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ABSTRACT: While the incorporation of dynamic covalent bonds Dual-recyclable Thermosets
(DCBs) in thermosets is widely employed, the materials inevitably o BN e e I
downgrade substantially during repetitive physical recycling.

Meanwhile, chemical recycling of polymers back to starting
monomers often requires significant energy/resource input during
the (de/re)polymerization process. To address such a dilemma, we
propose a dual-recycling strategy that integrates the advantages of
DCBs and chemical recycling by cross-linking chemically

recyclable polyesters with DCB-containing cross-linkers. A series . (rm
of poly(valerolactone) (PVL)-based covalent adaptable networks \ W/\)}Sb/\f =
(CANs) were constructed featuring a functionalized PVL back- N o) 1

bone and dynamic boronic-ester-containing cross-linkers to enable
simultaneous physical and chemical recyclability. Through fine-
tuning the balance between crystallinity and cross-linking density, the CAN’s exhibited outstanding mechanical properties, including
a tensile strength up to 17.7 MPa and an elongation at a break of 1164%. Owing to the dynamic exchange characteristic of boronic
esters, the CANSs retained nearly identical performance to the original samples after five cycles of physical recycling. Furthermore, the
CANSs could undergo catalytically assisted chemical recycling with Sn(Oct),, allowing the recovery of starting monomer. This work
provided a valuable approach for the development of dual-recyclable high-performance polymer networks as a potential solution to
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the current challenges in thermosets recycling.

1. INTRODUCTION

Thermosets, composed of chemically cross-linked networks,
find widespread applications in aerospace, automotive
manufacturing, sports gear, and medical equipment, due to
the outstanding mechanical performance as well as superior
thermal and chemical resistance.'™> However, the structural
stability of thermosets renders them nonrecyclable and
nonreusable after reaching the end of their functional
lifespan.~” Consequently, thermosets are mostly landfilled
or incinerated, inevitably leading to soil/groundwater pollution
due to the release of microplastics into natural environment
and emission of substantial quantities of contaminants.'’”"
With around 65 million tons of thermosets produced
annually,”” few of them undergo recycling or upcycling
through various physical, chemical, and biological (de/
re)construction strategies. Furthermore, the ever-increasing
demand for various polymer thermosets with specifically
tailored functionalities, currently synthesized from petroleum-
based chemicals, not only exacerbates the impending resource
crisis confronting humanity but also poses additional
difficulties in their recycling because of the newly designed
and typically more complicated structures.'*"* Such a dilemma
highlights the importance of constructing a circular economy
mode, which requires the design of novel polymer thermosets
that are adaptable and breakable and the development of
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efficient recycling technologies regardless of the network
nature.'’

Covalent adaptable networks (CANs) with built-in dynamic
covalent bonds (DCBs) demonstrate effective reprocessing
capabilities through bond exchange/dissociation, positioning
them as a potential alternative to traditional thermosets.'” >’
DCBs can be activated by a variety of external stimuli like heat
and pressure, facilitating the rearrangements of polymeric
network while maintaining its integrity.”*™>* During the past
decades, significant progress has been achieved in constructing
the commercial polymer-based CANs including polyolefins
and polyesters.””~** Despite the favorable recyclability, CANs
inevitably experience a downgradation in mechanical proper-
ties during repetitive physical reprocessing. The molecular
chains present in CANs can be broken down by external forces
or through oxidative degradation under harsh processing
conditions.*™*° Besides, the side reactions between reactive
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Figure 1. Overview of physical and chemical recycling pathways of the designed CANSs. Depiction of boronic ester bonds exchange, the molecular
structure of the designed CANS, and the representative signs of chemical structures illustrated the key features of the system.

