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Light-based processing of thermosets has gained increasing atten-
tion because of its broad application field including its use in digital
light processing (DLP) 3D printing. This technique offers efficient
design and fabrication of complex structures but typically results in
non-recyclable thermoset-based products. To address this issue,
we describe here a photocurable, dynamic f-amino ester (BAE)
based cross-linker that is not only suitable for DLP printing but
can also be chemically degraded via transesterification upon the
addition of 2-hydroxyethyl methacrylate (HEMA) as a decross-
linker. This conceptually new protocol allows for efficient depoly-
merization with the direct restoration of curable monomers in a
single step without the addition of external catalysts or solvents. By
implementing this protocol, we have established a chemical recy-
cling loop for multiple cycles of photo-cross-linking and restora-
tion of cross-linkers, facilitating repeatable DLP 3D printing without
generating any waste. The recycled materials exhibit full recovery
of thermal properties and Young's modulus while maintaining 75%
of their tensile strength for at least three cycles. Simultaneously, the
presence of BAE moieties enables the (re)processability of these
materials through compression molding.

Introduction

The escalating accumulation of plastic waste, especially of non-
recyclable thermosets, has become a global concern that
requires substantial efforts from the scientific community to
address." Thermosets are covalently cross-linked polymeric
materials that are well known for their exceptional mechanical
performance and thermal stability, which makes them suitable
for advanced applications in a wide range of industrial
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Direct restoration of photocurable cross-linkers
for repeated light-based 3D printing of covalent
adaptable networksf
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New concepts

First of all, not only the broadly applicable dynamic -amino ester chemistry
has been applied for the first time on digital light-based processing (DLP 3D
printing) of covalent adaptable networks (CANs) but the necessary
photocurable cross-linkers have also been synthesized via a catalyst-free and
up-scalable procedure from cost-effective building blocks. Although the first
printable CANs to establish recyclable 3D printing have been reported
recently, the repeated printing typically necessitates chemical recycling
processes with costly catalysts or monomers and/or complex procedures
that undermine the sustainability of this technology. To address these
concerns, we established in this study a novel approach for closed-loop
chemical recycling, enabling the direct regeneration of photocurable cross-
linkers from cross-linked networks without any post-functionalization that is
typically required in most of the current state-of-the-art protocols. In
summary, the implementation of this pioneering protocol facilitates a
repeatable DLP 3D printing process in a solvent- and catalyst-free way, and
thus contributes to its potential industrial breakthrough.

sectors.””” However, due to their stable cross-links, such mate-
rials or derived composites are generally not recyclable, thus
typically resulting in incineration or landfilling after use.®™°
With advancements in polymer and material science, covalent
adaptable networks (CANs), also referred to as dynamic poly-
mer networks, have emerged as a promising solution for
reducing this thermoset-related pollution, and the first pro-
ducts have been commercialized."'™*> More specifically, this
new class of polymeric materials contains bonds that are
reversible by applying activated stimuli, and thus enabling
the material to be recyclable while retaining its excell-
ent performance at service conditions.’®"® A wide range of
dynamic chemistry platforms has been explored over the past
decades, which finally enabled the recycling via thermo-
mechanical (or physical) processing such as injection molding
or hot pressing.”*>* Despite some limitations related to energy
consumption and thermal degradation, these recycling appro-
aches could potentially be used with conventional thermoplas-
tic processing techniques, which are widely used in plastics
manufacturing.*>*2°
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Besides the well-established physical processing techniques
for polymeric materials, significant attention has been recently
directed towards photo-induced cross-linking, owing to its key
advantages such as rapid and efficient processing. This is
particularly beneficial in the context of 3D printing applica-
tions, where speed and precision are crucial.”’° Light-based
3D printing techniques, especially digital light processing
(DLP), also referred to as additive manufacturing, potentially
enable the design and fabrication of complex structures that are
applicable in for example robotics, medicine, and aviation.>'~*
However, conventional printable polymeric resins typically result in
permanent networks that possess limited capabilities for (re)pro-
cessing and repairing, particularly in scenarios of printing failure
or when end-of-use product modifications are desired.***” Unfor-
tunately, these limitations render the majority of existing 3D
printing technology unsustainable in the current mainstream of
plastic waste management approaches, for which circularity is
targeted.

