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ABSTRACT: The permanently crosslinked nature of thermosets
fundamentally prevents recycling, creating persistent waste and
environmental challenges. Among high-performance thermosets,
polydicyclopentadiene (pDCPD) is widely used in transportation
and infrastructure, yet most end-of-life material is landfilled or incin-
erated because its irreversibly crosslinked network resists conven-
tional reprocessing. Here, pDCPD, a polynorbornene-based
thermoset valued for its mechanical strength, chemical resistance,
and compatibility with additive manufacturing, is upcycled into a
dynamic covalent network (DCN) by introducing imine linkages.
A two-step thiol–ene/imine sequence converts the permanent net-
work into a (re)processable vitrimer-like material. Our dynamic
0083
pDCPD preserves high mechanical performance, exhibiting more
3d.​pdf 
than a 7-fold higher elastic modulus retention after recycling compared to its unmodified counterpart. Reversible imine chemistry also
imparts intrinsic healing capability, reducing the incision width by ∼92% under simple, free-standing thermal treatment. This strategy
establishes a practical route to convert pDCPD waste into DCNs, advancing sustainable thermoset design.
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Grise, driven by their durability, lightweight design,
energy-efficiency benefits, and ease of processing.1,2

Thermosetting polymers account for approximately 65 million
tons of annual production, representing nearly one-fifth of the
total global polymer output by mass.3 Thermoset polymers
present significant challenges for recycling/upcycling compared
with thermoplastics, arising from their permanently crosslinked
covalent networks that necessitate harsh chemical or thermal
conditions for depolymerization.4–7 Consequently, most end-
of-life thermoset polymers are still managed by incineration or
landfilling, processes that heighten environmental concerns
due to resource loss and potential pollutant generation.8–10

Upcycling offers a valuable complementary strategy to address
these limitations, involving the reprocessing of materials to
impart enhanced properties, functionality, processability, or
overall value, ideally within circularity.11,12 Incorporating
dynamic (reversible) covalent bonds into thermoset polymers
yields dynamic covalent networks (DCNs) that enable efficient
reprocessing, repair, and value-added upcycling, providing a
promising route for end-of-life management while improving
overall material sustainability.13–25 Within these networks, the
dynamic chemistries allow efficient bond exchanges under
external stimuli (e.g., heat, pH, or light), or controlled bond
products that are amenable to closed-loop recycling and upcy-
cling pathways.4,15,26–33

Polydicyclopentadiene (pDCPD) is a widely utilized thermo-
set polymer, recognized for its exceptional thermomechanical
properties, impact resistance, and tunable material
characteristics.34–38 The unique combination of durability and
low density makes pDCPD particularly attractive for transporta-
tion, construction, agriculture, energy, and defense sectors.39–41

pDCPD is synthesized via ring-opening metathesis polymeriza-
tion (ROMP) of dicyclopentadiene (DCPD), a process typi-
cally catalyzed by transition metal complexes such as
molybdenum, tungsten, or ruthenium.42–44 Recently, this chem-
istry has emerged as a versatile strategy in the additive
manufacturing (AM) of robust, intricate, high-resolution struc-
tures that are unattainable through conventional processing
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techniques.45,46 Despite the impressive mechanical, thermal,
and chemical stability that makes pDCPD so valuable, these
same attributes hinder its recyclability, leading to the buildup
of persistent, non-degradable waste.8,39,47 To address this chal-
lenge, several dynamic bonding motifs have been recently incor-
porated into pDCPD networks, including Diels–Alder,48 silyl
ether,41,49,50 and boronic ester linkages,37 to impart reprocessa-
bility via dissociative or associative pathways. In dissociative sys-
tems such as Diels–Alder adducts, bonds must first cleave
before reassociating, whereas associative silyl ether and boronic
ester vitrimers rely on bond-exchange reactions that typically
require added catalysts or tailored comonomers for efficient
stress relaxation. Compared to pDCPD vitrimers that require
such comonomer reformulation and catalysts, our postsynthetic
approach achieves comparable reprocessability with a simpler,
catalyst-/additive-free workflow, in which imine bonds, particu-
larly those that undergo transimination, provide catalyst-free,
associative bond exchange and robust environmental toler-
ance.51,52 Dynamic imine chemistry stands out as one of the
most well-studied approaches, offering an adaptable and effi-
cient method for polymer functionalization, while enabling
reprocessability, malleability, and self-healability without disso-
ciating bonds that compromise network stability.53–59

