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ABSTRACT: To advance the capabilities of additive manufacturing, novel resin formulations are
needed that produce high-fidelity parts with desired mechanical properties that are also amenable
to recycling. In this work, a thiol−ene-based system incorporating semicrystallinity and dynamic
thioester bonds within polymer networks is presented. It is shown that these materials have
ultimate toughness values >16 MJ cm−3, comparable to high-performance literature precedents.
Significantly, the treatment of these networks with excess thiols facilitates thiol−thioester exchange
that degrades polymerized networks into functional oligomers. These oligomers are shown to be
amenable to repolymerization into constructs with varying thermomechanical properties, including
elastomeric networks that recover their shape fully from >100% strain. Using a commercial
stereolithographic printer, these resin formulations are printed into functional objects including
both stiff (E ∼ 10−100 MPa) and soft (E ∼ 1−10 MPa) lattice structures. Finally, it is shown that
the incorporation of both dynamic chemistry and crystallinity further enables advancement in the
properties and characteristics of printed parts, including attributes such as self-healing and shape-memory.

KEYWORDS: polymers, photopolymerization, additive manufacturing, recycling, dynamic chemistry

1. INTRODUCTION

Additive manufacturing has emerged as a powerful method to
assemble soft matter into objects rapidly and precisely with
properties and geometries often inaccessible using traditional
techniques. While numerous additive techniques for polymeric
systems have been developed,1,2 vat photopolymerization-
based 3D printing is particularly attractive due to its ability to
fabricate micrometer-scale features through simple low-cost
stereolithographic (SLA) or digital light projection (DLP)
hardware and high-efficiency light-emitting diodes (LEDs).3

The resins used in these systems typically contain multifunc-
tional monomers or oligomers that form crosslinked networks
(i.e., thermosets) upon photopolymerization, where layer-by-
layer projections of patterned light control the overall
geometry of the final object. While crosslinking increases the
modulus and dimensional stability of printed objects, other
critical mechanical properties such as extensibility and
toughness are often compromised. This approach significantly
limits the accessible material property space,4 particularly as
compared to extrusion-based additive manufacturing such as
fused deposition modeling and direct ink writing approaches
which are compatible with diverse polymeric systems such as
tough thermoplastics,5−9 soft gels,10−12 and stiff composites
that often incorporate semicrystalline materials.13−15 Further-
more, the thermosets overwhelmingly produced in vat
photopolymerization are intractable, cannot be reprocessed
or recycled, and possess little capacity for healing or mending.
This behavior ultimately introduces significant sustainability

concerns particularly in fields such as rapid prototyping where
objects are produced and disposed of at high rates.
One method to preserve the ambient performance of

thermosets while facilitating reprocessing and recycling under
specific conditions is through the inclusion of dynamic
covalent bonds (DCBs).16−18 These covalent bonds undergo
chemical exchange reactions when activated by stimuli such as
heat,19−23 chemical catalysts,24−28 and light.29−31 When static
crosslinking functionalities are replaced with DCBs, these
moieties preserve network structure and performance until a
stimulus is introduced, where subsequent bond exchange
facilitates polymer chain rearrangement and network plasticity.
The chemical details, exchange mechanism, and stoichiometry
of a particular DCB system can be tuned to access diverse
behaviors ranging from full network relaxation for remold-
ing,32,33 interfacial reactions for self-healing,34 and backbone
scission to revert to oligomers.35,36 Even though several DCB
systems have been incorporated in bulk photopolymers, they
have been sparsely employed in DLP-based 3D printing to
date. However, existing examples demonstrate the powerful
ability of dynamic covalent chemistry to be used as a tool to
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modulate materials in time and space, including enhanced
interlayer adhesion,37 postprinting modification,38−40 and life
cycle control.41−44

To further extend DCB use in light-based additive
manufacturing, resin systems that are compatible with
photopolymerization and readily incorporate dynamic mono-
mers are needed. Thiol−ene photopolymerization is a
particularly promising synthetic method in this regard because
it facilitates high monomer conversion on short timescales
(≈1−10 s), is highly oxygen tolerant for use under ambient
conditions, and demonstrates low shrinkage stress for high-
fidelity and low-warp printing of large areas.45−50 Furthermore,
several dynamic monomers are easily incorporated into thiol−
ene reactions, including thioesters,51,52 anhydrides,53 and
disulfides.54 Despite these advantages, it remains a challenge
to realize desired mechanical properties such as stiffness,
elongation, and toughness in thiol−ene or other single-stage
vat photopolymerization processes. The most common
strategy to synergistically improve mechanical performance is
to incorporate urethane55−57 or triazole58 linkages for
hydrogen-bonding-induced energy dissipation. However,
these associative interactions also increase the resin viscosity,59

