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ABSTRACT: A photoprintable dynamic thiol—ene resin was
developed based on commercially available anhydride, thiol, and
ene monomers. The dynamic chemistry chosen for this study relied
on the thermal reversibility of the in situ generated thioester-
anhydride links. The resin’s rheological and curing properties were
optimized to enable 3D printing using the masked stereo-
lithography (MSLA) technique. To achieve a desirable depth of
cure of 200 um, a combination of radical photoinitiator (BAPO)
and inhibitor (pyrogallol) were used at a weight ratio of 0.5 to
0.05, resulting in more than 90% thiol—ene conversion within 12 s
curing time. In a series of stress relaxation and creep experiments,
the dynamic reversible exchange was characterized and yielded
rapid exchange rates ranging from minutes to seconds at temperatures of 80—140 °C. Little to no exchange was observed at
temperatures below 60 °C. Various 3D geometries were 3D printed, and the printed objects were shown to be reconfigurable above
80 °C and depolymerizable at or above 120 °C. By deactivation of the exchange catalyst (DMAP), the stimuli responsiveness was
demonstrated to be erasable, allowing for a significant shift in the actuation threshold. These highly enabling features of the dynamic
chemistry open up new possibilities in the field of shape memory and 4D printable functional materials.

KEYWORDS: 3D printing, 4D printing, photopolymerization, covalent adaptable networks, stress relaxation

H INTRODUCTION tion,"*"® imine exchange,14 or Diels—Alder reactions,”> to
name a few. Although many of the transformations of the
printed structures have been realized with noncovalent
interactions, e.g.,, by introducing ureido-pyrimidinone motifs
(UPyMA) capable of hydrogen bonding® or by physical
phenomena such as stress-driven reshaping resulting from
gradient material heterogeneities,16 or selective removal of
monomer from the printed structures,” the incorporation of
dynamic covalent chemistries (DCCs) seems particularly
enabling in tuning of the properties and actuation methods.
In biomedical fields, the 3D printing of dynamic hydrogels
provides unprecedented opportunities in designin7g of
responsive scaffolds for tissue engineering applications."” For
example, the dynamic hydrazone chemistry'® and coumarin [2
+ 2] reversible photoadditions'’ have been shown to fit the
purpose well. Other CANs have been printed incorporating
dynamic exchange of imine bonds,” urea bonds,”" trithiocar-
bonates,” or allyl sulfides.”® Intricate postprinting trans-

Fabricating covalent adaptable networks (CANs) with the use
of additive manufacturing techniques effectively combines the
beneficial features of the two rapidly growing disciplines of
materials science and engineering. Such close association of
concepts gives rise to a new quality where the creation of
complex three-dimensional geometries is achieved with an
inherent ability for subsequent changes in shape, functionality,
and properties, typically upon application of an external
stimulus." In a broader context, achieving new functionality
postprinting is referred to as 4D printing as there exists a
“fourth dimension”, i.e., the time postponed material activation
or actuation step.z’3

Although the concept of 4D printing has expanded in recent
years and involves a wide range of active polymers, including
shape memory polymers, hydrogels, and liquid crystal
elastomers,"™'” the existence of dynamic covalent bonds has
implications well beyond these fields and applications. It is in
accordance with sustainability demands that are compromised

in most nondynamic thermosets. Direct reprocessing and end- Special Issue: Novel Stimuli-Responsive Materials for | =rzz:
of-life depolymerization and recycling, not to mention 3D Printing

extended life cycles achieved by self-repair or self-healing, are Received: October 22, 2020

the attributes of immeasurable impact on the environment. Accepted: December 9, 2020

To this end, the reprocessing and self-healing of printed Published: December 23, 2020

structures has been realized with the use of transesterifica-
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formations have been demonstrated, often with the incorpo-
ration of liquid crystal domains to enable even more dramatic
shape-morphing characteristics.

