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Achieving a circular plastics economy is one of our greatest environmental challenges, yet conventional
mechanical recycling remains inadequate for thermoplastics and incompatible with thermosets. The next
generation of plastic materials will be designed with the capacity for degradation and recycling at end-
of-use. To address this opportunity in the burgeoning technologies of 3D printing and photolithography,
we report a modular system for the production of degradable and recyclable thermosets via
photopolymerization. The polyurethane backbone imparts robust, elastic, and tunable mechanical
properties, while the use of hemiacetal ester linkages allows for facile degradation under mild acid. The
synthetic design based on hemiacetal esters enables simple purification to regenerate a functional
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Introduction

The increasing production and disposal of plastics poses
a serious threat to the environment and human wellbeing.'”
Although conventional mechanical recycling of thermoplastics,
such as polyethylene, has been promoted as a solution to the
plastics crisis, this strategy is limited by a number of drawbacks
(Fig. 1a). The mechanical recycling process causes scission of
polymer chains, which quickly deteriorates the material prop-
erties of these plastics.* Furthermore, the collection and sorting
of plastic waste is logistically challenging, and mismanaged
waste inevitably leaks into the environment,” where the chem-
ical persistence of these plastics remains the problem. On the
other hand, mechanical recycling is impossible when polymer
chains are covalently crosslinked, yet this represents a large
class of important materials known as thermosets, which
includes silicones and rubbers (Fig. 1b). Given the deficiencies
of our current materials economy, it is imperative to make the
shift to a circular model, where materials are designed and built
to exhibit triggered degradation at their end-of-use.” Besides
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reducing waste, circular life cycles significantly decrease both
cost and emissions from production.®

For traditionally non-recyclable thermosets, the advance-
ment toward recyclability requires the introduction of stimuli-
responsive, degradable bonds within these polymers. This
paradigm shift is urgently needed for a particular class of
thermosets that is garnering increasing attention: photo-
polymerizable resins that are used in 3D printing and photoli-
thography. 3D printing, or additive manufacturing (AM), enjoys
notable advantages in the manufacture process, including
speed, customizability, ease of producing complex objects, and
high spatial and temporal resolution, as well as reduced waste
and greenhouse gas emissions through increased efficiency.”®
As such, AM is challenging the dominance of traditional injec-
tion molding-related manufacturing methods, which comprise
a $330 billion industry.” This inflection point presents an
opportunity to direct nascent AM technologies, particularly
those based on photopolymerization of thermosets, onto
a more sustainable path.

A handful of reports have described photoresins for 3D
printing that employ dynamic bonding to impart either
degradability or reprocessability to the photocrosslinked
materials.>*® These studies utilize covalent adaptable networks
based on established dynamic covalent chemistries, such as
transesterification or Diels-Alder reactions, to produce mate-
rials with the capacity for repair and reprocessing.'*** Some of
these materials that have cleavable crosslinks are able to be
degraded or recycled as well, but often under impractical
conditions such as excess chemical reagents.'®** In a related
strategy based on reversible hindered-urea bonds, the cross-
linked thermoset can be directly reprocessed into
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Fig. 1 (a) Conventional mechanical recycling of thermoplastics
remains a limited solution to plastic waste. (b) Thermosets are cova-
lently crosslinked and thus impossible to reprocess or recycle. (c) In
this work, we report a modular design for a degradable and recyclable
photopolymerized thermoset based on chemically labile hemiacetal
ester (HAE) linkages and polyurethane backbones. The HAE linkage
enables facile purification after mild acid degradation.

a polymerizable resin by reaction with the blocking/crosslinking
agent, but the byproduct of photocrosslinking is not
removed.*>?* On the other hand, the incorporation of cleavable
comonomers into photopolymerized networks allows for the
breakdown of the backbone into oligomeric fragments.®*”
Overall, the development of photopolymerized thermoset
materials that enjoy facile degradation at end-of-use remains an
area that needs further study.