which is often detrimental to printing performance. An
alternative approach to improve mechanical performance
without increasing resin viscosity is through crystallization.
Our group recently introduced a method to produce lightly
crosslinked semicrystalline networks,60 where self-assembly of
the network into crystalline lamellae was shown to produce
both thermoplastic-like extensibility and toughness, while
covalent crosslinks endow these materials with increased
stiffness and dimensional stability. However, while crystalline
thermoplastics find widespread use due to their favorable
mechanical properties and ability to be reprocessed upon
melting at elevated temperatures, crosslinked analogues cannot
be reconfigured.
To realize 3D printed parts that combine both superior

mechanical performance and amenability to recycling and
reprocessing, DCBs were incorporated within semicrystalline
networks. In this work, tough and dynamic networks are
reported that can be degraded and repolymerized for
sustainable and high-performance 3D printed parts. Specifi-
cally, we show that thioester groups incorporated within thiol−
ene networks result in diverse mechanical properties ranging
from tough, thermoplastic-like semicrystalline materials to soft,
amorphous elastomers that are comparable to previously
reported vat photopolymerization resins. However, unlike
traditional printing resins, it is demonstrated that thiol−
thioester exchange reactions facilitate triggerable reversion into
functional oligomers that are subsequently repolymerized while
conserving thermomechanical properties. These materials are
printed using a commercially available SLA printer to produce
parts that are chemically recyclable over several cycles.
Additionally, it is demonstrated that printed parts of different
compositions are degraded into chemically similar building
blocks for “single-stream” recycling into new printed parts.
Last, the unique thermomechanical properties of these
networks, achieved by combining covalent network formation,
crystallinity, and dynamic bonds, are used to facilitate
advanced capabilities such as shape memory and self-healing,
thus considerably expanding the toolbox of functional SLA-
printed parts.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of Semicrystal-
line Networks. Dynamic networks were prepared through the
photopolymerization of aliphatic dithiol 1,10-decanedithiol
(DDT), the tetrathiol crosslinker pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), and a thioester diallyl ether
monomer (TEDA), with a 1 mol % 2,4,6-trimethylbenzoyldi-
phenyl phosphine oxide (TPO) photoinitiator under 405 nm
light (Scheme 1). The kinetics and material property

development of these networks were studied using real-time
Fourier transform infrared (FTIR) spectroscopy and in situ
photorheology, as shown in Figure 1 for a representative
composition of 1:1.05 allyl ether/thiol with 5:95 molar ratio
PETMP/DDT (the significance of this formulation will be
discussed later). Samples were observed to gel into a
crosslinked network within several seconds upon illumination
with 405 nm light (≈10 mW cm−2, 5 min), as evidenced by the
crossover of G′/G″ and concurrent consumption of functional
groups (Figure 1A). Additionally, materials of sufficiently low
crosslink density showed an increase in shear modulus over
longer times. The stiffening of the network is caused by
crystallization, as shown by differential scanning calorimetry
(DSC), which displays two melting temperatures (Tm) of 36.0
and 46.5 °C with a combined melting enthalpy (ΔHm) of 44.7
J g−1 (Figure 1B). This behavior is further corroborated by no
change in FTIR spectra over the experimental time frame
(Figure S1), providing further evidence that the modulus
increase is due to crystallization and not additional crosslinking
or other chemical reactions.
The properties of step growth networks are readily tuned

through simple alteration of either the reactive group
stoichiometry or the equivalent weight per functional group
in the monomer, particularly for ternary monomer combina-
tions such as those explored here. Thus, initial studies were
conducted to screen the effect of the stoichiometric ratio of
allyl ether/thiol and dithiol/tetrathiol on morphological,
thermal, and mechanical properties (Tables S1−S4). Two
general trends were observed. First, as more excess thiol is
introduced to the network, crystallinity increased, but the films
fractured at lower strains, likely due to the simultaneous
decrease in crosslink density and the introduction of defects
into the network structure.61,62 Second, as the amount of the
tetrathiol crosslinker was decreased, crystallinity increased in
addition to extensibility, leading to tougher films. Using this

Scheme 1. Monomers and Network Structure
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system, semicrystalline networks were accessed with moduli E
= 210 ± 22 MPa and ultimate toughness values (UT) = 16.1 ±