To address this environmental issue, several dynamic chemistry
platforms making use of thiourethanes, carbamates, disulfides,
boronate esters, and Diels-Alder chemistry, have been utilized in
photochemistry over the past years to synthesize photo-cross-
linkable CANs that are potentially applicable for 3D printing.>**®
In 2018, Zhang et al. developed a UV-curable resin with dynamic
properties based on transesterification, accelerated by Lewis acid,
that enabled successful fabrication of healable/recyclable dynamic
polymer networks via DLP 3D printing.*® Inspired by this work, Li
et al. subsequently introduced a method to recycle such networks
by grinding them into a powder and mixing them with a
UV-curable resin, establishing a re-printable recycling process.>
While this mechanical recycling approach enables circular 3D
printing, achieving high printing resolution and full recovery of
properties necessitate fine grinding into microparticles and a post-
treatment at elevated temperature (180 °C), which may cause
undesirable degradation. Chemical recycling offers a promising
alternative by recovering monomers or oligomers that can be
reused as fresh reagents to (re)produce products, ideally, without
sacrificing performance.*”*"* In light-based processing, chemical
recycling is especially valuable because it preserves the photo-
responsive chemical functionalities and therefore enables repeata-
ble photocuring, which recently emerged as an attractive strategy.

In 2023, Bowman et al. demonstrated a method to degrade
printed thioester-based CANs by adding tetrathiol and triethyl-
amine as a catalyst, yielding thiol-functionalized solutions that
could be photo-cured and thus (re)printed via thiol-ene
reactions.®® Later in the same year, Zhang et al. introduced a
B-carbonyl ester that enables transesterification without the
need for external catalysts, and successfully implemented it in
photocurable cross-linkers, which can be 3D printed.>* More-
over, the resulting CANs could be reverted into photocurable
resins through a two-step process, which involves the dissolu-
tion of the networks in ethylene glycol via transesterification
and subsequent acrylate functionalization, allowing for
repeated 3D printing processability. Very recently, Dove and
coworkers reported circular resins for additive manufactur-
ing through the synthesis of photoreactive cyclic disulfide

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic overview of: (A) exchange mechanism of B-amino ester
chemistry that can be thermally activated, enabling dynamic exchange via
two pathways including (retro) aza-Michael addition and transesterification
(in the presence of hydroxyl groups); (B) the implementation of B-amino
esters to design a circular chemical recycling protocol. HEMA is applied as
a decross-linker for the regeneration of photocurable cross-linkers.

monomers, which could undergo reversible (de)polymerization.
The disulfide groups enabled the dissolution of the photocured
networks to regenerate monomers with up to 98% yield, thus
successfully establishing one of the most efficient light-based
processing to date.”® Despite significant progress over the past
decade, closed-loop photo-processing of CANs is still challeng-
ing and mostly requires costly catalysts or monomers, solvents
and/or complex procedures that potentially undermine the
sustainability of CANs.*®”°

Taking advantage of the catalyst-free and easily upscalable
dynamic B-amino ester (BAE) platform, which allows the fabri-
cation of highly creep resistant CANs (up to 100 °C), initially
developed by our research group in 2021 from acrylates and
primary amines as bulk chemicals (see Fig. 1A),°"~°° one of the
objectives of this research is to develop dynamic cross-linkers
containing BAEs that can be photocured and are applicable for
3D printing. Furthermore, based on the dynamic nature of BAE
moieties, we aimed in this study for the straightforward
chemical recovery of the obtained dynamic networks to the
initial cross-linkers, thus offering closed-loop photocuring
processing.