functional groups, especially under elevated temperature
during reprocessing, could permanently cross-link the network
and thereby impair its reprocessability. Thus, the physical
recycling strategy based on CANs does not fully meet the
criteria of circular economy mode, and further recycling
measures need to be taken under the circumstance where
physical recycling starts to fail. Chemical recycling, on the
other hand, refers to the decomposition of polymers containing
cleavable bonds into valuable small molecules under specific
catalyzed conditions in the presence of light or heat.**™*' The
controlled depolymerization to the corresponding starting
monomers enables the subsequent synthesis of fresh materials
with comparable properties to their virgin analogues,
representing a true circular plastics economy. At present, this
approach was mainly applied to thermoplastics such as
polyesters and polyurethanes.*”~* Compared to physical
recycling, chemical recycling represents the full utilization of
the residual value of discarded polymers yet requires
substantial energy consumption due to the (de/re)-
polymerization process. Thus, chemical recycling is more
suitable as a back-up plan for physical recycling.*>*’
Considering the disadvantages and advantages of both
physical and chemical recycling approaches, we envisioned that
a polymeric network composed of dynamic cross-linkers and
chemically recyclable repeating units would ensure a
reasonable allocation of energy input for (re)processing the
materials during/after service while addressing the difficulties
in recycling discarded polymers. In 2023, a pioneering work on
depolymerizable d-lactone-based vitrimers was reported by Qi
and co-workers.”® During depolymerization, the weak acetal
cross-linkers decompose first to release the linear hydroxyl-
terminated polyesters followed by backbiting cyclization
reactions from the chain ends that facilitate the monomer
recovery. In this case, a weak cross-linker is key that allows the

network breakage and subsequent unzipping depolymerization,
therefore, the mechanical performance and thermal degrad-
ability (decomposition temperature with 5% weight loss, Ty sy
<200 °C) of the material are not ideal, and the selection of
cross-linkers is also limited.

To generalize the dual recyclability strategy, we proposed a
network architecture integrating depolymerizable polymers
with cleavable cross-links, enabling efficient catalytic degrada-
tion and high-purity monomer recovery. Such versatility in
degradation approaches is fundamentally important for design-
ing polymer networks that simultaneously achieve mechanical
robustness and controlled depolymerizability. Guided by such
a design principle, we introduced a new type of physically and
chemically dual-recyclable polyvalerolactone (PVL)-based
CANs with high mechanical performance and superior
recyclability. The six-membered lactone, §-valerolactone (-
VL), possesses a suitable ring strain that offers fast ring-
opening polymerization (ROP) with high efficiency while
maintaining the depolymerizability.”~>> The linear backbone
poly(8-valerolactone-co-a-allyl-5-valerolactone) was synthe-
sized by copolymerizing biosourced 6-VL and a-allyl-6-
valerolactone (a@-AVL), with the latter possessing a side allyl
group that provides reaction sites (Figure 1). Through reacting
with dynamic yet robust boronic ester-based cross-linkers, the
mechanical performance was drastically improved.” Even after
S reprocessing cycles, the polymer network still displayed
comparable strain and stress to the starting specimen. The
boronic ester-based cross-linked networks enabled two distinct
recycling pathways owing to their facile transesterification
characteristics: direct depolymerization to monomers and
deconstruction of the polymer network for enhanced
monomer recovery. This depolymerization process remained
effective regardless of cross-linker bond strength and could be
systematically optimized through pretreatment and catalyst
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Figure 2. (A) Synthesis of poly(VL-co-AVL,) (a 20.09) and UV-initiated thiol—ene cross-linking with BDB or HDT. (B) 'H NMR spectra of
poly(VL-co-AVLo5). (C) Conversion and number-average molecular weight change over time during copolymerization. (D) Time-dependent 'H
NMR spectra of copolymerization process (0—360 min). (E) FT-IR spectra of BDB, poly(VL-co-AVLy ), and Py 4,-0.50B before and after UV-
irradiation. (F) Storage modulus comparison of uncured and cured CANs at 25 °C. (G) Cross-linking density of poly(VL-co-AVLy ), P o-0.50B,

and P ,-0.50H at 25 °C.

selection. The collected colorless liquid was pure monomer,
which could be repolymerized with no observable differences
with pristine analogue, forming close-loop chemical recycling.

2. RESULTS AND DISCUSSION

2.1. Preparation of Polymer Networks. For the
preparation of dual-recyclable CANs, 6-VL and a-AVL with
similar ring strain were selected for ROP to synthesize
functional polymers with double-bond units randomly inserted
for post-functionalization. Subsequently, the functional groups
were subjected to thiol—ene “click” chemistry with the
dynamic cross-linkers, ie., (1,4-phenylenebis(1,3,2-dioxabor-
olane-2,4-diyl) )dimethanethiol (BDB) or with the permanent
cross-linkers 1,6-hexanedithiol (HDT) to form CANs or
permanently cross-linked polymer network (Figure 2A).