Here, we present a chemical strategy for upcycling additively
manufactured pDCPD by introducing dynamic imine linkages
to construct DCNs capable of associative transimination
(Figure 1). This design addresses the persistent challenge of
pDCPD waste recycling/upcycling by enabling associative net-
work rearrangement, effectively converting a permanently cross-
linked thermoset into a reprocessable vitrimer-like material.
Unlike prior approaches that require substantial reformulation,
this design activates reversible network rearrangement with
minimal modification to the parent thermoset, without using
Figure 1. Schematic illustration of the chemical upcycling design that
transforms a 3D-printed polydicyclopentadiene (pDCPD) thermoset
into a dynamic covalent network (pDCPD-DCN) through the incor-
poration of dynamic imine linkages. The pDCPD network is first gen-
erated by stereolithography (SLA) of a dicyclopentadiene (DCPD)
resin via photoinduced ring-opening metathesis polymerization
(PhotoROMP), followed by dynamic imine formation to convert the
irreversible thermoset into a reprocessable DCN. The structure shown
for pDCPD-DCN depicts modification along the main chain for simply
representing the reaction chemistry; we note that the thiol–ene and
imine-forming reactions can occur at multiple unsaturated C=C sites
at different locations, including the main backbone, pendant chains,
and cycloalkenes, to yield a dynamic network.
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catalysts or additives to dissociate the existing network structure
of pDCPD. The resulting networks exhibit efficient recyclability
and reprocessability over multiple cycles while preserving excel-
lent structural integrity. Beyond imparting malleability and heal-
ing, integrating imine linkages into the pDCPD polymer
backbone also improves its mechanical strength, demonstrating
that dynamic covalent chemistry can deliver both robustness
and circularity simultaneously. These results highlight a general-
izable route for upcycling pDCPD and underscore the potential
of imine-based DCNs to advance sustainable thermoset tech-
nologies that support circular material lifecycles.
Stereolithography (SLA)-printed pDCPD (pDCPD-pristine)

was chemically upcycled via a sequential dynamic covalent
modification process, analogous to approaches reported for
ABS-vitrimers by Kim et al.59 We leveraged the unsaturated
double bonds inherently within pDCPD networks for
thiol–ene, “click” chemistry,60–62 enabling attachment of cyste-
amine and thereby introducing primary amine functionalities.
The amine-functionalized polymer (pDCPD-amine) was subse-
quently reacted with glutaraldehyde crosslinker, a short-chain
dialdehyde, to induce dynamic imine bond formation, yielding
the targeted pDCPD-DCNs (pDCPD-imine) (see Supporting
Information, Experimental Section 1.4 for more details), as
illustrated in Figure 2a,b. The incorporation of the thiol–ene
step and subsequent imine formation within the 3D‑printed
samples was supported by solid‑state NMR (ssNMR) spectros-
copy (Figure 2c). The ssNMR spectra showed a pronounced
decrease in olefinic carbon signals (∼120 ppm),63 suggesting
consumption of unsaturated double bonds in pendant chains
during the thiol–ene reaction. The three spectra showed a reso-
nance at ∼131.6 ppm, which is assigned to overlapping unsatu-
rated C=C sites in the main backbone and cyclopentene
rings.64–66 Because this resonance is the most prominent shared
peak across all three samples, we used it as a common reference
for spectral comparison. Concurrently, an increased intensity in
the aliphatic carbon region (30–60 ppm)64–66 was observed for
pDCPD-amine, consistent with the incorporation of the cyste-
amine linker. Following imine formation, pDCPD‑imine exhib-
ited a further increase in aliphatic signal intensity compared to
pDCPD-amine, reflecting additional aliphatic carbon contribu-
tions from the aldehyde‑derived crosslinker functionalities.
Notably, the feature at ∼39.5 ppm, assigned to the
cysteamine-derived C–N linkage,67 increased from pDCPD-
pristine to pDCPD-amine and remained largely unchanged
upon conversion to pDCPD-imine, supporting retention of
the cysteamine-derived C–N linkage during subsequent imine
formation. Complementary Fourier-transform infrared (FTIR)
analysis further supports functionalization at multiple unsatu-
rated sites within the pDCPD network (Figure S1). The
FTIR band at ∼972 cm–1 is assigned to bending vibrations of
trans C=CH units in acyclic diene segments (main backbone
and pendant chains), whereas the band near 754 cm–1 corre-
sponds to C=CH vibrations of cyclopentene rings.64,66,68,69