1.8 MJ m−3 for films (Figure 1C) containing 1:1.05 allyl ether/
thiol with a 5:95 ratio of DDT/PETMP (herein referred to as
the “tough” composition and used for the majority of
subsequently discussed studies). We note that the saw-like
features in the stress−strain curves have been previously
observed60 and likely arise due to plastic instabilities as
crystalline lamellae are pulled apart,63 thus providing a
mechanism to toughen the material. Even though toughness
values are sporadically characterized in the thiol−ene photo-
polymerization literature and data is often incomplete, the
toughest nonurethane rubbery thiol−ene networks in the
literature have values of ≈10−50 MJ m−3,47,64−66 thus being
comparable to the materials presented here. Furthermore,
these materials are tougher and more extensible than the
existing examples of 3D printed materials that have been
degraded and repolymerized using DCB exchange41−44 (see
Table S9).
2.2. Degradation and Repolymerization. Unlike tradi-

tional photopolymer networks, the inclusion of thioester units
within the network is useful as a reactive handle for backbone
scission. Full degelation of the network occurs in the presence
of a >2× molar excess of thiols (per Flory−Stockmayer
statistics for step-growth networks67) and nucleophilic or basic
catalysts due to exchange reactions between thiols and
thioesters.52,68 To extend this concept to semicrystalline
networks, tough polymerized networks were immersed in
acetone containing an 8× molar excess of PETMP with respect
to thioester units and 1 mol equiv of triethylamine (TEA). The
250 μm micron thick film was observed to dissolve fully over
the course of several hours as thiol−thioester exchange
reactions degraded the network into soluble oligomers and
in accordance with previously developed kinetic models.68,69

Subsequent solvent removal yielded a low-viscosity melt,
suggesting full degelation (Figure 2A). Size-exclusion chroma-
tography (SEC) confirms that network degradation produces
low-molecular-weight oligomers of MN ≈ 800−2700 g mol−1

(Figure 2B). A large portion of PETMP is also found to persist
due to the large excess of this thiol used. Even though full
degelation is possible with more modest equivalents of
PETMP (Figure S2), these conditions were selected for
further study because they produce the lowest-molecular-
weight and -viscosity oligomers, a key feature needed for vat
photopolymerization as discussed later.

Figure 1. (A) Photorheology of a representative resin composition
shows gelation, followed by crystallization and full monomer
conversion (FTIR, inset). (B) DSC shows sample crystallinity. (C)
Tensile test of the network reveals a stiff and extensible network with
high toughness.

Figure 2. (A) Semicrystalline polymerized networks (left) are observed to degrade into oligomers (left) in the presence of a large excess of
tetrafunctional thiol as it adds into the network and pushes them below the gel point (bottom). (B) SEC shows that the networks are degraded into
low-molecular-weight oligomers.
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Because thiol−thioester exchange preserves the chemical
functionality of the native monomers within the oligomeric
products (i.e., thiols), these oligomeric products can
immediately be repolymerized into new networks. This
capability is distinct from other methods such as catalysis70

and photodegradation71 that are often used to fragment
polymer backbones, where the collected products cannot be
easily incorporated into new materials and various species
potentially persist as pollutants, thus exacerbating environ-
mental harm.72 While our group has previously shown that
A2−B4 step-growth networks could be degraded via thiol−
thioester exchange and repolymerized with minimal change of
crosslink density or mechanical properties,52 the effects of
chain extenders, off-stoichiometric compositions, crystallinity,
and morphology were not probed. As such, repolymerizing
networks that retain the crystallinity and toughness of the
original composition represent a potentially significant
advance. Reclaimed oligomers were polymerized with fresh
TEDA and DDT, with the excess PETMP persisting from
degradation used as the crosslinker, with the molar ratios
selected to match the original tough network formulation
(Table S5). As shown in Figure 3A, the recycled network (dark
blue trace) showed nearly identical thermomechanical proper-
ties and crosslink density to the original network (light blue
trace). This is corroborated by DSC (Figure 3B), where
ΔHinitial and ΔHrepolymerized are 45 and 50 J s

−1, respectively,
suggesting a nearly identical extent and nature of crystal-
lization. These data collectively provide evidence of the

preserved network structure across degradation and repolyme-
rization as crystallinity is known to be particularly sensitive to
even small changes in network architecture and crosslink
density.73,74 The persistence of performance following
recycling is attributed to the regular network structure
achieved through thiol−ene polymerization due to incorpo-
ration of structurally regular oligomers. Significantly, the
reclaimed network retains Young’s modulus of the initial
networks and shows only a slight decrease in toughness (20 vs
17 MJ m−3) and elongation to break (220 vs 200%), as shown
for a representative sample in Figure 4 (blue traces). Finally,
the photopolymerization and crystallization kinetics are also
largely preserved across recycling (Figure S3).