In particular, we will first introduce the one-step design of a
difunctional (meth)acrylate terminated cross-linker containing
BAE as dynamic moieties for its use in vat photopolymerization,
which is well established in light-based 3D printing.®"*> Sub-
sequently, it will be demonstrated how 2-hydroxylethyl metha-
crylate (HEMA) will be used as a reactive compound that we will
further refer to as a functional decross-linker, in which its
hydroxyl group can exchange with the activated ester cross-
links to degrade the network while simultaneously introduc-
ing new methacrylate functionalities. This newly established
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procedure allows for the direct regeneration of photocurable
cross-linkers, thus paving the way for repeatable DLP 3D
printing (Fig. 1B). Moreover, based on the presence of dynamic
BAESs, these networks can also be thermo-mechanically (re)pro-
cessed through compression molding, thus providing an addi-
tional recycling option.

Results and discussions

Our study started with the synthesis of an acrylate-terminated
B-amino ester-containing cross-linker to examine the feasibility
of chemical recycling of poly(B-amino ester)s (vide infra). For
this purpose, a low molar mass poly(B-amino ester) cross-linker
(BAEC) was synthesized via a one-step, upscalable and quanti-
tative aza-Michael addition between commercially available
building blocks, ie. 1,6-hexanediol diacrylate (1, 1.25 eq.) and
4,4'-trimethylenedipiperidine (2, 1.0 eq.) (Fig. 2A and Fig. S1 and
S2, ESIT). The cyclic secondary bisamine 2 was specifically chosen
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because of its commercial availability and cost-effectiveness,
compared to linear bifunctional secondary amines.****

The depolymerization of the poly(f-amino ester)s was exam-
ined by adding various amounts of HEMA as a functional
decross-linker, as schematically depicted in Fig. 2B. HEMA
was chosen because of the lower propagation rate of methacry-
late compared to acrylate monomers, which helps to minimize
undesirable homopolymerization at elevated temperature.®***
The reaction kinetics, followed by SEC-analysis, indicated a
temperature-dependent transesterification, in which the depoly-
merization of BAEC was significantly faster at 100 °C, com-
pared to the same experiment at 80 °C (Fig. 2C). It should be
noted that the reaction temperatures were limited to 100 °C in
order to minimize undesired self-polymerization of the pre-
senting (meth)acrylates. Increasing the excess of HEMA to BAE
(non/neag) from 10 to 20 eq. considerably accelerated the
reaction while a further increase to 30 eq. did not lead to any
significant changes in the depolymerization rate. As observed
in the SEC analysis, the depolymerization of BAEC at 100 °C

C 2500
at 100 °C at 80 °C
= HEMA10 o HEMA10
e HEMA20 o HEMA20
A2°°° 4+ HEMA30 & HEMA30
‘_é NHEMA/NBAE
= 1500 -
2
=
=
1000 |

500 T T T T
0

0 10 30 60
Time (min)

(A) The synthesis of poly(B-amino ester) macromolecular cross-linker (BAEC) from 1,6-hexanediol diacrylate (1, 1.25 eq) and 4,

4'-trimethylenedipiperidine (2, 1.0 eq.); (B) general representation of the depolymerization process of linear BAEC in the presence of HEMA; (C) kinetics
of the depolymerization using varying HEMA content (i.e. 10, 20 and 30 eq. with respect to BAE moieties) at 80 and 100 °C, followed via SEC; (D) time
sweep result and (E) corresponding visualization of the decross-linking of BAE-based network (BEN) in HEMA (20 eq.) at 100 °C.
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reached a plateau after around 10 h, yielding a mixture with
number average molecular weight (M,,) of 700 g mol . Additionally,
electrospray ionization mass spectrometry (ESI-MS) confirmed that
the depolymerized mixture consists of methacrylate-terminated
compounds, thus providing experimental proof for the proposed
approach (Fig. S3, ESIt).