Results and discussion

In order to design a recyclable, photocrosslinkable thermoset,
we sought to combine a chemically labile linkage and a poly-
merizable group within a polymer material. Hemiacetal esters
(HAEs) are an intriguing functional group that undergo both
acid-catalyzed hydrolysis, similarly to the more common
acetals, as well as thermal dissociation via a retro-ene reaction.
A few studies incorporated HAEs into either the main chain or
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side chains of polymers and observed thermal dissociation at
high temperatures, typically with an onset of around 160-200 °©
C,”** as well as acidic hydrolysis.**** Thermosets crosslinked
through HAE moieties have also been shown to degrade under
heating®* or with a photoacid generator, the latter in the
context of photolithography.** Nonetheless, the use of HAEs to
realize a photopolymerizable material with useful mechanical
properties and that is recyclable under convenient acidic
conditions has not been reported. Yet, we saw the chemical
structure of the HAE moiety as a unique opportunity to combine
the property of acid lability with the methacrylate groups that
are ubiquitous in photopolymerizable materials. Another
significant advantage of a HAE over an acetal group is that both
the synthesis and degradation of HAEs involve excess/byproduct
carboxylic acids whose acidic nature enables simple purifica-
tion (Fig. 1c).

To demonstrate this HAE-based recyclable platform (Fig. 1c),
we targeted polyurethane-based materials for their superior and
versatile mechanical properties,®® which would enable
mechanically robust and stretchable thermosets. To do so, we
designed a modular synthetic scheme to prepare polyurethanes
terminated with hemiacetal methacrylate (HAMA) groups.
These resins can be photocrosslinked to produce thermosets
with high stretchabilities and tunable moduli, and are
amendable to 3D-printing into complex shapes. Lastly, the HAE-
based thermosets are easily de-crosslinked by dilute, catalytic
amounts of acid, after which the small amount of poly(-
methacrylic acid) (PMAA) byproduct is easily removed by either
ion-exchange resin or aqueous base wash to regenerate a func-
tional polyurethane material.

Fig. 2 outlines the synthetic design of this recyclable plat-
form. By reacting an oligomeric diol with an excess of a diiso-
cyanate, an isocyanate-terminated polyurethane is produced
that is then end-capped with ethylene glycol vinyl ether to
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Fig. 2 Tunable synthetic design of HAE-based photopolymerizable
polyurethanes. DBTDL, dibutyltin dilaurate; CSA, rac-camphorsulfonic
acid; BHT, butylated hydroxytoluene. Inset table: composition of
Resins/Thermosets A, B, and C studied in this work.
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furnish vinyloxy chain ends, which are further converted to
HAMA groups by acid-catalyzed addition of methacrylic acid.
This three-step, modular synthetic scheme affords many
handles for tuning the composition of the resin, including the
type and molecular weight of the oligomeric diol, the type of
diisocyanate, and the ratio of diol to diisocyanate.

In this work, we focus on polypropylene glycol (PPG) as the
diol and isophorone diisocyanate (IPDI) as the diisocyanate
to obtain liquid resins suitable for 3D printing. We varied
molecular weight and diol/diisocyanate ratio to produce
three variations, which we name Resins A, B, and C (Fig. 2
table). After the second reaction step (end-capping by
ethylene glycol vinyl ether), we used 'H NMR to verify vinyloxy
termination of the polyurethane (Fig. S1-S3 in the ESIt) and
FT-IR to confirm full consumption of isocyanates (Fig. S8-
S107%). Size-exclusion chromatography (SEC) corroborates
increasing average chain lengths from A to B to C, as expected
from their synthetic compositions (see Table S2+ for tabu-
lated values). Next, NMR characterization of the final prod-
ucts is consistent with the HAMA-terminated polyurethanes
(Fig. S4-S6t). Finally, the resins were crosslinked by UV
irradiation (365 nm) after addition of 1 wt% of a radical
photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide, with FT-IR confirming full conversion of the methac-
rylate groups (Fig. S11-S137).
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Thermal characterization of these HAE-based Thermosets A,
B, and C by differential scanning calorimetry (DSC) reveals glass
transition temperatures around —60 °C for all three (Fig. S147),
corresponding to the PPG backbone. Thermal dissociation of
the HAE group via a retro-ene reaction is evinced by an endo-
thermic peak with an onset of around 170 °C, consistent with
literature reports.*> Thermal gravimetric analysis (TGA)
demonstrates high thermal stability, with all three thermosets
maintaining at least 99% weight at 200 °C (Fig. S157). The initial
weight loss increases in rate from C to B to A, correlating with an
increasing density of HAEs, presumably as further decomposi-
tion reactions occur after thermal dissociation of the HAE
group.**

