. SEM images of hollow pyramid displaying (E) top view and (F) side bar detail. SEM
image of benchy displayed (G) in full and (H) from the side at larger resolution.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (A) Synthesis of trioxane monomer (B) synthesis of trithiol

monomer (C) synthesis of reference aldehyde.

After the reaction, the biphasic mixture was separated and the
crude was obtained from the organic phase by removing
toluene in vacuo. The crude was redissolved in petroleum ether
and washed thrice with saturated NH,Cl solution (300 mL)
and three more times with water (300 mL). The organic phase
was then dried and the solvent was removed
Afterwards, the remaining unreacted aldehyde was removed
via distillation to lower the load on the flash column. Finally,
flash column chromatography was performed on neutral alu-
minium oxide with petroleum ether as solvent. The product
was yielded as a white waxy solid (7.74 g, 31%).

'H-NMR (400 MHz, CDCl,): 5.91-5.70 (m, 3H), 5.09-4.89
(m, 6H), 4.83 (t, 3H, J = 5.3 Hz), 2.12-1.92 (m, 6H, J = 7.8 Hz),
1.72-1.60 (m, 6H, J = 9.9 Hz,) 1.45-1.34 (m, 12H), 1.28 (m,
24H, J = 3.4 Hz) ppm.

BC-NMR: (600 MHz, CDCl;): 139.22, 114.12, 101.70, 34.43,
33.82,29.16, 23.56 ppm.

Synthesis of trithiol precursor ethanethioic acid, $1,51',51"-
(1,2,4-cyclohexanetriyltri-2,1-ethanediyl)ester. The trithiol was
synthesised in a two-step synthesis according to Van Damme
et al. (Fig. 7B).>” 1,2,4-Trivinylcyclohexane (mixture of isomers,
40 g, 246.52 mmol, 1 eq.) was added to a three-necked round
bottom flask that was equipped with a quartz-glass window and
flushed with argon. The flask was cooled down using a NaCl/ice
bath and the thioacetic acid (60.048 g, 788.86 mmol, 3.2 eq.) was
added dropwise while the mixture was stirred. The photoinitiator
2,2-dimethoxy-2-phenylacetophenone (IRGACURE 651, 1.6 g,
6.24 mmol; 4 wt%) was added in three portions and the solution
was irradiated after each of those portions with broad band UV-
light (320-500 nm filter, 10 mW cm™2). An orange oil with a
strong thiol odour was yielded from this reaction, which was used
in the next step without further purification.

'H-NMR (400 MHz, CDCl;) & 3.04-2.71 (m, 6H), 2.32 (s,
9H), 1.91-0.57 (m, 15H).

Synthesis of 1,2,4-cyclohexanetriethanethiol (CHTT). The
orange oil from the first step was dissolved in 600 mL of THF

in vacuo.

3604 | Polym. Chem., 2025, 16, 3597-3607

View Article Online

Polymer Chemistry

and the solution was cooled down to 0 °C. NaOH solution (2
M, 560 mL) was added to the flask and the resulting mixture
was stirred for 48 h before it was neutralized with 2 M HCL
The reaction mixture was extracted with petroleum ether (3 x
200 mL) and the organic phase was dried under reduced
pressure. The crude was still orange and exhibited a strong
thiol odour. It was therefore distilled (0.022 mbar, 145 °C) to
yield a slightly yellowish liquid (47.1 g, 77.5%).

"H-NMR (400 MHz, CDCl;) § = 2.69-2.36 (m, 6H), 1.90-0.57
(m, 18H).

Synthesis of the reference compound. 10-Undecenal
(1.3124 g, 7.8 mmol, 3 eq.) and the thiol (0.6876 g, 2.6 mmol, 1
eq.) were mixed neatly in a vial and azobis(isobutyronitril)
(AIBN, 0.02 g, 1 wt% of the entire reaction mixture) was added
(Fig. 7C). The mixture was stirred at 100 °C for 1 h. The
product was received in quantitative yield (2 g) according to
'H-NMR.

'"H-NMR (400 MHz, CDCl;): 9.76 (m, 3H), 2.53-2.38 (m,
16H), 1.72-1.22 (m, 65H) ppm.

Preparation and curing of the formulation. The formu-
lations N-PAG, L-PAG and A-PAG were prepared in a 5 g batch
by dissolving 0.2 wt% of butylhydroxy tolouene in 1 equivalent
trioxane. Afterwards, 1 equivalent 2-[2,4-bis(2-mercaptoethyl)
cyclohexylJethanethiol (CHTT) and 1 wt% TPO-L were added.
Formulations containing PAG (L-PAG, A-PAG), contained
1 wt% of UVI 6976. The mixture was homogenised by vortexing
(1 min, room temperature). All formulations (N-PAG, L-PAG,
A-PAG) were filled into a suitable mold depending on the
purpose (tensile tests: ISO 527 test specimen 5b (2 x 2 x
12 mm?® parallel region, total length of 35 mm); DMTA: 2 x 5 x
40 mm®) and irradiated at 400 nm-500 nm for 10 min per side
in a Lumamat 100 light oven (400-500 nm, 6 Osram Dulux L
Blue 18 W lamps). For formulations, in which the PAG should
be activated (A-PAG), the polymers were additionally cured in
the UV/vis-oven for 300 s per side at 100% intensity (Uvitron
International INTELLIRAY 600 UV-oven; 320-500 nm Hg
broadband UV lamp; 600 W; UV-A: 125 mW cm™?; vis: 125 mW
cm™?).