To apply this concept at the material level, BAEC was cross-
linked through free radical polymerization by exposure to UV
light in the presence of 2,2-dimethoxy-2-phenylacetophenon as
photoinitiator (DMPA, 1 wt%), yielding a BAE-based network
(BEN). Chemical recycling of BEN was attempted by immersing
the material in 10 eq. of HEMA (with respect to BAEs in the
material) at 100 °C for 1 h, resulting in incomplete dissolution
of BEN, which is ascribed to insufficient amount of the decross-
linker. On the other hand, clear solutions were obtained when
increasing the amount of HEMA to 20 or 30 eq., indicating
successful degradation (see Fig. S4, ESIT). These visual observa-
tions were further confirmed by a rheological time sweep
experiment. In fact, while SEC analysis indicated that the
depolymerization of the linear BAEC reached equilibrium after
approximately 10 h, the time sweep experiment performed on
the cross-linked material showed a much faster response. A
gradual decrease in complex viscosity, associated with decross-
linking, was observed within the first hour (Fig. 2D). This rapid
decross-linking accounts for the visual network dissolution as
seen in Fig. 2E and the time-lapse ESI-movie,f even though full
depolymerization proceeds over a longer time frame (as shown
by SEC analysis). In addition, a reference polyacrylate network
prepared from the photocuring of 1,6-hexanediol diacrylate,
maintained its structure in comparable conditions, hence
demonstrating the contribution of BAE moieties to the dynamic
nature of BEN (Fig. S5, ESIT).

In order to reduce the viscosity of the photocurable resin
(PCR) to a range that is typically applied for DLP 3D printing
(<4 Pa s "), mixtures of BAEC and HEMA were prepared in
varying amounts. With increasing HEMA concentration, a sig-
nificant decrease in viscosity (from 7 to less than 1 Pa s~ ') was
observed, while gel times remained below 10 s (up to 50 wt% of
HEMA) (Fig. S6, ESIt). This characteristic supports the
potential use of the resin in DLP 3D printing, which typically
requires a low-viscous PCR and a quick sol-to-gel transition.
Besides, the addition of HEMA improved the hydrolytic resis-
tance of the networks since those containing HEMA all showed
slower hydrolysis rates compared to BEN without additional
monomer (Fig. S7, ESIt). However, when more than 20 wt% of
HEMA was added (BEN-30 to BEN-80), the gel fraction signifi-
cantly decreased during the hydrolysis test, indicating that
exceeding this limit could compromise the network’s stability
and should therefore be avoided. Based on the viscosity and
hydrolytic stability studies, BEN-20 was thus selected for further
investigations.

Besides the primary objective of establishing a chemical
recycling methodology, the dynamic nature of BAEs provides
the photocured materials also with the potential for a thermo-
mechanical (re)processability. Therefore, we investigated the
feasibility of (re)processing the photocured BEN-20 network by

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Thermo-mechanical recycling of photocured BEN-20 through
compression molding at 150 °C under 2 tons of pressure for 30 min.
(B) Stress—relaxation curves and (C) Arrhenius plots of BEN-20 after the
first recycling via compression molding.

compression molding. The results showed that the dynamic
network BEN-20 could indeed undergo compression molding
(at 150 °C under 2 tons of pressure for 30 min) yielding a
homogeneous sample (Fig. 3A). In contrast, the reference net-
work without BAE bonds did not exhibit any (re)processability
(Fig. S8, ESIT). Further rheological analysis through frequency
sweep measurements shows a drop in storage modulus with
increased temperatures, which corresponds to a loss of cross-
link density and reflects the contribution of dissociative
exchange via (retro) aza-Michael addition (Fig. S9, ESIY).
Finally, stress-relaxation measurements demonstrated the abil-
ity to relax the applied stress in the BEN-20 network, resulting
in an activation energy of approximately 105 kJ mol ™" (Fig. 3B
and C). Although the shear modulus and activation energy of
the three-times remolded sample (BEN-20R3) slightly increased
(Fig. S10, ESIt), no notable change in thermal properties and
chemical character was observed via DSC and FT-IR, which
proves the effective (re)processability of this photocured mate-
rial (Fig. S11 and S12, ESIY).