To elucidate the reactivity of the selected cyclic monomers
0-VL and a-AVL, a series of experiments were conducted to
investigate the thermodynamic polymerizability.”” At varied
reaction temperatures, the five experiments employing 1,5,7-
triazabicyclo[4.4.0]dec-S-ene (TBD) as catalyst and benzyl

10039

alcohol (BnOH) as initiator were performed with the same
initial molar concentration and feeding ratio [@-AVL/S5-VL]/
[TBD]/[BnOH] = 500/10/1. At each designated moment, the
reaction solution was sampled and quenched with benzoic acid
solution. The conversion of -VL and a-AVL were calculated
through terminal group analysis according to the proton
nuclear magnetic resonance (‘'H NMR) spectra (Figures S6
and S7). Finally, the equilibrium monomer concentration [a-
AVL] at various temperatures was obtained via conversion
plots (F1gure §8). The linear relationship between In[a-AVL],

and 1/T, as illustrated in the van’t Hoff plot (Figure S9),
allows for the calculation of the enthalpy change (AH,) and
the entropy change (AS,), Wthh were determined to be —18.2
k] mol™" and —51.5 ] moI ! K™! respectively. According to the
equation T, = AHS/{ASI? + RIn[M],} deduced from Gibbs
free energy, ceiling temperature (T.) of a-AVL was determined
as 79.8 °C. Compared to the T, of §-VL (262.7 °C at 1.0 M in
tetrahydrofuran (THF), Figures S10 and S11), the lower T, of
a-AVL indicates a reduced polymerizability, leading to an
undesirable decrease in number-average molecular weight
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Figure 3. DSC curves of (A) the heating scan and (B) the cooling scan of poly(VL-co-AVLg ), P(.0o-0.50B, and Py 45-0.50H. (C) DSC curves of the
heating scan of Pjo-XBs and poly(VL-co-AVLy ). (D) TGA curves of poly(VL-co-AVL ), Pyoo-XBs and Py 0o-0.50H. (E) Tensile curves of
poly(VL-co-AVLg ), Pgoo-XBs and Py e-0.50H. Inset: tensile curve of poly(VL-co-AVLg o) in the 0—15% strain range. (F) Bar chart with SDs

showing tensile strength and elongation at break of P -XBs.

(M,) for the poly(VL-co-AVL) comparing with PVL (37.1 kDa
vs 21.7 kDa).

To optimize the reaction conditions of copolymerization, we
explored the ROP by varying the temperatures, solvents,
catalysts, and feeding ratios of 5-VL and a-AVL (Table S1).
Among the reported organic and metal-complexed catalysts for
the ROP of 5-VL, TBD was selected for the investigation of the
copolymerization due to its metal-free, highly eflicient, and
environmentally compatible nature.’* With THF as solvent,
BnOH as initiator, and a fixed a-AVL feeding ratio of 10.0%,
lowering the reaction temperature from 25 °C to —40 °C
resulted in a notable decrease in the incorporation level of a-
AVL from 9.0 to 3.9% as calculated from the 'H NMR spectra
(Figure 2B and Table S1, entries 2—4). Given the better
copolymerization performance and a suitable M, at room
temperature (~20 °C), further copolymerization studies were
all fixed at ~20 °C. Varying the amount and ratio of catalyst to
initiator effectively tuned the resulting M, without dramatically
affecting the incorporation ratio of @-AVL (Table S1, entries 2,
S, and 6). While increasing the feeding ratios of @-AVL from
10.0% to 50.0%, the incorporation ratio of @-AVL was steadily
improved from 9.0% to 44.0% (Table S1, entries 2 and 7—9).
Concurrently, the physical form of the products transferred
from a white waxy solid to a colorless viscous liquid at room
temperature with a marginal variation in the M, of the
products. Replacing the copolymerization solvent from THF to
toluene, the M, gradually decreased, and the dispersity (D)
increased with the increasing incorporation ratio of a-AVL
(Table S1, entries 10—12).

During the first hour of polymerization, the a-AVL
conversion had not reached an equilibrium value (Figure
2C). After 6 h, the M, of copolymer slightly increased with
incorporation ratio of a-AVL increasing from 6.3 to 9.0%.