Three-dimensional printing technologies continually evolve
to bring innovations to the printing process itself and to the
final characteristics of the material and device.”*~*° Particularly
enabling are photo-3D printing methods.”” Digital light
processing (DLP) and stereolithography (SLA) are the two
most common 3D photopolymerization techniques, and either
one offers advantages for specific printing needs as well as
commercially available, low-cost printers. Other innovative
methods for the fabrication of complex 3D systems with
controllable optical, chemical, and mechanical properties are
based on continuous liquid interface production (CLIP),
which achieves high printing speeds as well as eliminates the
anisotropy in properties typically seen in layer-by-layer
fabricating methods.*® Two-photon polymerization approaches
further allow for high precision in printing of micro- and
nanosized objects.”” Technical innovations of the photo-
printing processes often limit the applicability of photocurable
resins to only a particular resin type or in other cases affect the
achievable resolution of the printed geometries. To date, the
majority of photoprinted materials are based on (meth)acrylate
or epoxy photopolymerizations.m_

To further expand the scope of photoprintable and stimuli-
responsive resins, we introduced a thioester-anhydride
dynamic reversible chemistry into a thiol—ene photopolymer-
izable system. In this report, the rheological and photocuring
properties of elastomeric thiol—ene materials were optimized
for masked SLA 3D photopolymerization with visible light.
The temperature responsiveness of the dynamic elastomers
with introduced compositional variations is quantified in
thermally induced stress relaxation and creep experiments.
Further, various decorative and functional 3D geometries were
printed, and the existence of reversible exchange was explored
for material depolymerization and recycling as well as thermal
reshaping and shape fixation by the deactivation of the
exchange catalysts in the printed objects. Through the catalyst
deactivation, the shift in the DCC activation threshold was also
demonstrated.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals were purchased from
common suppliers (Sigma-Aldrich, Fisher Scientific, Bruno Bock,
Alpha Aesar) and used as received. Radical photoinitiators and
inhibitors: 2,2-dimethoxy-2-phenylacetophenone (DMPA),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), and
pyrogallol (PYR). Reactants and monomers: (99%) allyl succinic
anhydride (ASA) (98%), trimethylolpropane tris(3-mercaptopropio-
nate) (TMPTMP), 1,6-hexanedithiol (HDT), 1,3,5-triallyl-1,3,5-
triazyne-2,4,6-trione (TTT), diallyl carbonate (DAC), allyl ether
(AE), diallyl terephthalate (DATP), hydrochloric acid (37%), and
sulfuric acid (98%). Organic catalysts and solvents: methylene
chloride (DCM), acetone, and 4-dimethylaminopyridine (DMAP).

Sample Casting and Depolymerization. The reactants (allyl
anhydride, thiol, and/or diallyl) were mixed at room temperature and
the catalyst/photoinitiator/inhibitor mixture was added in a DCM
solution. After 10—30 min of initial reaction, the solvent was removed
in vacuo, and the mixture casted between glass slides separated by
spacers (typically 250 um thick). After 1 h of the thiol-anhydride
reaction, the mixtures were exposed to UV irradiation at 0.5 mW/ cm?
(365 nm) or visible light irradiation (0.5 mW/cm? 405 nm) to form
cross-linked dynamic networks. The first-step thiol-anhydride reaction
was carried out for an extended time prior to photocuring to allow for
maximum attainable thioester formation. The initially rapid ring

opening reaction decelerates significantly with increasing viscosity and
reaches around 85% conversion in 1 h reaction time (Figure S1). The
extent of anhydride ring opening reaction was monitored by ATR-IR
spectroscopy. Depolymerization was achieved by gradually reacting
the dynamic polymer with a fresh mixture of excess monomers
(typically equivalent amount/weight in respect to the amount of
recycled material) at 120 °C for up to 30 min. After complete
solubilization, additional amounts of DMAP, and photoinitiator were
added in DCM. The total DMAP concentration in the recycled
samples was 5 mol % with respect to the thioester content.

DCC Deactivation. Photopolymerized samples and/or the printed
objects were swollen in acetone for 10 min. After swelling, which
resulted in around 10 wt % sample mass increase, the samples were
kept in a hydrogen chloride atmosphere for 30 min. The HCl, was
generated by adding dropwise hydrochloric acid into sulfuric acid.
After 30 min of contact with HCI,, the samples were directly used for
testing. The 3D prints were dried for another 30 min at 60 °C.

Shape Reconfiguration. The 3D prints were deformed to the
desired new shapes, and while at constrained configurations exposed
to elevated temperatures (85, 120, and 140 °C) for a given amount of
time (30 min.). After the constraint was removed, the final shapes in
the new configurations were obtained.