Returning to the primary focus of this study, the conceptual
process for chemical recycling is displayed in Fig. 4. After
freshly preparing BEN-20 (Fig. 4A), the network was immersed

Mater. Horiz., 2024, 11, 6408-6415 | 6411
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Fig. 4 Overview of the recycling process. (A) B-Amino ester-based networks were prepared by exposing a photocurable resin comprising BAEC, HEMA
and photoinitiator to UV light (1-range: 320-400 nm). (B) HEMA was added as a functional decross-linker, wherein hydroxyl groups de-cross-linked the
network via transesterification and simultaneously introduced methacrylate groups, resulting in the recovery of dynamic crosslinkers.

in HEMA (BEN-20/HEMA = 1/9 wt/wt, vide supra) to perform the
depolymerization at 100 °C for 16 h (Fig. 4B). The obtained
depolymerized mixture was directly reused as a photocurable
resin, with an estimated concentration of BAEC of 10 wt% in
HEMA. Technically, the excess of HEMA could be extracted by
distillation to recover the reagent, or to modify the photocur-
able resin composition. However, from a proof-of-concept
perspective, fresh BAEC was introduced to adjust the composi-
tion to 20 wt% of HEMA. The reformulated PCR was then cured
under UV light, resulting in BEN-20U1 (name refers to a
chemically recycled network).

The recycling efficiency of the resins was assessed through
mechanical characterization. In the tensile test results, a sig-
nificant loss in mechanical strength was observed with a drop
in ultimate stress from 14 MPa of the original BEN-20 to 7 MPa
of the recycled BEN-20U1 (neat) network (Fig. 5A).

A potential reason for that behavior is the fact that not only
photocurable methacrylate compounds were obtained in the
depolymerized solution, but also a fraction of unfunctiona-
lized, hydroxyl containing molecules that act as defects, thus
impacting the recycled material properties (Fig. S13, ESIt). The
presence of small compounds caused a slight decrease in T,
(from —15 to —20 °C) of BEN-20U1 (neat) as a result of the
plasticizing effect. On the other hand, larger uncross-linked
compounds seem to introduce another small T, transition at
around 65 °C ascribed to phase separation (Fig. 5B). At that
point, we hypothesized that these defects could be integrated
into the networks as their hydroxyl groups might undergo
transesterification with the BAE moieties, potentially restoring
the mechanical strength (Fig. 5C). Indeed, a time sweep experi-
ment conducted at 120 °C showed an increase in storage
modulus, suggesting the recovery of mechanical properties
based on the covalent integration of the compounds into the

6412 | Mater. Horiz., 2024, 11, 6408-6415
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Fig. 5 (A) Stress—strain curves of the initial BEN-20 network (black line) and

the recycled network before and after thermal treatment (red dashed and solid
lines, respectively). (B) DSC thermogram of the recycled network BEN-20U1
with and without thermal treatment (red solid and dashed lines, respectively)
compared to the original network BEN-20 (black line). (C) Schematic repre-
sentation of the integration of hydroxyl-containing uncross-linked molecules
into the network (top), promoted by transesterification (bottom).

network (Fig. S14, ESIt). For this reason, an additional thermal
treatment of the recycled network was performed. As antici-
pated, BEN-20U1 could restore its ultimate stress and unique T,
after 2 h of thermal treatment at 120 °C, revealing the effective
recovery of its properties (Fig. 5A and B).