After thiol–ene functionalization and imine formation, the
intensities of both bands decreased, consistent with consump-
tion of unsaturated sites in the backbone, pendant chains, and
cyclopentene rings. Collectively, these spectroscopic observa-
tions support successful thiol–ene modification and subsequent
imination, consistent with the desired dynamic network
formation.
Network changes induced by the introduction of a low con-

centration of dynamic imine bonds were quantified by swelling
https://doi.org/10.1021/acsmaterialslett.6c00833
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Figure 2. Schematic illustration of the sequential thiol–ene/imine functionalization from SLA-printed pDCPD-pristine to dynamic covalent
pDCPD-imine networks. (a) Thiol–ene functionalization of pDCPD-pristine to introduce amine functionality using cysteamine to produce
pDCPD-amine, followed by (b) imine formation with glutaraldehyde to yield pDCPD-imine. The structures are shown as a representative example
of network modification for simplicity. We note that the thiol–ene reactions can take place at multiple alkene (C=C) sites within the network, includ-
ing the main backbone, pendant chains, and cycloalkenes (Figure S1). (c) One-dimensional solid-state 13C cross-polarization (1D ss 13C CP NMR)
spectra are shown for pDCPD-pristine (blue), pDCPD-amine (red), and pDCPD-imine (green). All spectra were normalized to the C=C resonance
at 131.6 ppm, which is assigned to unsaturated carbon sites in the main backbone and cyclopentene rings, to facilitate comparison of the aliphatic
region (30–60 ppm).64–66 A resonance in the olefinic region at ∼120 ppm is assigned to alkenes in the pendant chains.63 Residual solvent peaks
(THF used in the synthesis) are marked by gray arrows. An expanded view (highlighted in green) of the aliphatic region centered at ∼39.5 ppm
shows increased signal intensity in pDCPD-amine and pDCPD-imine relative to pDCPD-pristine. This resonance is consistent with the C–N envi-
ronment introduced during the thiol–ene step and retained upon imine formation.67
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measurements and the Flory–Rehner analysis to determine the
crosslink density (x) of the networks (see Supporting
Information, eqs 1–5).70–72 As shown in Figure 3a and
Table S1, conversion of pDCPD-pristine to pDCPD-amine
increased the crosslink density from 1.55 ± 0.03 to 1.71 ±
0.05 mmol cm–3. This enhancement could be attributed to
the generation of primary amine groups following consumption
of C=C bonds via thiol–ene addition, promoting additional
branching and entanglement-like topological constraints,
thereby yielding a more compact network.73 This densification
is also likely promoted by the presence of secondary interac-
tions, particularly hydrogen bonding between amine groups
and the pDCPD backbone, which tighten the swollen net-
work.74,75 Introduction of dynamic imine crosslinks via reaction
of pDCPD-amine with dialdehyde led to the highest crosslink
density (1.85 ± 0.04 mmol cm–3), confirming the formation
of effective covalent imine linkages that enable reversible net-
work rearrangement.52 The mechanical integrity of the swollen
networks was further evaluated by gravity-induced deformation
after 24 h of immersion in tetrahydrofuran (THF). The
pDCPD-pristine exhibited pronounced bending (Figure 3b),
consistent with its relatively low crosslink density and limited
resistance to swelling. By comparison, pDCPD-amine showed
diminished bending, reflecting a tighter network with enhanced
interchain interactions, such as hydrogen bonding and other
physical associations. Remarkably, the pDCPD-imine sample
demonstrated minimal deflection under gravitational load, high-
lighting the reinforced stiffening effect achieved by the addition
of dynamic imine crosslinks. These reversible, yet mechanically
robust, covalent crosslinks significantly enhance matrix stiffness
2809
and uphold structural integrity even in solvent-swollen condi-
tions.76,77 Mechanical properties of the networks were evaluated
by tensile testing (Figure S2 and Table S2). The pDCPD-imine
network displayed a higher ultimate tensile strength (UTS ∼
21.23 ± 3.10 MPa) than pDCPD-pristine (19.91 ±
1.63 MPa). Notably, the Young’s moduli (E) of all networks
remained comparably similar (E(pDCPD-pristine) = 1.02
GPa and E(pDCPD-imine) = 1.18 GPa), as shown in
Figure S2. This similarity arises because the elastic modulus
reflects the intrinsic stiffness of the polymer network in the ini-
tial, small-strain region, determined by factors such as backbone
rigidity and local segmental flexibility.78,79 The low fraction of
dynamic imine incorporation chiefly reinforces large-scale net-
work cohesion and ultimate strength, rather than altering the
local stiffness of chain segments, so the modulus is relatively
unaffected unless extensive modification occurs at the segmen-
tal level.80

