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Dynamic covalent bonds endow polymer networks with advanced
functions such as self-healability, recyclability, malleability and
shape memory. Currently, the most attractive dynamic networks
are vitrimers, which rely on thermo-activated exchange reactions
such as the catalyzed transesterification of hydroxyl ester moieties.
However, the introduction of dynamic covalent bonds into 3D
printable photopolymers is challenging, as commonly used trans-
esterification catalysts are poorly soluble and compromise on cure
rate and pot life of photocurable resins. Herein, a mono-functional
methacrylate phosphate is presented as new transesterification
catalyst, which overcomes these limitations and unlocks a new
toolbox of photocurable vitrimers. Applied in thiol—acrylate vitri-
mer systems, the fast photopolymerization together with a high
storage stability enables the successful additive manufacturing of
precise 3D objects with features of 500 pm using bottom-up
digital light processing (DLP). Once photo-cured, the dynamic
thiol-click networks are able to rapidly undergo thermo-activated
rearrangements of their network topology as shown by stress
relaxation experiments. The DLP printing of soft active structures
with triple-shape memory and thermal mendability is demon-
strated. Its versatility makes this unique class of material an ideal
candidate for 3D printing of structural and fast acting functional
devices in soft robotics, biomedicine and electronics.

With the advent of additive manufacturing techniques (AMTs),
digitalization and personalization have found their way into
material science. Virtual 3D models are conveniently trans-
lated into physical objects by digitally slicing computer-aided
designs and building 3D objects layer-by-layer." AMTs benefit
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from freedom in design and radically changed the way poly-
mers are produced.”

Recently, soft active materials have been integrated within
AMTs to precisely create polymer-based objects with additional/
improved functionality, since they are capable of undergoing
large elastic deformation in response to environmental stimuli.’?
Currently, there are mainly two types of soft active materials
being used: (i) hydrogels that swell when solvent molecules
diffuse into the polymer network and (ii) shape memory poly-
mers (SMPs) that are capable of fixing temporary shapes and
recovering to the permanent shape upon an external stimulus
such as temperature, magnetic fields,> and light.® Whilst
hydrogels typically provide only a low modulus and also exhibit
a slow response in a time scale of a few minutes, hours, and
even days, 3D printing of SMPs is suitable for the manufacture
of structural and fast acting devices.” Examples of customized
functional devices are actuators for soft robotics,® self-evolving
structures’ or electric and electronic devices."

Another promising route to increase the functionality of
additively manufactured objects is the 3D printing with ther-
mosets comprising dynamic bonds, which are associative in
nature. Associative covalent adaptable networks maintain their
network connectivity at elevated temperature, since thermally
induced bond breakage and reformation reactions occur sim-
ultaneously."* Above the topology freezing transition tempera-
ture (7y), the exchange reactions become significantly fast and
induce a macroscopic flow of the polymer, which follows an
Arrhenius trend analogous to silica-based glasses. Due to this
unique behavior, Leibler and co-workers coined this class of
networks vitrimers."> Whilst the chemistry of vitrimers has
recently been expanded to numerous materials and exchange
reactions, the most intensively studied ones are still epoxy-
based networks relying on reversible transesterification reac-
tions."® In these systems, the addition of an appropriate cata-
lyst is crucial to accelerate thermo-activated bond exchange
reactions. Commonly used transesterification catalysts for vitri-
meric networks are Bronsted acids, organo-metallic complexes

and organic bases."* Based on the kinetics of the bond
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exchange reactions, the networks can be reprocessed, welded,
reshaped and healed at temperatures well above the T,."*