HAE-based Thermosets A, B, and C exhibit robust mechan-
ical properties, with good flexibility and stretchability (Fig. 3a).
Tensile tests reveal the stress—strain behavior of these materials,
with representative curves in Fig. 3b, showing purely elastic
deformation without yielding or plastic deformation, consistent
with a crosslinked material. We find that the decrease in
crosslink density from A to B to C correlates with a decrease in
Young's modulus (Fig. 3b labels) but an increase in strain at
break, with C exhibiting up to a remarkable 250% strain at
break. Thermoset B has the highest ultimate tensile strength of
the three, at 2.1 MPa. As a control experiment, we synthesized
a non-polyurethane, HAMA-terminated PPG resin (PPG-HAMA)
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(a) Representative images of Thermoset B. Scale bar =1 cm. (b) Representative stress—strain curves of tensile tests of Thermosets A, B, and

C, as well as a non-polyurethane control, PPG-HAMA, with similar molecular weight as B. Young's moduli shown in parentheses in the labels

(averaged over 3 trials with the following standard deviations: 0.2, 0.13,

and 0.14 MPa, respectively). (c) Stress—strain cycling tests of Thermosets

A, B, and C, showing robust elasticity and minimal plastic deformation. (d) Rheometric measurements of Thermosets A, B, and C from 25 to 150 °
C, showing that mechanical stability is maintained up to high temperatures.
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with a similar average molecular weight as B (see ESI} for
synthetic details). Without hydrogen-bonding urethane groups
like in B, crosslinked PPG-HAMA suffers from inferior
mechanical properties such as strain at break, ultimate tensile
strength, and toughness (Fig. 3b). Thus, the polyurethane-based
synthetic design is crucial to creating mechanically useful
photocrosslinked thermosets.

In addition to tensile tests, stress-strain cycling tests were
performed to demonstrate the elasticity of these materials
(Fig. 3c). All three thermosets experience very stable stress-—
strain behavior over three cycles, indicating good elasticity and
minimal plastic deformation, flow, or breakage of crosslinks.
The occurrence of hysteresis after only the first elongation, and
not in subsequent cycles, suggests this is due to slippage of the
sample in the instrument and not deformation. Lastly, the
temperature stability of the mechanical properties of the ther-
mosets was probed by rheometry. We measured the storage and
loss moduli of each thermoset at 1 Hz oscillatory strain while
heating from 25 to 150 °C. As shown in Fig. 3d, the storage
moduli of all three thermosets remain generally stable up to
150 °C, indicating high thermal stability, while the slight
decrease in storage and loss moduli with increasing tempera-
ture suggests dissociation of hydrogen bonds at higher
temperatures.’” From C to B to A we find progressively smaller
decreases in storage moduli upon heating, with A experiencing
a slight increase at high temperature. We attribute this to
a greater contribution of entropic elasticity, which causes an
increase in storage modulus at higher temperatures, at higher
crosslink densities.

We next explored the viability of Resins A, B, and C for 3D
printing in a Continuous Liquid Interface Production (CLIP)
system.*® In the CLIP system, resins must be able to flow to
maintain the continuous liquid interface between a printed part

Fig. 4 Thermosets A, B, and C 3D-printed by the CLIP system. Scale
bar =1cm.
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and the window.* The resins demonstrated Newtonian flow,
with the viscosities measured to be in the range of 10-19 Pa s
(see Fig. S187), indicating suitability for printing. We used an in-
house-built printer with 30 um pixel size (see ESIT for detailed
methods).* Using the CLIP system, we were able to achieve the
printing of various complex geometries, demonstrating the
versatility and precision of this fabrication method (Fig. 4).
Rheometric measurements show similar storage moduli of the
3D-printed thermosets compared to that of the bulk UV-cured
samples (Fig. S167).