Prolonging the reaction time from 6 to 12 h led to an increase
in dispersity from 1.81 to 2.10, presumably caused by the
transesterification after reaching the monomer conversion
equilibrium (Table S1, entries 2, 13, and 14). To investigate
the kinetics of the copolymerization process, 'H NMR and gel
permeation chromatography (GPC) were conducted to
monitor the monomer conversion and M, of the resulting
polymers over time. Since the characteristic proton peaks of
the two comonomers appeared at a similar position in the 'H
NMR spectra after ROP, the monomer conversion used here
refers to the total conversion of both monomers (i.e., peak
integration: (A + a)/A’, Figure 2D). As illustrated in Figure
2C, the copolymerization took place rapidly within the first 50
min, and the M, of copolymers achieved 21.7 kDa with
monomer conversion reaching ~90% at 200 min, after which
the copolymerization did not proceed further. During the
copolymerization process, the "H NMR peaks from the allyl
(labeled as § and y) and 5-CH, (labeled as a and A) groups of
the monomers were gradually shifted from 5.81, 5.09, 4.30, and
4.34 ppm to 5.74, 5.04, 4.06, and 4.06 ppm, respectively
(Figure 2D), indicating a smooth copolymerization behavior.

After obtaining the allyl functionalized PVL, we then tried to
react with a BDB cross-linker containing dynamic boronic ester
bonds (Figure 2A). The “click” reaction between thiol and allyl
was initiated by 365 nm UV-irradiation, which is a
straightforward, rapid, and practical method for combining
modular molecules. We systematically evaluated three different
molar ratios of a-AVL incorporation, ie., 5, 9, and 16%.
Decreasing the a-AVL content to 5% resulted in mechanical
brittleness, while increasing it to 16% led to poor moldability
due to its lower crystallinity and a high proportion of dynamic
bonds. Consequently, the polymer network with 9% a-AVL
formulation was selected for the following studies due to its
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optimal mechanical properties. For consistency, the cross-
linked polymers were named Py yy-XB/H, where 0.09, XB, and
XH indicate the incorporation ratio of a-AVL, respectively,
and the respective stoichiometric ratios of thiol relative to allyl
groups. The successful synthesis of the polymer network was
corroborated by Fourier transform infrared (FT-IR) spectra, as
shown in Figure 2E. In the case of BDB, the peaks at 2566
ecm™ and 1211 cm™ were attributed to the stretching
vibrations of —SH and B—O, respectively. For poly(VL-co-
AVL,,) (the blue trace), the peaks at 1725 cm™' and 1640
cm™! were attributed to the stretching vibrations of >C=0
from ester in the main chain and —CH=CH, from allyl group
in the side chain. Before UV-irradiation, the mixture composed
of poly(VL-co-AVL,) and a stoichiometric amount of BDB
exhibited characteristic IR peaks from unreacted allyl and thiol
groups (dark green trace). After the curing process, the IR
signal of the thiol group disappeared, and the characteristic
peak corresponding to the disulfide bonds was not detectable
(550—4S0 cm™!, Figure S12), indicating successful cross-
linking between thiol and allyl groups. Similarly, the cross-
linking reaction between poly(VL-co-AVLgy,) and HDT
demonstrated a comparable change in peak intensity (Figure
S13), thereby corroborating the occurrence of the click
reaction.

Upon cross-linking, the polymer network typically exhibited
a discernible contrast in its storage modulus (G’) and loss
modulus (G”), as observed in rheological analyses. As
illustrated by the room-temperature rheological behavior of
the two samples in Figure 2F, in comparison to the samples
prior to UV irradiation, the cured samples showed a notable
increase in the G’ values across a broad frequency ranging from
107" to 10 rad/s. Analysis of cross-linking density using low-
field nuclear magnetic resonance revealed a higher cross-
linking density of P;gy-0.50B and Pyg-0.50H relative to
poly(VL-co-AVL; o) (Table S2), suggesting the successful
cross-linking reaction. Herein, different doses of cross-linkers,
ie, 025, 0.50, 0.75, and 1.00, were employed to cross-link
poly(VL-co-AVL, ) under identical reaction conditions, and
P 0-0.75B exhibited the highest cross-linking density (Figure
S14 and Table S2). This indicated that the network with 1.00
equiv of cross-linker contained a substantial number of
ineffective cross-links, whereas maintaining a slight excess of
functional groups in the backbones ensured more efficient click
reactions. Furthermore, gel fraction analysis demonstrated that
Py00-0.50H exhibited a gel content over 99%, confirming the
successful construction of a cross-linked polymer network
(Figure S15 and Table S3).