Fourier Transform Infrared Spectroscopy. Sample conversions
were analyzed using an FT-IR spectrometer (Nicolet 8700) equipped
with an ATR accessory. Monomer mixtures were deposited on the
ATR crystal window, whereas the 250 ym thick films were pressed
against it before scanning. Uncured resin mixtures and photocured
samples of fixed geometries (5 mm/15 mm/0.25 mm) were surface-
analyzed in ATR-IR where the highest peak absorbance was set to 0.6.
Real time conversion analysis was performed in a horizontal
transmission apparatus where the liquid samples were continually
scanned during UV and visible light exposures at 0.5 mW/cm? (365
and 405 nm) for S min. The final double bond conversions were
calculated from the absorbance peak area of the vinyl functional
group, around 6120 cm™! in the near-infrared spectrum.

Dynamic Mechanical Analysis (DMA), Stress Relaxation, and
Creep. The glass transition temperature (Tg), storage modulus (E’),
loss modulus (E'’), and tangent & were determined on a Q800 DMA
(TA Instruments) using a ramp rate of 3 °C/min and a frequency of 1
Hz, with a fixed oscillatory strain of 0.01% and a preload force of
0.002 N. Stress relaxation experiments were performed in tensile
elongation mode using a Q800 DMA instrument. The built-in stress
relaxation DMA setting was used, with a 5—8% maximal strain and an
initial strain rate of 1%/s at a fixed temperature. Rectangular samples
of the dimensions 10/4/0.20 were used. Creep tests were performed
in tensile elongation mode. A constant stress was applied at fixed
temperatures, and the strain was monitored for 10—30 min.
Depending on the temperature, a stress of 100 to 600 kPa was
applied which resulted in 2—15% initial sample elongation. The resin
viscosities were measured using ARES G2 Rheometer (TA Instru-
ments) with a 200 s™' shear rate and operating gap of 0.2 mm.

3D Printing. A Prusa SL1 3D printer was used to create the layer-
by-layer projected geometries. It utilizes the masked SLA technique
with an LED array as its light source and an LCD photomask to shape
the light image from the LED array. The image is digitally displayed
across the platform and is similar to single image projections from a
DLP-SLA technique. The nominal light intensity was 0.4 mW/cm? at
the surface of the window, whereas the wavelength was 405 nm. The
photoprinted objects were washed with acetone and subsequently
flood-cured at 10 mW/cm? with a broad range UV light for S min.

B RESULTS AND DISCUSSION

Recently, thioester-anhydride based CANs were fabricated
with the use of various commercial and synthetic anhydrides
and multifunctional mercaptopropionates.”’”*® This new
dynamic chemistry has been shown to have highly tunable
reversible exchange characteristics. The thioester-anhydride
networks were synthesized by a direct ring opening reaction of
the anhydride and thiol reactants. The process was facilitated

https://dx.doi.org/10.1021/acsami.0c18979
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Scheme 1. Methodology of Thiol—ene CANs Preparation”
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“(a) Chemical equations showing products of the thiol-anhydride reaction, thiol—ene polymerization and crosslinking and thioester-anhydride
reversion above 80 °C; (b) a schematic depicting CAN formation and depolymerization. The functional groups are color-coded (thiol, blue; double
bond, yellow; carboxylic group, green; thioester, red and blue; anhydride, red and green; sulfide, yellow and blue).

by inclusion of catalysts (bases and nucleophiles) and was
found to be reversible at elevated temperatures, typically above
80 °C. Among various types of thioester-anhydride materials
examples of thiol—ene photopolymers were also shown.
Herein, the thioester-anhydride photopolymer CANs were
developed for additive manufacture using the MSLA photo-
printing technique. Allyl succinic anhydride (ASA) was initially
reacted with trimethylolpropane tris(3-mercaptopropionate)
(TMPTMP) in a mixture with a 2:1:1 stoichiometry of thiol to
ene to anhydride functional groups (Scheme 1).

The initial resin mixture was characterized for its reaction
kinetics (Figure la), and the resultant CAN was analyzed in
DMA (Figures S2 and S3, Table 1). Inherently necessary in 3D
photopolymerizations, the thiol—ene resin requires relatively
low viscosity (<5 mPa s)** and rapid reaction kinetics, even at
low light intensities (0.5 mW/cm?*). However, the anhydride
ring opening increases the mixture viscosity due to the
formation of oligomeric species as well as the release of free
carboxylic groups (Scheme 1). To facilitate 3D printing, an
attempt was made to modify the viscosity by inclusion of less
viscous diallyl monomers. Accordingly, diallyl carbonate, allyl
ether, and diallyl terephthalate were preselected and used with
ASA and TMPTMP at a molar ratio of 2:2:1 of TMPTMP,
ASA, and diallyl monomer, respectively. As predicted by the
Flory—Stockmayer gelation theory, the gel point conversion of
TMPTMP and diallyl at a molar ratio of 2 to 1 would be 1.22.
Thus, no gelation would be expected. As such, in the presence
of ASA, complete depolymerization, and in consequence, 100%
stress relaxation, will be enabled. The inclusion of low viscosity
alkenes reduced the viscosity by close to 1 order of magnitude
(Table 1).