Lastly, to establish the recyclability of these materials, we
investigated their chemical degradation behavior and material
recovery. As shown in Fig. 5a, acid-catalyzed degradation of the
HAE linkages was performed by soaking the thermoset in dilute
acidic methanol, which results in a polyurethane diol and
a small amount of PMAA byproduct (the latter comprising
a mass fraction of 2.5-8.0% of the thermoset based on stoi-
chiometric calculations). Notably, this degradation strategy
does not require harsh conditions or excess chemical reagents.
Degradation was demonstrated on the 3D-printed thermosets,
resulting in full dissolution within hours in 0.05 M HCI in
methanol (Fig. 5b for B and S197 for A and C). We quantified the
degradation process by monitoring the residual dry weights of
the solids over time, alongside control experiments in pure
methanol, 0.05 M HCI in water, and pure water. As shown in
Fig. 5¢, 2 x 4 x 4 mm pieces of the thermosets completely
degraded and dissolved in acidic methanol within 1-3 hours,
with degradation rate increasing from A to B to C. SEC analysis
shows minimal change in molecular weights pre-crosslinking
vs. post-degradation (Fig. S2071), indicating negligible degrada-
tion of the polyurethane backbones. On the other hand, in the
control experiments, the thermosets remained stable for up to 2
weeks, with =2% weight loss under acidic or neutral aqueous
conditions (Fig. 5c inset), suggesting good resistance to mois-
ture. In pure methanol, =90% weight was maintained after 2
weeks. As most of this weight loss occurs within the first day
and then slows down, we attribute this primarily to swelling in
methanol and subsequent diffusion of small amounts of
residual non-crosslinked chains out of the material, in addition
to slow hydrolysis of the HAE group (see Table S17 for swelling
ratios of the thermosets).

With the use of HAE as the degradable linkage, the byprod-
uct PMAA is easily removed by taking advantage of its acidic
nature (Fig. 5a), whereas this is not possible with an analogous
acetal group. This purification process recovers a polyurethane
diol that can be recycled into other functional materials
(Fig. 5b). We compared two routes for the removal of PMAA: (1)
by an ion-exchange resin, Amberlyst A21, containing tertiary
amine groups, or (2) by aqueous base wash using NaHCO; (see
ESIt for detailed procedures). Both methods effect complete
removal of PMAA from the degraded material, as shown by NMR
analysis (Fig. 5d). Yields of the recycled polyurethanes are
higher with the ion-exchange resin method (94-97%) compared
to the base wash method (85% for B; see Table S47 for tabulated
data), and the ion-exchange resin can be regenerated using
NaOH for a circular process.** Full NMR spectra of the recycled
polyurethanes from A, B, and C are shown in Fig. $21-S23.7

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the acid-catalyzed degradation of Thermosets A, B, and C, whereby cleavage of the HAE linkage produces a polyurethane

diol, which can be recycled into other functional materials, and a poly(methacrylic acid) (PMAA) byproduct, which is easily removed by either
aqueous base wash or ion-exchange resin. (b) Timelapse photos of the degradation of Thermoset B in 0.05 M HCl in methanol, along with the
recovered polyurethane diol. (c) Residual dry weights of the thermosets during the degradation process in 0.05 M HCl in methanol over time.
Averaged over 3 trials; dimensions of samples are 2 x 4 x 4 mm. Inset graph: control experiments in pure methanol, pure water, and 0.05 M HCl
in water. All lines are to guide the eye. (d) 'HNMR spectra showing complete removal of the PMAA byproduct from the recycled polyurethane diol
by either NaHCOs wash or ion-exchange resin, as evidenced by the disappearance of the CH, peaks of PMAA (1.8-2.2 ppm) after purification. B is

used as the example.

Conclusions

In conclusion, we have developed a modular, recyclable plat-
form for the design and construction of photocrosslinked
thermosets based on an acid-labile HAE linkage. The use of
a polyurethane backbone produces materials with high flexi-
bility and stretchability, and we investigate the influence of
their tunable composition on thermomechanical properties.
Acid-catalyzed degradation occurs readily in dilute acid, and the
PMAA byproduct is easily removed either by ion-exchange resin
or aqueous base wash, recovering a polyurethane diol that can
be reincorporated into functional materials. By merging tradi-
tionally nonrecyclable thermoset materials with degradable
bonds, we have demonstrated a material design with applica-
bility in the light-based 3D printing of flexible, stretchable, and
complex objects. Further studies will explore the incorporation
of a wider range of polymer substrates, such as polysiloxanes
and fluorinated polyethers, as well as the development of linker
chemistries that can realize fully closed-loop materials.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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