The viscoelastic behavior of the networks was examined at
140 °C above the glass transition temperatures (Tg) of the
pDCPD (Figure S3), revealing distinct differences between
pDCPD-pristine and its imine-functionalized analog, pDCPD-
imine (Figure 4a,b). While both materials demonstrated an
increase in storage modulus (E′) across the measured frequency
range (0.1–100 Hz), indicative of highly crosslinked glassy ther-
mosets,27,81 the pDCPD-imine exhibited a slightly lower E′ than
the unmodified pDCPD (Figure 4a). At high frequencies, the
oscillation period is much shorter than the intrinsic timescale
of imine bond exchange at the measurement temperature, so
these dynamic bonds are effectively frozen during the oscillatory
deformation, and the viscoelastic response is governed primarily
https://doi.org/10.1021/acsmaterialslett.6c00833
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Figure 3. (a) Crosslink density of pDCPD-pristine, pDCPD-amine, and pDCPD-imine networks. (b) Photographs of the gravity-induced deforma-
tion of dog-bone specimens after 24 h of swelling in THF.

Figure 4. Rheological characterization of the pDCPD-networks. (a) Frequency-dependent storage (E′) and loss moduli (E′′) of pDCPD-pristine and
pDCPD-imine at 140 °C measured by tensile DMA (1% strain, 0.1–100 Hz). (b) Corresponding loss factor (tan δ = E″/E′) calculated from the data
in (a). (c) Stress-relaxation behavior of pDCPD-imine (1% strain) recorded for 900 s between 130 and 170 °C in 10 °C increments with DMA.
(d) Relaxation times (τ) were determined at the point where the normalized relaxation modulus (E/E0) decayed to (1/e) ∼37% of its initial value,
consistent with a Maxwell-type viscoelastic response (see Supporting Information, Experimental Section 2.5). (d) Arrhenius analysis of τ obtained
from the stress-relaxation profiles in (c), yielding an Ea of ∼61 kJ/mol (see Supporting Information, Experimental Section 2.5 and Table S3 for
details). (e) Schematic representation of dynamic imine exchange (transimination) within the pDCPD-imine network. The structure shown for
dynamic bond exchange illustrates modification along the main chain only as a simplified representation of the reaction chemistry as we stated in
Figure 2 reaction schemes.
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by the underlying network architecture and effective crosslink
density, rather than by bond exchange events.82 Under these
conditions, the E′of pDCPD-imine remains slightly lower than
that of pDCPD-pristine, even though equilibrium swelling
2810
measurements indicate a higher overall crosslink density for
pDCPD-imine (Figure 3a). We attribute this behavior to
increased local segmental mobility introduced by the thiol–
ene and imine-containing linkers that create more flexible
https://doi.org/10.1021/acsmaterialslett.6c00833
ACS Materials Lett. 2026, 8, 2807−2816
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segments within the otherwise rigid pDCPD network and
reduce the stiffness of the network strands.83 The higher loss
tangent (tan δ) for the pDCPD-imine network signifies greater
viscous damping and enhanced energy dissipation, consistent
with active bond exchange that couples robust elasticity with
efficient stress relaxation (Figure 4b).84,85 Such characteristics
exemplify the advantages of dynamic covalent networks, where
bond rearrangement continuously allows efficient stress relaxa-
tion even in systems with substantial crosslink densities, pro-
vided the exchangeable bonds remain labile at the applied
temperature.86,87