Beyond the synthesis of materials with comparable perform-
ance upon recycling, a benefit of chemical degradation over
mechanical reprocessing-based approaches to dynamic net-
works is the ability to use reclaimed oligomers to produce
materials with altered, targeted, and desired properties. To
demonstrate this approach, the reclaimed oligomers from
tough networks were repolymerized into soft and stretchable
elastomers using compositions that were previously identified
(see Table S6). Specifically, the performance of a pristine
network with a composition of 1:1 allyl ether/thiol with 15:85
PETMP/DDT was targeted (herein referred to as the “elastic”
composition), which shows higher crosslink density (Figure
3A), suppressed crystallization (Tm ≈ 19.5 °C) (Figure 3B),
low modulus (8.6 ± 0.2 MPa), and modest extensibility (88 ±
36% strain at break) (Figure 4, yellow curves). Additionally,
compared to materials with significant crystallinity at room
temperature that plastically deform upon loading, these
elastomers nearly fully recover to their initial dimension
following deformation (Figure S4). Oligomers from the tough
material were successfully repolymerized with TEDA and DDT
to yield elastic networks with mechanical properties (Figure 4,
orange curves) and photopolymerization kinetics (Figure S5)
comparable to the pristine elastic material. These results
demonstrate that isolated degradation products can be
effectively incorporated with other components to form a
variety of materials.
2.3. 3D Printing of Recyclable Resins. To extend this

chemistry from bulk polymerized thin films to SLA-based
additive manufacturing, resin formulations were screened to
optimize printing conditions. Specifically, resins were prepared
with 1 wt % TPO and 0.06 wt % pyrogallol as a light absorber.
Optimized performance (i.e., limited overcuring and maxi-

Figure 3. (A) DMA temperature sweeps of different film
compositions. Oligomers isolated from degraded tough films (light
blue) were repolymerized into new compositions including tough
(dark blue) and elastic (orange) networks, with thermomechanical
properties that match the pristine films (light blue and yellow). (B)
DSC traces show that tough films are crystalline at room temperature,
while crystallinity is suppressed in elastic films and that this is
consistent before and after recycling/reuse.

Figure 4. Tensile tests of dogbones made from the composition in
Figure 3 show that the conservation of thermomechanical properties
results in nearly identical mechanical properties across recycling
cycles.
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mized resolution) was observed for 40 s exposure times with
50 μm layer thickness on a commercially available SLA printer
with a 405 nm LED panel (I ≈ 4 mW cm−2). All samples were
postcured under flood illumination (405 nm, I ≈ 30 mW
cm−2). As a proof-of-concept, the University of Colorado
Boulder mascot Ralphie the Buffalo was printed from the
tough resin described above to yield a semicrystalline figurine
(Figure 5A). Significantly, printed materials are found to

conserve the crystallinity found in bulk films, as evidenced by
similar melting enthalpies of 45 and 50. J g−1, respectively
(Figure 5B). Unlike bulk photopolymerized films, materials
printed from the tough resin show a distinct shift in the
melting point upon initial heating (blue/purple curves starting
at 25 °C) and the second cool and heat cycle (blue/purple
curves that span the full temperature range). This outcome is
attributed to the subtle changes in crystallization during
photopolymerization as observed by photorheology (Figure
5C), where G′ increases more quickly following the crossover
of G′/G″ compared to bulk samples (Figure S6A). Real-time

FTIR conducted with polymerization conditions selected to
match that of the printing compared to bulk films shows a
slight decrease in polymerization rate (Figure S6B,C).
However, full functional conversion is still observed, with
quantitative allyl ether consumption and a small amount of
persisting thiol due to the initial 5% stoichiometric excess. This
behavior is attributed to a convolution of factors, most notably
the inclusion of pyrogallol which could behave as a nucleating
agent to increase the crystallization rate and a decreased light
intensity (4 vs 10 mW cm−2) that slows the polymerization
rate. Together, these phenomena likely result in a different and
kinetically dictated crystallization pathway compared to bulk
polymerized films, where polymerization is fully complete prior
to the onset of crystallization. We hypothesize that the slower
polymerization rate combined with additives that could
potentially act as nucleating agents results in oligomers that
can begin to crystallize before full incorporation into the
network, compromising the mechanical properties. Addition-
ally, interfacial effects are established to weaken the mechanical
performance of printed parts,75 which is likely further
exacerbated here where crystallization can impact interlayer
adhesion. This manifests as a dramatic change in material
properties, and tensile tests revealed that the toughness of
printed parts decreased dramatically compared to that of bulk
polymerized films (Figure S7), a phenomenon that has been
previously observed in other semicrystalline printing res-
ins.47,60 However, annealing printed dogbones for 1 h at 100
°C and allowing them to cool facilitate recrystallization that is
decoupled from the polymerization process, which significantly
increased the toughness (Figure S7A). This provides further
evidence that the interplay between photopolymerization and
crystallization is likely the cause of the compromised
mechanical performance. Studies are currently underway to
understand the confluence of photopolymerization and
crystallization and how to engineer printing methodologies
that prevent a deterioration in mechanical performance.
Like bulk films, printed parts were degraded and reprinted