2.2. Thermal and Mechanical Characterizations. The
differential scanning calorimetry (DSC) was first used to probe
the glass transition, melting, and crystallization processes of
each sample, as shown in Figure 3A—C. With the high
crystallization tendency of §-VL and a-AVL, the synthesized
poly(VL-co-AVL,,) exhibited two distinct peaks in the
melting process (42.8 and 48.3 °C). As summarized in Table
S4, after being cross-linked with BDB or HDT, P 4,-0.50B and
Py 09-0.50H displayed slightly decreased melting temperature
(T, 40.9 °C vs 39.9 °C), reduced heat of fusion (AH; 40.9 ]/
g vs 53.8 J/g), and increased glass transition temperature (T,
—46.5 °C vs —51.8 °C) due to the restricted polymer chain
mobility. Despite having the same cross-linking molar ratio,
Py 09-0.50B displayed a substantially smaller AH¢ value relative
to that of Py oy-0.50H (40.9 J/g vs 53.8 J/g), which was likely
caused by the higher structural rigidity of the BDB unit that

more effectively disrupted the packaging capability of polymer
chains. During the cooling process, the polymers underwent
crystallization in a manner consistent with the heating results,
where poly(VL-co-AVLy,) had the highest crystallization
enthalpy (AH.) and crystallization temperature while Pggo-
0.50B had the lowest AH.. To further investigate the influence
of cross-linking densities on the crystallization process, the
DSC curves of P, o-XBs, with various amounts of BDB cross-
linker, were measured under the same conditions with a
heating ramp of 10 °C/min. P-0.25B, with a slightly cross-
linked network, displayed a thermal transition behavior similar
to that of the parent copolymer. Through increasing the molar
ratio of BDB to 0.75 and 1.00 equiv, the obtained polymer
networks, Pjgo-1.00B and P;-0.75B, started to display a
crystallization peak on the second heating scan (Figure 3C),
indicating a drastically reduced crystallization rate with
enhanced cross-linking density. Consistently, the CANs
exhibited a gradually decreased crystallization temperature
from 14.3 to —15.2 °C when increasing the molar ratios of
BDB from 0 to 0.75 (Figure S16). Compared with Py ,-1.00B
and P((o-0.75B, P((o-0.50B possessed a delicate balance
between cross-linking and crystallization. As illustrated by the
thermogravimetric analysis (TGA) (Figure 3D and Table SS),
poly(VL-co-AVL ) displayed a Ty s, of 285 °C. After cross-
linking, the P,o-XBs and Pyo-XH displayed substantially
improved thermal stability with Ty exceeding 300 °C,
attributed to the improved structural stability. However, when
increasing the amount of cross-linkers from Py 49-0.25B to Py g9~
1.00B, T,sy gradually decreased from 3182 to 308.3 °C.
Fundamentally, we attributed this phenomenon to the release
of boron-containing small molecules that possess Lewis acidity
at elevated temperatures. The released species could activate
the breakage of ester bonds, which not only depressed the
T4 59 of Py 09-0.50B relative to Py o-0.50H but also reduced the
thermal stability of dynamically cross-linked covalent networks
with higher cross-linker contents.>