Shi and co-workers used thermo-activated transesterifica-
tion to impart recycling properties in 3D printed parts.'®
However, the printed objects suffered from a rather low resolu-
tion and poor surface quality due to the applied filament
extrusion printing technique. In contrast, Zhang et al. trans-
ferred the concept to photo-curable resins printable by digital
light processing (DLP)."” Compared to filament extrusion, DLP
offers several advantages as it enables the fabrication of 3D
objects with high resolution and surface quality and compar-
ably high throughput rates.'® DLP is based on a layer-by-layer
photopolymerization process, which is locally carried out in a
vat containing a photo-curable resin formulation (Fig. 1a)."
During the printing process, each layer is illuminated all at
once using a selectively masked light source comprising binary
patterns presented by a digital micro-mirror device. Zhang and
co-workers used a photo-curable resin formulation with
hydroxyl-functional mono- and diacrylates, a Norrish Type I
photoinitator and Zn(OAc), for catalyzing the bond exchange
reactions, which rendered the network self-healable and repro-
cessable.'” However, this approach lacks from a versatility in
network design as Zn(OAc), is insoluble in the majority of
common acrylate monomers. Another well-known transesterifi-
cation catalyst is triazabicyclodecene, which was applied by
Bowman et al. for the preparation of covalent adaptable thiol-
ene networks.'® However, photocurable resins containing tria-
zabicyclodecene are not applicable to manufacture 3D objects
with an adequate speed, as triazabicyclodecene acts as radical
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scavenger and retards radically induced photopolymerization
reactions.

Herein, we unlock a new toolbox of functional monomers
suitable for the DLP printing of vitrimers by introducing an
oligomeric methacrylate phosphate as efficient transesterifica-
tion catalyst. The catalyst is liquid, easily soluble in a wide
range of acrylate monomers and covalently incorporated into
the network across its methacrylate group. Another key prop-
erty is it inertness in thiol-click formulations. Whilst acrylate-
based photopolymers are well known for their heterogeneous
network structure and inferior mechanical properties (e.g. low
impact resistance), the addition of functional thiols, acting as
chain transfer agents, shifts the gel point towards higher con-
versions and reduces shrinkage stress.>® At higher thiol con-
centrations, the photopolymerization of acrylate monomers is
dominated by a chain-growth mechanism (Fig. 1c) leading to
improved mechanical properties and higher network hom-
ogeneity.”’ However, prominent transesterification catalysts
such as Zn(OAc),, triazabicyclodecene or triphenylphosphine
promote thiol-Michael addition reactions, which compromise
on the storage stability of the resins.*> We observed fast gela-
tion under dark conditions, which makes it impossible to
print those formulations via DLP (Fig. S1, ESIf).

To demonstrate the salient features of the new catalyst, a
photocurable thiol-click formulation (resin-ER-1) was pre-
pared, which consisted of mono- and bi-functional acrylate
monomers with ~-OH groups (Fig. 1b). A high number of -OH
groups is beneficial as they facilitate exchange reactions in the
photopolymer network.>® 25 mol% thiol was added as cross-
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Fig. 1 (a) Schematic representation of DLP process. (b) Monomers and transesterification catalyst used for the preparation of covalent adaptable
thiol—acrylate photopolymers. (c) Schematic representation of the photo-curing reaction. (d) Photograph of a 3D printed test structure with a length
of 2.6 cm. (e) Curing kinetics as obtained from FTIR data. The lines are a guide for the eye.
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linker together with 5 wt% catalyst and 2 wt% phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide as photoinitiator.
Rheological measurements revealed that the viscosity of
resin-ER-1 amounted to 340 mPa s, directly after mixing, and it
did not significantly change during a storage at room tempera-
ture for one week (415 mPa s). Along with a high storage stabi-
lity, the formulation is characterized by a fast cure rate, which
is crucial for the layer-by-layer build-up of 3D objects during
DLP. The conversion of the acrylate and thiol groups was deter-
mined by FTIR spectroscopy, following the time-dependent
depletion of the characteristic absorption bands of acrylate
and thiol groups at 1635 and 2570 cm™ ', respectively. FTIR
spectra prior to and after UV exposure are shown in Fig. S2
(ESIf). The cure kinetics is comparable to the non-catalysed
reference system (resin-ER-1-Ref) and maximum conversion of
thiol and acrylate groups is observed upon 10 s UV exposure
(Fig. 1e). The fast photopolymerization enabled the DLP print-
ing of 3D objects with high precision as demonstrated by
printing a test structure with various substructures (Fig. 1d).
All features with their thickness decreasing from 3 mm to
500 um were replicated successfully. Subsequently, discs with
a diameter of 10 mm were printed for rheological experiments,
to determine the stress relaxation of the network as a function
of temperature (160-200 °C). Under the applied conditions,
thermal degradation was avoided, as thermogravimetric ana-
lysis revealed a thermal stability of cured resin-ER-1 well above
200 °C (Fig. S3, ESIt). Moreover, a high mobility of the chain
segments was ensured as the network’s T, amounted to 0 °C
(DSC curve is shown in Fig. S4a, ESIf). Fig. 2a provides the
time-dependent evolution of the relaxation modulus at 180 °C
for both non-catalyzed and catalyzed systems. Resin-ER-1-Ref
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showed a slight stress relaxation, which is explained by the
thermal release of volumetric shrinkage stresses arising
during network evolution.>® In contrast, a very fast stress relax-
ation was observed for resin-ER-1, with 63% (1/e) of the initial
stress being relaxed within 31.5 min. In contrast, lower cross-
linked acrylate networks with Zn(OAc), require a 4 times
longer relaxation time (120 min) under the same conditions."”
The stress relaxation is clearly temperature-dependent and
indicates a rising bond exchange rate at increasing
temperature.