into objects with targeted compositions and mechanical
properties. As a demonstration, the buffalo printed using the
tough resin was degraded under the same conditions used for
bulk films, and the isolated oligomers were incorporated into
new resin formulations selected to target either tough or elastic
performance (as previously shown). We note that while thicker
3D printed parts are likely degraded through a surface-erosion
dominated mechanism, thiol−thioester exchange continues in
solution and after sufficient time is anticipated to produce
oligomers that match those produced by bulk-degradation
processes in thin films. The new resins were printed in the
shape of the “CU” logo, and the changes in crystallinity could
be visibly observed (Figure 5A), where the recycled tough
material appeared opaque due to crystallites that scatter light,
while the elastic material appeared more optically clear due to
a significant reduction in crystallinity. The crystallization of
both pristine and recycled tough constructs is largely preserved
following degradation and repolymerization, with a slight
change in Tm and ΔHm as measured by the second heat cycle
of DSC (Figure 5B, blue and purple curves) from 41.2 °C and
46.9 J g−1 to 37.2 °C and 44.7 J g−1, respectively. Additionally,
the photopolymerization and crystallization kinetics are
strikingly similar, as shown by photorheology (Figure 5C,
blue and purple curves) and real-time FTIR (Figure S8), which
reveals gelation as allyl ether and thiol groups are quantitatively
consumed. As with the pristine tough materials, the recycled

Figure 5. (A) Ralphie the Buffalo, the CU mascot, printed from the
tough resin was degraded and used to print new recycled parts (CU
Boulder logo, left) that have the same crystalline properties or are
elastic and largely amorphous. (B) DSC curves show that thermal
transitions and energy release upon crystallizing or melting are
conserved in printed parts. (C) Photorheology of printing resins
reveals that tough resins start to crystallize as they are polymerized, as
shown by the continuous increase in G′ over the first 400 s. No
crystallization is seen at room temperature for elastic resins, and
photopolymerization kinetics are conserved for recycled resins.
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ones show a reduction in mechanical toughness (Figure S7B),
likely due to concurrent photopolymerization and crystal-
lization processes that introduce defects into the material when
printing, as evidenced by photorheology. In addition to
reclaimed tough materials, degraded oligomers could also be
incorporated into elastic prints which showed significantly
depressed crystallinity at room temperature (Figure 5B, orange
and pink) matching that of both pristine elastic printed parts
and bulk elastic films. Photorheology revealed no crystal-
lization upon polymerization (Figure 5C, orange and pink),
and FTIR showed full consumption of functional groups
(Figure S9). Interestingly, compared to the more crystalline
materials, printed pristine or recycled elastic dogbones showed
mechanical performance that is comparable to that of bulk
films. This provides additional evidence that concurrent
crystallization and polymerization in printed parts cause a
decrease in mechanical performance and suggest that a full
decoupling of these processes in future work will greatly
improve the toughness of semicrystalline printed parts.
The chemistry of a given polymer network largely governs

the mechanical performance and utility of a printed construct.
As a demonstration of the emergent device performance
achievable with these materials, a lattice was printed using the
tough, semicrystalline formulation (Figure 6A,B). These prints
are shown to easily support a 100 g wt or >100× its own

weight due to the high stiffness and toughness of these
materials that prevent mechanical failure. However, when
degraded with 8× PETMP and repolymerized into the same
geometry but with a targeted elastic composition, a soft,
deformable lattice is produced (Figure 6B, right). This lattice is
easily deformed under an applied load and rebounds to its
initial configuration upon removal of the load. Finally, full
circularity was realized by degrading the elastic lattice and
repolymerizing the resulting oligomers using the correct
stoichiometry to target the original tough composition (Figure
S10A,B). This approach resulted in a new mechanically strong
lattice that matched the load-bearing capabilities of the initial
print (Figure S10C). It was noted that these resin
compositions are not only comparable with targeted perform-
ance metrics of commercial resins76 but are also able to be
degraded and repolymerized in a way that commercial resins
are not. Finally, oligomers were also combined with other
functionalities such as acrylates which are often employed in
commercial resins, providing the opportunity to modulate
existing formulations (Figure S11). Thus, this system opens
opportunities to reduce waste while retaining the desired
mechanical properties.
2.4. Advanced Capabilities: Resin Modulation, Shape