Although all three monomer modifications meet the initial
viscosity criteria, the one with diallyl carbonate exhibited the
lowest viscosity, and consequently, this resin was chosen for
further optimization and 3D printing. In the literature, there
are known examples of thiol—ene and thiol—yne photo-
polymerizations adapted for additive manufacture techni-
ques.””~* Thiol—ene resins are characterized by rapid kinetics,
which makes them excellent precursor components for
photopolymer materials. The downside is that such resins
tend to react spontaneously and therefore show poor storage
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Figure 1. Kinetic characterization of thioester-anhydride resins. (a)
Allyl functional group conversion vs time for ASA/PETMP initial
formulation and ASA/TMPTMP/DAC optimized formulation
(BAPO/PYR 0.5/0.05 wt %). The light intensities were 0.5 mW/
cm® in both cases. (b) Curing depth as a function of dose (E) for
ASA/TMPTMP/DAC with two concentrations of PYR and a
constant concentration of initiator (0.5 wt %).

stability.”* In photo-3D printing methodologies, to achieve a
desired curing depth researchers typically use light absorbers
or radical inhibitors.*> While enabling a controllable depth of
cure, the inhibitors also improve the stability. It was previously
demonstrated that the shelf life of thiol—ene systems is
effectively extended in mixtures with secondary mercaptopro-
pionates,"" and by adding radical inhibitors such as pyrogallol
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Table 1. Basic Properties of Dynamic Thiol—ene Resins and
CANs“

viscosil relaxation time at e~
resin (mPa 3 1y (°C) (100 °C)

ASA/TMPTMP 11.8 (0.5) 21 (2) 26s (-)
ASA/TMPTMP/AE 1.2 (0.1) 9 (1) 30s (—)
ASA/TMPTMP/ 1.6 (0.1) 16 (1) 32s (-)

DATP
ASA/TMPTMP/ 0.6 (0.1) 12 (2) 55 s—1 min 10 s

DAC

“SD values are in parentheses.

(PYR), often used with phosphoric acid coadditives.** Another
important consideration is the extent of cure, which can be
compromised in stabilized mixtures, even to the point of
entirely disabled gelation. Consequently, a kinetic and depth of
cure vs photodosage (E) study was conducted to optimize the
curing behavior required in a specific MSLA printer (PRUSA
SL1, visible light 0.4 mW/cm?). BAPO (0.5 wt %) and
pyrogallol were used as the visible light initiator and the
inhibitor, respectively. In Figure 1b, the depth of cure as a
function of dose is plotted for the two concentrations of the
inhibitor (0.03 and 0.06 wt %). It is evident that different
curing depths are reached with the same doses of light
depending on the inhibitor loading. For example, to achieve a
desired depth of cure of 200 ym, a dose of 6 mJ cm™ is
required at 0.06 wt % PYR loading which corresponds to 15 s
irradiance time. To reduce further the exposure time from 15
to about 11—12 s for the targeted depth of cure, so as to avoid
an overexposure, the pyrogallol amount was reduced from 0.06
to 0.0S wt %. This initiator/inhibitor ratio allowed for
acceptable conversion (90%), which is well above the gelation
point of the cross-linked system, at low light intensities as
evidenced by the relevant kinetic profile in Figure la.

Having adjusted the resin curing parameters for the MSLA
printer of choice, various decorative objects and functional
shapes were conveniently photoprinted as displayed in Figure
2. Relatively small objects were printed with the purpose to
shorten the printing time and reduce the resin volumes
required. For example, the time required to print the structure
in Figure 2a was 46 min (250 layers), whereas it took 28 min
to print the ring in Figure 2b (160 layers). No visible shape
distortions resulting from the volumetric shrinkage were
noticed in the printed objects, which was attributed to the
relatively low concentrations of photopolymerizable groups (1

mol of allyl per 407.1 g of resin) and the step-growth
polymerization mechanism.