Along with temperature, the stress relaxation kinetics of
vitrimers is also governed by the amount of catalyst, with
faster relaxation rates being observed at higher catalyst concen-
tration.>® In further experiments, we gradually increased the
amount of the oligomeric methacrylate phosphate in the
thiol-acrylate resin from 5 to 15 wt%. The results show that
the higher catalyst content indeed accelerates the stress relax-
ation kinetics (Fig. 2d). Whilst at 5 wt%, the thiol-acrylate
network requires 31.5 min to reach 63% relaxation of the
initial stress, the relaxation time amounts to 11.3 and 7.5 min
in the presence of 10 and 15 wt% of the catalyst, respectively.

Whilst mineral phosphates are widely used heterogeneous
catalysts for transesterifications in solution,>® the stress relax-
ation data clearly evidences that organic counterparts are able
to efficiently catalyze transesterifications in solid polymer net-
works. Mono and diester of the phosphoric acid contain free
—-OH groups and are strong Bregnsted acids, which are able to
catalyse both esterifications and transesterifications.>® In acid-
catalysed transesterifications, the oxygen of the carbonyl ester
group is protonated, thereby leading to an increase of the elec-
trophilicity of the adjoining carbon atom.>”
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Fig. 2 (a) Normalised stress relaxation curves of resin-ER-1 versus temperature in comparison to the non-catalysed resin-ER-Ref. (b) Arrhenius plot
of resin-ER-1 derived from measured relaxation times. (c) Stress—strain curves of DLP printed dumbbell specimens of resin-ER-1 prior to and after a
thermal annealing at 180 °C for 4 h. (d) Normalised stress relaxation curves of thiol—acrylate vitrimers obtained at 180 °C as a function of the catalyst
content. (e) Schematic representation of thermo-activated exchange reactions in covalent adaptable thiol—-acrylate photopolymers.
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Once protonated, the carbonyl group is more susceptible to
a nucleophilic attack and forms a tetrahedral intermediate
with an available ~-OH group in the network. A new ester bond
is formed by subsequent proton transfer, departure of the
leaving group and regeneration of the acidic catalyst (H') by
deprotonation.

Applying the Maxwell Model, the characteristic relaxation
times (*) were determined as the time required to relax to 1/e
of the initial stress at temperatures between 160 and 200 °C.>®
Fig. 2b demonstrates that the data satisfies the Arrhenius law,
confirming the vitrimeric nature of the photopolymer. From
the slope (m = —E,/R) of the straight line fitted to the data, an
activation energy (E,) of 65.6 k] mol™" was obtained. The T,
value was derived by extrapolation of the fitted data to a relax-
ation time of 10° s and amounted to 59 °C.