To investigate the mechanical properties of synthesized
polymers, tensile tests were performed with stress—strain
curves displayed in Figure 3E, and mechanical parameters,
including Young’s modulus (E), yield strength (oy), tensile
strength (o), and elongation at break (&), were summarized
in Figure 3F and Table S6. Due to the high crystallinity,
poly(VL-co-AVL,,) displayed high brittleness, resulting in a
high modulus (E = 92.9 + 7.8 MPa) and a low extensibility (e
= 11.6 + 1.8%), as shown in Figure S17. Upon cross-linking,
the resulting polymers displayed enhanced extensibility and
tensile strength, as evidenced by the pronounced plastic
deformation characteristics in the tensile curves. At the start of
elastic deformation, P gy-XBs showed a similar modulus with
poly(VL-co-AVL;y,) due to their comparable degree of
crystallinity. With the continuous stretching, the deformation
of splines transformed from elastic to plastic at an elongation
value of ~20% with the stress reaching the yield point. At the
yield point, Pyge-1.00B and Pgo-0.7SB displayed a higher
strength than P(;-0.50B and P;(y-0.25B due to a denser
network. After that, the splines underwent strain softening
characterized by decreased stress and cold-drawing process
where the strain increased while the stress remained constant.
Following the cold-drawing phase, the crystallized polymers
underwent strain hardening, leading to constant increased
stress. Overall, cross-linking enhanced the mechanical proper-
ties of polymers in which Pgy-0.50B had the highest tensile
strength (o5 = 17.7 + 0.6 MPa), and P(,-0.25B had the
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Figure 4. DMA curves of (A) P -0.50B and (B) P;0,-0.50H within the range of —100 to 100 °C. (C) Rheological master curves of Py -0.50B
and P ,-0.50H from 25 to 125 °C with a reference temperature at 75 °C in N,. (D) Creep curves of Py,-0.50B and P0,-0.50H at 25 °C. (E)
Stress relaxation curves of Py ,-0.50B at varying temperatures. (F) For Py ,-0.50B and Py ,-0.50H, linear regression analyses conducted between
the natural logarithms of the shift factors (In(ay)) of stress relaxation (solid) and master curves (hollow), and the reciprocal of the temperature (1/

T), unit of E,: kJ/mol.

highest extensibility (e = 1475 + 79%). It can be observed
that the cross-linking density of these CANs positively
correlates with yield strength and negatively with elongation
at break, indicating an effective way to tune the mechanical
properties of CANs. Compared to Pyg,-0.50H with &5 =
~717% and oy = ~5.4 MPa, P;(y-0.50B displayed a much
higher extensibility of 1164% and similar oy = ~5.3 MPa
(Table S6), due to the dynamic nature of BDB cross-linker
that could effectively dissipate the external energy via structural
rearrangement during drawing yet maintaining the constant
cross-linking density. The mechanical performance of the
current PVL thermosets is comparable or superior to state-of-
the-art recyclable thermosets, such as polycarbonates, poly-
ureas, poly(ketoenamine), and polyschiff (Figure S18 and
Table S7).

2.3. Dynamic Properties Analysis. Dynamic mechanical
analysis (DMA) was implemented to analyze the temperature-
dependent dynamic behavior of poly(VL-co-AVLg,), Pogo-
XBs, and Pj-0.50H. As shown in Figure 4A,B, a transition
peak in tan 6, derived from segmental relaxation, was observed
in the temperature range from —50 to —25 °C in each sample.
Such a peak in the tan § curve at glass transition temperature
was also observed in the temperature sweep rheology curve for
poly(VL-co-AVL; o) from —100 to 100 °C (Figure S20)
followed by a stable shear modulus subsequent. In Figure 4A,B,
the storage modulus (E’) and loss modulus (E”) of polymer
networks underwent rubbery plateaus with a small dip as the
temperature rose above T,, followed by a distinct decrease
(secondary peaks of tan &) that could be attributed to the
melting of crystalline domains. The Pj,-0.50B displayed a
more pronounced secondary peak of tan & than P ,-0.50H
possibly due to the additional energy loss stemming from
dynamic bonds exchange. As the temperature elevated above

the melting point (T,) of the linear backbone, the modulus of
poly(VL-co-AVL, ) declined until G” surpassed G’, reaching a
flow state, while the P((y-0.50B and P, ,-0.50H maintained a
stable modulus due to the cross-linked network. The melted
crystallization in CANSs resulted in a significant decrease in G,
promoted network rearrangement, diminished the restriction
imposed on the dissociation, exchange, and association of
boronic ester bonds.

To further investigate the dynamics upon relaxation,
rheology master curves of Pgy-0.50B and P -0.50H were
constructed using time—temperature superposition (TTS) as
illustrated in Figure 4C. At high frequency, the CAN, i.e., P o
0.50B, exhibited a relatively high modulus with G' > G,
indicating typical solid behavior. As the frequency decreased,
G" and G’ of CANs decreased continuously until an
intersection at 75 °C, while no such modulus crossover
could be seen in the case of the permanent cross-linked
network (Pgo-0.S0H), indicating the key role of dynamic
boronic ester bonds in the terminal relaxation behavior in
CAN:S.