Photo-DSC measurements. Approximately 12 mg of each
sample were weighed into aluminium crucibles and covered
with a glass lid and measured on a DSC 204 F1 Phoenix device
from Netzsch with an autosampler and a double-core glass-
fiber light guide with a diameter of 3 mm. As a reference, an
empty crucible was measured. The light source for these
experiments was a light emitting diode (LED) with a wave-
length of 385 nm (irradiation time 2 x 300 s, 50 mW cm™> at
the samples surface) and the measurements were conducted at
room temperature. The second irradiation phase is performed
so that the heat development due to irradiation can be
measured and subtracted from the first irradiation phase to
get the heat flow of the polymerization.

Photorheology measurements. Photorheology was per-
formed with an Anton Paar MCR 302 WESP rheometer,
equipped with a CP 25 measuring stamp (cone-plate geometry,
diameter 25 mm) and a P-PTD 200/GL Peltier glass-plate
through which irradiation and parallel NIR analysis was con-

This journal is © The Royal Society of Chemistry 2025
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ducted. The rheometer was coupled with a Bruker Vertex 80
FTIR spectrometer, which was utilized for conversion tracking
by integrating the double bond peak at 6050 cm™". The inte-
grals at the start of the measurements were taken as 100%
double bonds intact and the conversion was calculated relative
to the initial integrals. A polyethylene tape was applied on the
glass plate to enable easy removal of cured samples and to
keep the device clean. The sample was irradiated for 300 s
with a light intensity of 385 nm at an intensity at the sample
surface of 50 mW cm >,

Dynamic mechanic thermal analysis. For the DMTA
measurements, samples of the dimensions 2 x 5 x 40 mm?®
were used. The device was an Anton Paar MCR 301 device with
a CTC 450 oven. The measurements were conducted in torsion
mode with a frequency of 1 Hz and a strain of 0.1%. A temp-
erature ramp was applied from —100 °C to 100 °C at a heating
rate of 2 K min~". 100 °C was chosen as the maximum temp-
erature to prevent melting of the sample, since the polymer
has a degradation temperature of around 160 °C. The measure-
ments were recorded and evaluated on a RheoCompass V1.24
software by Anton Paar. The T, was measured as the maximum
of the tan § curve.

3D printing. The used DLP printer was a custom made DLP
printer with an In-Vision Ikarus 2 DLP-light engine that irradi-
ates at 385 nm with a maximum intensity of 75 mW cm™2. On
an area of 96 mm x 54 mm, pixel with a pitch of 50 um are pro-
jected. The building platform had a size of 42 x 38 mm. The
software used for the printer is custom made. Printing was per-
formed at room temperature with a light intensity of 16 mW
em ™ and an irradiation time of 2 s. The total time per layer
including the irradiation time was 9.9 s. The layer height was
set to 50 um. For better resolution and less overpolymeriza-
tion, 0.2 wt% of the photo absorber quinoline yellow were
added.

Microscopic analysis of 3D printed objects. The scanning
electron microscopy (SEM) images were recorded on a Zeiss
EVO 10 device equipped with an Everhart-Thornley secondary
electron detector and SmartSEM software. The samples were
placed on a conductive carbon pad and sputtered with a thin
gold layer for conductivity. The acceleration voltage was 3 kV. A
Keyence VHX6000 with an objective with 20-200x zoom was
used for the digital microscopy images.

ATR-FTIR. The spectrometer used in attenuated total reflec-
tion furiertransform infrared spectroscopy (ATR-FTIR) experi-
ments was a PerkinElmer Spectrum 65 FT-IR Spectrometer
equipped with a Specac MKII Golden Gate Single Reflection
ATR System. Six scans were performed in a range of 500 cm >~
400 cm™> To measure ATR-FTIR, the solid samples were
clamped down with a fixation screw and the liquid samples
were applied directly to the surface of the measurement
window.

NMR. 'H- and '*C-NMRs were measured on a BRUKER
Avance DRX-400 FT-NMR spectrometer and the solvent
peak (CDCl;) was used as reference peak. MestReNova version
12.0.4 by mestrelab Reseach was the software used for
evaluation.
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Conclusion

We have introduced trioxane as a new photodegradable motif
for crosslinkers in polymer networks and tested it in a 3D
printable thiol-ene formulation. Its photodegradability is
based on the pH-sensitivity of the trioxane, which can be trig-
gered by UV-responsive photoacid generators that can be
applied orthogonally to light-based 3D printing at longer
wavelengths (385 nm), although only in a sequence-depen-
dent manner due to the simultaneous responsiveness of both
photoinitiators under UV light irradiation. We could show
that there is no negative impact on the reactivity or the
mechanical properties caused by the presence of a latent
PAG. When activated, the PAG causes the degradation of the
trioxane ring at lower temperatures than if the PAG was not
present or activated. The system with latent PAG shows
impeccable printability with high resolution and the possi-
bility to print complex shapes. Therefore, trioxane has proven
to be a versatile motif for degradable crosslinkers in photopo-
lymer networks exhibiting degradability on demand. In the
future, the new degradation motif could also be envisioned
in other step-growth polymerizations apart from thiol-ene
chemistry.
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