Stress-relaxation experiments further support vitrimer-like
behavior, with relaxation times (τ) obtained at different temper-
atures following an Arrhenius dependence (Figure 4c, see
Supporting Information eqs 6 and 7), defining a characteristic
of vitrimer networks.6,59,88–93 The temperature dependence of
τ yields an apparent activation energy (Ea) of approximately
61 kJ/mol (Figure 4d and Table S3), in line with previously
reported polyimine-based vitrimers.51,76,80,94–96 From this anal-
ysis, the topology-freezing transition temperature (Tv) is esti-
mated to be around ∼98 °C (see Supporting Information,
eq 8 and Table S4), defining the threshold above which
dynamic bond exchange becomes operational, and bond
exchange proceeds efficiently.97–99 Accordingly, dynamic transi-
mination is expected to proceed efficiently over the experimen-
tal temperature range of 130–170 °C, as illustrated in Figure 4e,
Figure 5. (a) Photos of strip-shaped pDCPD-pristine and pDCPD-imine spe
under 10 MPa for 1 h (R-I). (b) DMA curves of the same specimens corresp
showing normalized storage modulus retention (E′/E′(R-0)) of pristine and im
work retains 12% of its original storage modulus, whereas the imine-modifie
based on the normalized storage modulus data shown in (b). (d) Photos and
ples subjected to an incision before and after thermal healing at 140 °C for
pDCPD-imine network, where reversible dynamic imine exchange enables n
pared to the pDCPD-pristine with permeant network.

2811
enabling reprocessing and healing while preserving mechanical
strength at service conditions below this temperature.
Permanently crosslinked polymers are inherently resistant to

reshaping or recycling because their network topology is
fixed.15,20,28,100 In contrast, the pDCPD-imine network
reported here incorporates dynamic imine linkages that
undergo associative bond exchange, enabling topological rear-
rangement without bulk depolymerization.51,58,59 To demon-
strate its reprocessability/recyclability, strip-shaped specimens
were subjected to a thermal compression process, followed by
dynamic mechanical analysis (DMA). Whereas pDCPD-
pristine (R-I) showed minimal fusion and retained distinct
interfaces between compressed fragments, the pDCPD-imine
(R-I) exhibited substantially improved interfacial cohesion,
evidencing efficient network reconstruction across fragment
boundaries (Figure 5a). As shown in Figure 5b,c, the repro-
cessed pDCPD-imine (R-I) specimen retains approximately
87% of its initial storage modulus, decreasing modestly from
∼1120 MPa (pDCPD-imine (R-0)) to ∼975 MPa. This high
modulus retention highlights the efficiency of the dynamic
imine exchange in reconstructing network connectivity across
fractured interfaces, thereby preserving mechanical robustness
upon recycling.59,76,101 By contrast, pDCPD-pristine experi-
ences a drastic decline in stiffness, with its storage modulus fall-
ing from ∼1360 MPa (pDCPD-pristine (R-0)) to ∼163 MPa
(≈12% retention), reflecting the inherent inability of its static
cimens before recycling (R-0) and after thermal compression at 140 °C
onding to the processing conditions described in (a). (c) Donut plots
ine-modified pDCPD networks after recycling (R-I). The pristine net-
d network retains 87% after recycling. Retention values are calculated
optical microscopic images of pDCPD-pristine and pDCPD-imine sam-
3 h under vacuum. (e) Schematic representation of self-healing in the
etwork rearrangement and crack closure with thermal treatment com-