It was previously reported that the dynamic behavior of the
thioester-anhydride CANs depends on the catalyst type and
loading and that selected catalysts differently affect the
exchange mode.”® Tt was argued that bases in systems with
excessive thiol functionalities may additionally enable
associative thiol-thioester exchange, whereas nucleophiles
would bias dissociative ring closure and thiol regeneration in
stoichiometric systems (Scheme 1a). Herein, DMAP was used
as the reversible exchange catalyst because of its favorable
characteristics, i.e, good solubility, nonvolatility, catalytic
effectiveness, and stable response over time. Having a
nucleophilic character and relatively low pK, (~9.6), DMAP
would be primarily dictating the reversible exchange mode.

The dynamic properties of the 3D printable material were
assessed in thermomechanical and stress relaxation experi-
ments. In Figure 3, the DMA data and stress relaxation curves
are presented for the optimized formulation after curing.

There are three DMA profiles in Figure 3a that correspond
to originally made, fresh CAN sample; a photopolymer sample
that has been recycled and contains 50% of the recycled
material; and a sample where the catalyst was deactivated by
treatment with HCl gas (see Experimental Section for details).
It is evident that the original and partially recycled samples are
almost identical in their thermomechanical characteristics.
Also, the samples with the deactivated catalyst exhibit similar
DMA profiles, ie, the glassy storage modulus, the rubbery
storage modulus, and T, are all close to other samples where
the catalyst remains active. The DMAP, being mildly basic, is
assumed to be deactivated through the acid—base association
with HCI; because of the significant differences in pK, values.
The presence of ionic or ion pair species in the network after
deactivation seems to reinforce its structure to an extent as
seen in the narrowing of the tan delta and a slight shift in the
T,. It was previously shown that DMAP can have a plasticizing
effect on the polymethacrylate thioester-based networks.*
However, when its nucleophilic attraction toward thioester
carbonyls is broken down by deactivation, some reinforcing of
the network would be expected. More importantly, the
fabricated photopolymer was highly dynamic and capable of
100% stress relaxation in around 6 min at 100 °C (Figure 3b),
which is consistent with previously reported data.’® This
relaxation time still be reduced to seconds at higher
temperatures (Figure S4). As seen from Figure 3b, the
recycled material exhibits an identical stress relaxation rate,

Figure 2. 3D prints fabricated using ASA/TMPTMP/DAC formulation: (a) bunny; (b) 3D decorative ring; (c) 3D plain ring; (d) 3D square ring.
Initiator/inhibitor ratio 0.5/0.05 wt %. MSLA light intensity was 0.4 mW/ cm?
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Figure 3. DMA data of the dynamic thioester-anhydride network. (a)
Storage moduli and tangent delta plots for the thioester-anhydride
neat sample, a sample composed of 50% recycled photopolymer and
50% fresh monomers, and a deactivated sample. (b) stress relaxation
curves for the original photopolymer network and its recycled as well
as deactivated analogs. Recycled samples perform comparatively with
the original material. Postprocessed, i.e, HCl-deactivated samples
exhibit similar thermomechanical characteristics but significantly
reduced stress relaxation capability.

pointing to a stable response over time and overall good
repeatability. On the other hand, the catalyst deactivation
resulted in drastic reduction of the material’s dynamic response
and stress relaxation capabilities. After deactivation the
thioester-anhydride CAN dissipates only around 20% of the
externally imposed stresses in 30 min at 100 °C. Such means of
control over the dynamic responsiveness is a very useful feature
as is demonstrated further in this study. Before the
demonstration of the thermally induced responsiveness of
the functional 3D prints, the creep data were collected and
compared, especially between the dynamically active and
inactive materials (Figure 4).