Memory, and Self-Healing. The ability to degrade these
mechanically diverse materials into universal thiol-functional
chemical building blocks additionally opens opportunities for
“single-stream” recycling. One major hurdle to recycling
broadly is that polymeric items with different properties are
typically assembled using distinct polymer backbones,
necessitating the need for manual separation prior to
reprocessing due to material incompatibility. Here, the entire
resin formulation is simultaneously degraded, and the products
combined to produce an array of potential new networks. As a
demonstration of this approach, both tough and elastic printed
materials were degraded with 8× PETMP and polymerized in
different proportions with a triallyl crosslinker at a 1:1 thiol/
allyl ether ratio (Figure 7A, left). Films containing 100% tough
oligomers, 100% elastic oligomers, and 50/50 combination of
each were polymerized, and the thermomechanical properties
were probed using DMA (Figure 7A, right). The temperature
at peak and the width of tan δ (Figure 7A, inset) in addition to
the final plateau modulus of G′ were nearly perfectly matched,
suggesting that the network structure is identical for all
compositions. Monomer conversion and polymerization
kinetics were also comparable for all formulations (Figure
S12). Furthermore, these compositions were printed into new
objects, as demonstrated by the formation of a bighorn sheep,
the state animal of Colorado (Figure 7B). Thus, in principle,
parts printed from these resins can be degraded in one-pot
processes without separation and printed into new materials,
significantly streamlining the recycling process.
While chemical recyclability facilitates full end-of-life

control, an additional goal of sustainability is the incorporation
of mechanisms for postprinting modification to control
material performance over the lifetime of the object. The
simultaneous inclusion of both dynamic chemistry and
crystallinity facilitates the ability to augment or repair a
structure as needed, thus presenting the opportunity to extend
the useful lifetime of a printed part. Specifically, melting and
recrystallization facilitate shape change of a printed object (see
Figure S13 for complete shape memory analysis). As a
demonstration of this, an octopus was printed from the
tough resin (Figure 8, top). Upon heating to 100 °C, the

Figure 6. (A) Schematic of printing, degradation, and reprinting
processes. (B) Tough resin (left) printed into lattices that support 100
g. Degradation and reprinting with the elastic resin produce a resilient
lattice that is easily deformed under a load and springs back. This
cycle can then be repeated through another round of degradation and
reprinting.
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object melted but retained its shape due to the incorporated
crosslinks and was subsequently manipulated into a new shape
that is “locked in” upon cooling and reformation of crystallites.
For example, the arms of the octopus can be raised to hold a
thin glass capillary under heating and fixed in this configuration
upon cooling (Figure 8, bottom). Beyond simple metastable
configurations facilitated by crystallization, the incorporated
dynamic chemistry was exploited for permanent and
constructive modulation. As shown in Figure 9, when a
printed cactus is severed from the pot it is attached to, it can be
“replanted” by activating dynamic chemistry at the interface
between the cactus and the plant to permanently repair the
object. Self-healing is catalyzed by placing a drop of TEA
between the cactus and pot, manually fixing them together, and
heating the material for 2 h at 100 °C (Figure 9). The residual
thiols within the network facilitate exchange with thioester
groups in response to the TEA (Figure S14), allowing covalent
bonds to form between the two parts and coalesce the network
of each part together. Finally, representative tests on thin films

show that healed samples regain their initial mechanical
performance (Figure S15).

3. CONCLUSIONS

Advancing vat photopolymerization-based additive manufac-
turing relies on developing new strategies to produce materials
using light with desired mechanical performance that are also
amenable to life cycle control. The chemical platform
developed here of incorporating thioester functionality within
semicrystalline networks was shown to produce tough,
thermoplastic-like crosslinked materials. These materials were
shown to be amenable to degradation into functional
oligomers that could be reincorporated into recycled tough
materials or elastic materials depending on the stoichiometry
used. Significantly, these materials are compatible with SLA 3D
printing, and constructs were printed and recycled into
materials with targeted mechanical performance and capa-
bilities. Finally, the combination of crystallization and dynamic
chemistry also facilitates transformation of printed parts via
shape memory and self-healing, providing routes to modulate

Figure 7. (A) Schematic of degradation and polymerization (top) of both tough and elastic materials for “single-stream” recycling. When varying
feedstocks of oligomers are polymerized with a trifunctional allyl ether, networks with nearly identical thermomechanical properties are produced
(bottom). Resins containing a 50/50 mixture of oligomers produced from tough or elastic components were printed into objects such as a (B)
bighorn sheep or (C) a tetrahedron.

Figure 8. Crystallinity of the tough resins facilitates shape memory. As
a demonstration, a printed octopus can be heated above the melting
point, its legs raised to hold a pipette, and cooled to lock this new
conformation in as the object recrystallizes.