Above T,, the exchange reactions become macroscopically
relevant and the network changes from an elastic solid to a
viscoelastic liquid (Fig. 2e)."* Along with topological rearrange-
ments, additional crosslink sites are formed by hydrogen
bonding during prolonged treatment at 180 °C involving a
decrease in -OH groups (FTIR spectra are shown in Fig. S5,
ESIf) and a distinctive shift of the T, from 0 to 20 °C (DSC
curves are provided in Fig. S4, ESI).>® The reduced availability
of functional groups slows down the stress relaxation kinetics
(Fig. S6, ESIt). However, topological rearrangements and
additional crosslink sites lead to a substantial improvement of
the mechanical properties of printed test specimens. After a

1st shape

permanent shape

permanent
shape
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thermal treatment at 180 °C for 4 h, both strain and stress
increase from 23 to 47% and from 0.26 to 3.1 N, respectively
(Fig. 2c).

Whilst thermally annealed acrylic dynamic networks
suffered from a brittle behavior with a strain about 8%,
resin-ER-1 benefits from an adequate stretchability, which is
crucial for achieving large shape changes in 3D printed
devices. Due to its dynamic bonds, resin-ER-1 features triple
shape memory, as it is capable to undergo a controlled and
active macroscopic deformation upon heating and program-
ming the network above its two transition temperatures, Ty
and T,. As shown in Fig. 3a, the original/permanent shape of
a printed and thermally annealed sample is changed by
heating it above its highest thermal transition temperature,
which is the T, at 59 °C, and by applying an external force for
deformation. The first temporary shape is fixed by cooling
the sample to 40 °C, which is above the network’s T, and
enables the programming of a second temporary shape,
which is fixed by cooling the network to 0 °C. Subsequent
heating of the sample facilitates a sequential recovery of the
two shapes. A fast response time (40 s) is observed for the
recovery of the second temporary shape, which is shown in
video 1 (ESIf). The fast response time combined with the
freedom in design makes these networks interesting candi-
dates for the fabrication of customized active materials for
soft actuator and soft robotics, as shown by the example of a
grabber in Fig. 3b.

(d) (e)
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# — control
© 4|~ with hole
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S s &
% 2
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Fig. 3 (a) Photographs monitoring the triple-shape memory of DLP printed samples of resin-ER-1 using the T, to fix the first temporary shape, and

the Ty to fix the second temporary shape and sequential recovery of the shapes upon heating. (b) DLP printed gripper showing the potential of this
new class of material for the customized production of structural and fast acting devices. (c) Thermally triggered healing of 3D printed test speci-
mens at 180 °C for 4 h. (d) Stress—strain curves and photographs of DLP printed test specimens prior to and after a thermal mending at 180 °C for
4 h. (e) DLP printed test specimen for thermal mending experiments: (i) DLP printed test specimen with a circular-shaped hole in the centre and DLP
printed circular shaped counterpart. (i) Test specimen after fitting the circular-shaped counterpart in the hole and subsequent thermal treatment at
180 °C for 4 h. (iii) DLP printed control sample.
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The dynamic nature of the bonds and the macroscopic
reflow of the network above T,, endows the soft active
materials with additional functions such as intrinsic healabil-
ity. Broken parts of 3D printed structures can be conveniently
healed by a thermal treatment at 180 °C (Fig. 3c). The healing
efficiency was determined by performing uniaxial tensile tests
of 3D printed and thermally annealed dumbbell test specimen
taking the ratio of the tensile strength prior to and after
healing. The corresponding stress-strain curves are depicted
in Fig. 3d. Since proper aligning of the thin broken test bars
was challenging, we printed samples with a circular-shaped
hole in the centre (Fig. 3e). For the repair step, the circular-
shaped counterpart was printed and fitted in the hole, fol-
lowed by a thermal annealing at 180 °C for 4 h. After the
repair, the boundaries between the two parts efficiently welded
together and the original tensile strength (defect-free bar)
could be fully recovered.