https://doi.org/10.1021/acsmaterialslett.6c00833
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covalent network to recover mechanical integrity after these
treatments.28,100,102

The recyclability of the DCNs was further evaluated over
three consecutive thermal reprocessing compression cycles (R-I
to R-III) at 140 °C and 10 MPa (Figure S4a). Across these
cycles, the storage modulus exhibited variations within the same
order of magnitude, demonstrating that pDCPD–imine retains
its elastic properties under repeated reprocessing with insignifi-
cant mechanical degradation, consistent with reported behavior
for imine-based vitrimers (Figure S4b,c).51,59,76,103–105 However,
the slight reduction aligns with the expected behavior of dynamic
covalent systems exposed to multiple processing cycles, in which
network fatigue and side reactions can cumulatively produce
modest reductions in stiffness.106,107 A slight increase in storage
modulus was observed after the second reprocessing (R-II), sug-
gesting that additional thermal treatment can promote further
dynamic bond exchange and network reorganization, potentially
leading to more effective crosslink rearrangement or incremental
densification.108

Thermal healing experiments further highlight the distinct
responses of pristine and dynamic networks. Figure 5d and
Table S5 compare incision closure in pDCPD-pristine and
pDCPD-imine before and after contact-free heat treatment at
140 °C in a vacuum oven. In pDCPD-pristine, the incision
width decreased only from 90.12 ± 1.03 to 53.68 ± 1.05 μm
(corresponding to ∼40% healing), reflecting partial narrowing
driven by rubbery-state viscous flow and limited polymer-chain
interpenetration above Tg, but not true network reconstruc-
tion.82,109,110 In contrast, the pDCPD-imine material displayed
nearly complete closure of the incision, with the width shrinking
from 84.15 ± 1.48 to 6.89 ± 0.91 μm, corresponding to
∼92% healing. This pronounced recovery is attributed to
dynamic imine linkages that undergo transimination, enabling
reversible bond exchange and local network reconnection across
the cut (Figure 5e).111–114 The resulting restoration of structural
continuity exemplifies vitrimer-like thermal healing, in which
associative bond exchange allows simultaneous maintenance of
crosslink density and efficient repair of macroscopic damage
without the need for additives or solvents.23,27,28,82,99

This work establishes a simple yet practical strategy for upcy-
cling additively manufactured thermoset pDCPD into robust
and reprocessable materials through the incorporation of
dynamic imine crosslinks without using catalysts or dissociating
the network. Our thiol–ene click reaction followed by imine for-
mation/transimination approach activates associative network
rearrangement. This enables efficient recycling and reshaping
while preserving the excellent mechanical performance charac-
teristic of the parent thermoset, as evidenced by ∼87% retention
of the elastic modulus after reprocessing (>7× the ∼12% reten-
tion for pDCPD-pristine) and 92% healing of an imposed inci-
sion. The ability to impart vitrimer-like behavior to pDCPD
highlights a broadly applicable design principle for advancing
circularity in other high-performance thermosets via simple
modification of chemical formulation or post-printing treat-
ments. Importantly, this platform offers opportunities for fur-
ther property tuning by increasing the fraction of dynamic
bonds or by integrating imine chemistry with other compatible
vitrimer systems. Our findings demonstrate that dynamic cova-
lent chemistry can be seamlessly incorporated to upcycle high-
performance engineering thermosets into healable, recyclable
networks while preserving mechanical integrity, offering a path-
way toward sustainable polymer manufacturing.
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