Figure 9. Interfacial thiol−thioester exchange reactions can facilitate
self-healing. As a demonstration, a cactus in a pot was printed and cut
in half (top). Application of TEA at the interface between the severed
parts facilitates bond exchange and healing of the object in the
presence of heat to reproduce the initial object.
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printed parts over intermediate timescales and reduce single-
use components. In the future, careful engineering of
photopolymerization kinetics and crystalline self-assembly
will yield printed parts with even greater toughness and
mechanical versatility. Additionally, thioester groups can likely
be incorporated into other structured polymer systems
including those containing nanoscale ordering or mesophases,
thus providing new opportunities for both controlling polymer
assembly on small scales, macroscopic performance, and global
recyclability simultaneously.

4. EXPERIMENTAL SECTION

4.1. Materials. All materials were purchased from common
suppliers (Tokyo Chemical Industries, MilliporeSigma, Fisher
Scientific, and Alpha Aesar) and used as received without further
purification. The reactants and monomers used include succinic
anhydride, 3-mercaptopropionic acid, p-toluenesulfonic acid mono-
hydrate, allyl alcohol, DDT, PETMP, TPO, pyrogallol, 4-dimethyla-
minopyridine (DMAP), pyridine, TEA, and sodium sulfate (Na2SO4).
Common solvents used include acetonitrile (MeCN), ethyl acetate,
hexanes, and dichloromethane.
4.2. Synthesis of the Thioester Diallyl Monomer. The

thioester diallyl monomer used in these materials was synthesized
in two steps according to a previous report.51 In the first step, 50.0 g
(500 mmol, 1 equiv) of succinic anhydride was combined in a 1 L
round-bottom flask with 50 mL of pyridine and 450 mL of
acetonitrile. The sample was stirred using a magnetic stir bar until
the solution was homogeneous. Subsequently, 53.0 g (500 mmol, 1.0
equiv) of 3-mercaptopropionic acid was added, followed by 3.05 g
(25.0 mmol, 0.05 equiv) of DMAP. The solution was stirred overnight
at room temperature. Following the completion of the reaction, the
solvent was removed under rotary evaporation, and the viscous
residue was dissolved in ≈500 mL of ethyl acetate. The crude product
was washed with 1 N HCl and back extracted with additional EtOAc,
and the organics were dried with Na2SO4. A white powder was
isolated following the removal of EtOAc.
In the second step, 40.0 g (194 mmol, 1.0 equiv) of the isolated

product, 55.2 g (388 mmol, 2.0 equiv) of Na2SO4, and 3.69 g (19.4
mmol, 0.1 equiv) of p-toluenesulfonic acid monohydrate (TsOH-
H2O) were added to a 1 L round-bottom flask affixed with a football-
shaped stir bar. These solids were diluted with 400 mL (0.5 M) of
toluene and stirred to create an opaque suspension. Finally, 52.8 mL
(776 mmol, 4.0 equiv) of allyl alcohol was added, the round-bottom
flask was fixed with a reflux condenser, and the whole reaction was
heated to 85 °C under rapid stirring. After 12 h of reaction time, the
solution was cooled to room temperature and filtered to remove the
solids, and the crude product was isolated as a slightly viscous oil by
rotary evaporation. The crude product was subjected to column
chromatography (10% → 30% EtOAc/hexanes) and isolated as a
clear oil.
4.3. General Photopolymerization Procedure. To polymerize

bulk films, all reactants (i.e., TEDA, DDT, PETMP, and/or degraded
oligomers) were combined in a scintillation vial. The low-viscosity
monomer solution was mixed thoroughly using a vortex mixer until it
became homogeneous. Then, TPO (1 wt %) was added to the vial,
and the reaction mixture was heated gently using a heat gun until all
TPO was dissolved. The resin was pipetted onto a clean glass slide
treated with Rain-X, sandwiched between another Rain-X-coated glass
slide with 250 μm plastic spacers, and exposed to a 405 nm LED
(≈10 mW cm−2) for 5 min. Following polymerization, films were
harvested using a razor blade.
4.4. Degradation. In a representative procedure, planar films or

printed disks of prescribed weight were added to a clean 50 mL
round-bottom flask equipped with a stir bar. Then, PETMP (8.0 equiv
of thiol functional groups with respect to thioester functional groups
in the networks) was added to the flask. This was diluted with acetone
(1 equiv by weight to PETMP) and stirred vigorously until all
PETMP was dissolved. Finally, TEA (1 equiv with respect to