Conclusions

Summing up, a new transesterification catalyst was intro-
duced, which radically expands the toolbox of monomers suit-
able for the DLP printing of vitrimeric photopolymers.
Compared to commonly used catalysts, the mono-functional
methacrylate phosphate is superior in terms of solubility and
stress relaxation. Moreover, it is covalently incorporated into
the network and does not compromise on shelf life or cure
kinetics of thiol-click photopolymers, which paves the way
towards the DLP printing of complex soft active devices with
triple-shape memory and additional functions such as self-
healability.

Experimental section
Materials

The catalyst (Miramer A99) was obtained from Miwon
Specialty Chemical (Korea). All other chemicals were pur-
chased from Sigma-Aldrich and used as received.

Preparation of resin-ER-1

2-Hydroxy-2-phenoxypropyl acrylate (50 mol%) was mixed with
glycerol 1,3-diglycerolate diacrylate (25 mol%) and 5 wt%
Miramer A99. 0.05 wt% Sudan II was added and the formu-
lation was ultra-sonicated until the photoabsorber was dis-
solved. 2 wt% phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide and 25 mol% trimethylolpropane tri(3-mercaptopropio-
nate) were added and dissolved by stirring the formulation at
room temperature.

Characterization

Light-induced curing of resin-ER-1 was monitored by FTIR
spectroscopy utilizing a Vertex 70 spectrometer (Bruker, USA).
16 scans were cumulated in transmission mode from 4000 to
700 cm™" with a resolution of 4 cm™ and the absorption

This journal is © The Royal Society of Chemistry 2021
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peak areas were calculated with OPUS software. 1.5 pL of
resin were drop-cast between two CaF, discs and cured with
a light emitting diode lamp (zgood® wireless LED curing
lamp) comprising a power density of 3.3 mW cm > (4 =
420-450 nm).

The viscosity of the resins was determined 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 resin at room temperature and a shear rate of 300
s~'. Thermal gravimetrical analysis was performed with a
Mettler Toledo (USA) TGA/DSC thermogravimetric analyzer.
The measurements were carried out under oxygen atmosphere
by heating the sample from 23 to 900 °C with a heating rate of
10 °C min~". Differential scanning calorimetry measurements
were carried out with a Mettler-Toledo DSC 821e instrument
(USA). A temperature program from —20 to 150 °C with a
heating rate of 20 K min~" was applied under nitrogen atmo-
sphere. The T, was calculated from the second heating run by
using the midpoint in heat capacity. Stress relaxation experi-
ments at temperatures between 160 and 200 °C were carried
out on an Anton Paar Physica MCR 501 rheometer (Austria)
with parallel plate geometry. The samples were equilibrated to
the selected measurement temperature and the specified con-
stant normal force of 20 N for 20 min. Subsequently, 3% step
strain was applied and the decreasing stress was recorded over
time. For the Arrhenius plot, three measurements were taken
for each data point. Tensile tests were performed on a
ZwickRoell (Germany) Z1.0 static materials testing machine
with a crosshead speed of 250 mm min~'. Dumbbell speci-
mens with the dimensions of 2 x 12.5 x 75 mm were 3D
printed.

DLP 3D printing

3D printing was performed on an Anycubic Photon S printer
(China) with a LED 405 nm light source. Two bottom layers
were exposed for 20 s, whereas the other layers were illumi-
nated for 8 s. The layer height was set to 50 um with a building

speed of 6 mm s~ and a retracting speed of 1 mm s™".

Self-healing and shape memory experiments

For self-healing experiments, the control sample (30 x 10 x
1.5 mm), the sample with a hole and the corresponding
disc (d = 5 mm) were prepared via DLP 3D printing of resin-
ER-1. To demonstrate the self-healing ability, the printed
disc was fitted inside the hole and all samples were heated
to 180 °C for 4 h. Shape memory experiments were carried
out with 3D printed grippers (d = 50 mm), which were
heated to 180 °C for 4 h. The first shape was fixed by
heating the sample to 80 °C for 2 h. For the second shape,
the sample was cooled down to 40 °C, re-shaped and cooled
down with an ice bath below room temperature. By heating
to 80 °C, the first shape could be regained within 40 s. To
restore the permanent shape, the sample was heated to
120 °C for 2 h.

Polym. Chem., 2021,12, 639-644 | 643
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