The material properties of the original material and the
recycled ones (after thermal treatment) in Table 1 indicate that

This journal is © The Royal Society of Chemistry 2024
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Table 1 Overview of material properties for the original (BEN-20UO) and recycled BAE-based covalent adaptable networks (BEN-20U1 to U3
correspond to the material after 1 to 3 times of chemical recycling, respectively)

Network T," (°C) Tas0” (°C)  Swelling ratio® (%) Soluble fraction® (%) Ultimate stress? (Pa) Total elongation? (%) Modulus? (MPa)
BEN-20U0 —14 251 649 + 46 4.7 £ 0.3 16.3 + 1.1 136 =9 29.7 £ 9.3
BEN-20U1 —-17 253 465 + 85 4.4+ 0.3 15.8 £ 1.9 122 £1 29.6 £ 4.0
BEN-20U2 21 248 483 £ 19 4.0 £ 0.9 12.0 + 0.8 95 £5 21.8 £ 3.3
BEN-20U3 —16 253 438 £ 15 3.3+0.5 12.6 + 2.0 80 £ 12 27.1 £ 5.1

“ Determined from DSC analysis (10 °C min ). ” TGA onset temperatures after 5% weight loss. © Obtained after swelling in chloroform at room
temperature for 24 h. ¢ Determined from tensile testing (0.02 N preload and 4 mm min~%).

the recycled network BEN-20U1 could indeed recover its ther-
mal properties (T, and Tq), compared to the original BEN-20
with a low soluble fraction (<5%).

Besides the lower swelling degree and elongation at break,
attributed to the change in cross-link density of BAE-20U1,
comparable ultimate tensile strength and Young’s modulus
were obtained, indicating an almost full recovery of properties
after recycling. The chemical recycling protocol has been
repeated 3 times, showcasing fully restored thermal properties
and retaining up to 75% of the tensile strength, while preser-
ving photocurable capability as well as chemical characteristics
for at least three cycles (Table 1 and Fig. S15 and S16, ESI¥).

To take this protocol a step further into a 3D printing
application, we conducted DLP 3D printing on the dynamic
photocurable resin BEN-20 (BAEC solution with 20 wt% of
HEMA). This technique allows to project digitalized UV pat-
terns onto photocurable resins, locally curing them to build up
3D structures layer-by-layer. The successful fabrication of sim-
ple cube and heart shape structures in this proof-of-concept
experiment is shown in Fig. 6, highlighting the suitability of
this particular resin for 3D printing.

Additionally, multiple printing steps were performed with
recycled PCR to assess the repeatability of this procedure. The
resulting samples exhibited consistent shapes with no signifi-
cant change in appearance for at least three cycles, thus
demonstrating the repeatable printability after chemical recy-
cling (Fig. S17, ESIT).

= 1mm

Restoration of
cross-linkers

Objective lens Footlstock

Light source i Wl

DLP 3D PRINTING

Fig. 6 Illustration of repeatable DLP 3D printing using a dynamic photo-
curable resin.
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Conclusions

In this study, a photocurable dynamic cross-linker, based on
poly(B-amino ester)s, has been successfully synthesized from
readily available bulk chemicals. By using HEMA as a func-
tional decross-linker, the photo-cured networks can be
degraded via transesterification within 1 h at 100 °C. Kinetic
analysis using SEC indicated that the catalyst-free depolymer-
ization of BAEC yields methacrylate-comprising oligomers
(characterized by ESI-MS analysis), which can be reused as
cross-linkers, thus establishing a closed-loop chemical recy-
cling protocol. By combining BAEC with the bulk monomer
HEMA, photocurable resins with low viscosity (below 4 Pa s~ )
and short gel time (<10 s), applicable for DLP 3D printing,
have been obtained. The implementation of such protocol has
allowed full recovery of the thermal properties and Young’s
modulus of the recycled materials, while maintaining 75% of
the tensile strength and the photocurable function for at least
three cycles. Subsequently, repeated DLP 3D printing has been
demonstrated to fabricate 3D structures. In addition to the
primary focus on chemical recycling, the obtained dynamic
network also exhibits a potential for efficient thermo-
mechanical recycling. (Re)processability was demonstrated by
compression molding, showing an activation energy of approxi-
mately 110 k] mol ™" and no significant change in properties of
the (re)molded materials for at least three times.
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