PETMP) was added, and the reaction mixture was stirred for 12 h.
After this, a homogeneous solution was formed, and acetone was
removed under rotary evaporation. Finally, TEA was removed under
high vacuum at 80 °C for several hours until all TEA was gone as
monitored by TLC and 1H NMR. The oligomers were stored in a
freezer until use.
4.5. 3D Printing. Printed constructs were made using a

commercially available SLA printer (PRUSA SL1, PRUSA Research)
with a measured light intensity of ≈4 mW cm−2 at 405 nm. Resin
formulations were prepared in the same way as that for bulk films but
with 0.5 wt % TPO and 0.06 wt % pyrogallol. Resin formulations were
prepared in 10 g batches, stirred at 60 °C for several minutes until all
solids were dissolved, and poured into the printer’s resin bath. Print
designs were adapted from open-source CAD files (MakerBot
Thingiverse) and sliced into projection patterns (PrusaSlicer).
Constructs were printed using layers of a thickness of 100 μm and
40 s exposure times per layer. Following printing, the printing
platform was removed from the printed part, excess resin was carefully
removed using a gentle stream of compressed air, the bulk object was
cured under flood illuminations (405 nm, 30 mW cm−2) to encourage
full polymerization, and finally, the object was removed from the
printing platform using a razor blade.
4.6. Dynamic Mechanical Analysis. Temperature sweeps were

performed on an RSA-G2 DMA (TA Instruments) using 0.3% strain,
a frequency of 1 Hz, and a heating rate of 3 °C min−1. Samples of
approximately 10 mm × 5 cm × 0.25 cm (length × width ×
thickness) were loaded into the clamps, cooled to −90 °C, and held
isothermal for 10 min prior to the start of the test to ensure complete
crystallization.
4.7. Photorheology. In situ photopolymerization and crystal-

lization kinetics were probed using an ARES-G2 rheometer (TA
Instruments). A drop of the resin sample was placed on a Peltier plate
held at 25 °C, and the transducer fixed with a 10 mm glass plate was
lowered to a gap size of 100 μm. The samples were irradiated through
the glass plate for 5 min, while the sample was subject to 1% strain at
1 Hz. Following irradiation, the sample was monitored for 60 min to
monitor modulus evolution over time as the sample crystallized.
4.8. FTIR Spectroscopy. Polymerization kinetics were measured

in situ using an FTIR spectrometer (Nicolet 6700, Thermo Scientific)
with an MCT/A detector with a transmission accessory. A drop of
resin was placed between two KBr plates and irradiated from above.
Functional group conversion was monitored over time with a scan
speed of 2 scans/second for thiol (2630−2483 cm−1) and allyl ether
groups (1659−1635 cm−1) by integrating peak area data using
OMNIC software (Thermo Scientific).
4.9. Differential Scanning Calorimetry. Crystallinity and

thermal transitions were probed using a Discovery DSC 2500 (TA
Instruments). For each measurement, 5−10 mg of the sample cut was
sealed into a DSC pan and subject to heating and cooling rates of 10
°C s−1.
4.10. Self-Healing Test. A 3D print of a cactus in a pot

(Thingiverse) was prepared as described above. A sharp razor blade
was used to sever the object into two pieces. A small drop of TEA was
placed on one severed surfaced, and the detached part was placed on
top, bringing together the two freshly cut surfaces. The whole
construct was placed in a 100 °C oven for 2 h to facilitate dynamic
exchange and self-healing. To quantify self-healing, samples of
approximately 6 mm × 10 cm × 0.25 cm (length × width ×
thickness) were cut in half and heated to 100 °C. A drop of TEA was
added, and the films were overlapped by approximately 5 mm.
Samples were placed between Rain-X-treated glass slides, held under
pressure with binder clips, and heated to 100 °C for 2 h. Following
this treatment, the samples were approximately 0.2 cm in thickness
and there was not a distinct difference in thickness where overlap had
occurred. Tensile testing was then performed to assess the mechanical
properties.
4.11. Shape-Memory Test. A 3D print of an octopus

(Thingiverse) was prepared as described previously. To distort the
construct, the print was heated to 100 °C in an oven for several
minutes to ensure uniform melting. When fully melted, the print was
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removed from the oven, fixed into a new configuration, and held in
this geometry for 2 h, while the object cooled and recrystallized.
Quantification of shape memory recovery was performed on an RSA-
G2 DMA (TA Instruments). Samples of approximately 6 mm × 10
cm × 0.25 cm (length × width × thickness) were loaded into the
clamps and heated to 25 °C while equilibrating at 0 load force.
Samples were then heated to 100 °C at a rate of 13 °C/min under
constant force and held for 5 min. Strain was then set to 100% relative
to the current length, and the samples were cooled to 25 °C at 13 °C/
min at the set strain. The temperature was held constant for 30 min to
allow for crystallization, after which the strain was allowed to adjust
such that minimal force remained over a 5 min period. Samples were
then heated to 100 °C under constant force. Recovery was assessed
between the initial and final length at 100 °C.
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