As shown in Figure 4a, there is little to no creep observed in
the CAN system studied at temperatures below 60 °C. This is
a temperature range where the network is constantly above its
glass transition with no mobility restrictions on the functional
groups or network chains and dynamic links. Yet, in the time
scale of the experiments, at up to 40 °C, the material
completely recovers its original shape (length). There is,
however, close to 2% permanent deformation seen after 30 min
at a constant stress at 60 °C. Above 80 °C the material
becomes highly dynamic, and at 100 °C creep is so significant
that the material rapidly adapts to nearly any stress induced
deformation (Figure 4b). Finally, the process of exchange
deactivation shifts the network rearrangement activation
threshold up by around 40 °C. Such a conclusion is made
by comparing the creep profiles at 60 and 100 °C in Figure 4a,
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Figure 4. Creep experiments for the ASA/TMPTMP/DAC dynamic
network. (a) Thirty minute creep results for samples deformed under
600 kPa stress at the temperatures from 20 to 60 °C; (b) 10—30 min
creep results for samples deformed under 100—200 kPa stress at 80
and 100 °C; (c) 30 min creep data for deactivated specimens
deformed under 300 kPa stress at the temperatures from 60 to 100
°C. The final strains vary for the samples analyzed at different creep
temperatures and are dependent on the degree of activity of the
dynamic chemistry. When the stress is released, the amount of strain
adaptation is also correlated to the creep time. Deactivation of the
catalysts inhibits creep that is otherwise very significant above 80 °C
in samples with active catalyst.

c. In either case, similar strain loss is observed after the stress is
released. Importantly, there is no visible activity of the DCC at
80 °C, where 100% of stress-induced strain is recovered.
Having determined the full potential for reversible exchange
of the thioester-anhydride CANs, the 3D printed structures
were then used for shape reconfiguration to illustrate the
effectiveness and usefulness of such thermal responsiveness in
these materials. Round and square-shaped objects were
deformed at 85 °C for 30 min, resulting in new permanent
shapes as illustrated in Figure 5. Once formed, the new shapes
were geometrically reconfigured again as shown in a second
reshaping cycle in Figure Sb. Importantly, when the DCC is
deactivated, subsequent reconfiguration in shape is no longer
possible at temperatures below 100 °C, and thus the fixed
geometries remain stable and permanent. However, by
increasing the temperature activation threshold to 140 °C, a
complete shape restoration to its initial geometry was rendered
within the 30 min of thermal annealing. To the best of our
knowledge, the current approach is one rare example of
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Figure S. Shape change and restoration of the 3D printed geometries. (a) Round ring structure deformed and thermally reconfigured into a square-
shaped ring following the DCC deactivation and shape fixation; (b) square-shaped 3D print reshaped into two consecutive permanent shapes, then
fixed by DCC deactivation, and finally restored to its original shape by deformation and heating at 140 °C.

behavior where the DCC thermal activation is conveniently
changed without any significant or detrimental effects on the
network properties. The geometries of printed materials are
facilely remodeled while having the ability to readily change
the thermal activation threshold.

Partial shape reconfiguration was also demonstrated in
semidynamic materials that were made by recycling the
dynamic 3D printed components in a nondynamic thiol—ene
resin (Figure SS). Prior to photocuring, the dynamic material
was depolymerized in a dithiol followed by thiol—ene reaction
with stoichiometric amount of the triene (TTT). Depending
on the weight ratio of the dynamic CAN in a recycled
photopolymer, various degrees of shape reconfigurations were
thus achieved. This last demonstration serves as an example of
convenient reprocessing of the 3D printed CAN through
depolymerization and subsequent reuse in a form of
mechanically distinct material with a varied degree of thermal
responsiveness.

B CONCLUSIONS

With the goal of adapting a new dynamic chemistry for
additive manufacturing purposes, the thioester-anhydride
thiol—ene photopolymer resin was developed from commer-
cially available monomers and the resin’s rheological and
curing properties were optimized for MSLA printing under
visible light. The stimuli responsiveness of the CAN material
was tested in DMA stress relaxation and creep experiments
providing rapid response at elevated temperatures (above 80
°C) and little to no response at temperatures below 60 °C.
The activation threshold of the reversible exchange was shown
to be controllable allowing for the shift in the actuation
temperature by up to 40 °C. Such a degree of modulation or
change in accessible activation mode resulted in 3D printed
structures with variable thermal stabilities of their geometries
depending on whether the DCC catalyst remained active or
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was rendered inactive. This useful feature of a DCC
deactivation postprinting opens up new opportunities in 4D
material development with two-way or multi shape memory
effects, especially in hybrid or composite systems with
programmable anisotropy of properties. Such chemistry may
prove particularly enabling in materials incorporating liquid
crystal domains. On the other hand, employing a dynamic
resin such as the current one for additive manufacturing
purposes may very well reduce or eliminate the anisotropy in
properties resulting from layer-by-layer fabrication. Finally, any
3D geometries will be recyclable as previously demonstrated by
direct reprocessing or as demonstrated here by depolymeriza-
tion in excessive monomers and repolymerization leading to
either retained or modified properties.
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