We further studied the typical creep behaviors of P -0.50B
and Poy-0.50H, as illustrated in Figure 4D. Following the
application of 1 MPa stress to each sample for a period of 10
min at room temperature, the strain of P(,y-0.50B was
significantly higher than that of P, 9-0.50H, while both systems
reverted to a similar strain after the removal of external force.
This could be explained by the fact that the aliphatic chains
employed as permanent cross-linkers provided reliable creep
resistance through limiting chain mobility within the networks
under stress, while the dynamic cross-links within CANs can
undergo topological rearrangement under external stress. Such
dynamic behavior could release part of the energy and speed

https://doi.org/10.1021/acs.macromol.5c00904
Macromolecules 2025, 58, 10037—10047


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00904/suppl_file/ma5c00904_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00904/suppl_file/ma5c00904_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00904/suppl_file/ma5c00904_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c00904/suppl_file/ma5c00904_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00904?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00904?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Table 1. Activation Energies (E,) of Pg¢y-XBs and P 4,-0.50H Calculated From Stress Relaxation and Master Curve Shift

Factors Methods

sample Py0-0.25B Py 00-0.50B Py0-0.75B Py 0-1.00B Py 40-0.50H
E, (kJ/mol)” 34.6 33.1 19.1 184 56.4
E, (kJ/mol)® 48.1 71.3
9Stress relaxation method. “Master curve shift factors method.
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Figure S. (A) Full life cycle of dual-recyclable CANSs: from copolymerization, cross-linking, consuming to dual-recycling (mechanical reprocessing
and chemical depolymerization), and repolymerization from chemically recovered monomers. (B) Tensile curves of P ,-0.50B in its pristine state,
after 1, 3, and 5 cycles of thermal recycling process, and chemical recycling process. (C) Typical procedures of chemical recycling. (D) '"H NMR
(25 °C, in CDCl;) comparison of starting 5-VL, poly(VL-co-AVL ), and chemically recovered 5-VL from CANs. (E) Monomer recovery
efficiency of various depolymerization catalysts (*boronic ester transesterification pretreatment, “direct depolymerization).

up the chain mobility, resulting in a reduction in creep
resistance.

The stress relaxation behaviors of Py yo-XBs and P 4,-0.50H
were examined at varying temperatures (Figures 4E and S22—
$26), holding a 1% shear strain within the linear viscoelastic
region of CANSs and P o-0.50H (Figure S21). Both Py 4,-0.50B

10043

and Py,o-0.50H exhibited stress relaxation behaviors at
elevated temperatures. From the perspective of chain
dynamics, despite both systems possessing cross-linked
networks, significant crystallization of polymer chains occurred.
The melting behavior of crystal domains above T
subsequently intensified the chain mobility and led to abrupt
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stress relaxation. Although the dynamic exchange of the
boronic ester in Py y-0.50B possessed dynamic characteristics
that facilitate topological rearrangement, its segmental mobility
remained constrained by associative exchanges. Conversely,
the permanent cross-links in Pjyo-0.50H restricted sustained
stress relaxation at high temperatures. To account for the
hierarchical relaxation modes in dynamically adaptable net-
works, we employed a stress relaxation shift factor method for
calculating the activation energy (E,) of DCBs.”**” Similarly,
the TTS method was applied to stress relaxation curves,
yielding horizontal shift factors at multiple temperatures.
According to the Arrhenius equation, there is a linear
relationship between 1/T and In(a;). The horizontal shift
factors of stress relaxation and rheological master curves
against 1/T were plotted individually to calculate the E, values
of CANs (Figures 4F, S26 and Table 1). It was obvious that
the E, decreased with increased cross-linking density,
attributed to the fact that the CANs with higher dynamic
cross-linking density had increased chances for dynamic bonds
to find their partners during exchange processing.”>>” The
permanently cross-linked Py y-0.50H exhibited the highest E,
due to its significantly restricted chain mobility and absence of
sticky bonds for energy dissipation.

2.4. Dual-Recycling Behaviors of CANs. Traditionally,
CANs can be repaired, healed, or recycled through
reprocessing under specific conditions, and the cross-linking
density of associative CANSs is claimed to be relatively constant
during reprocessing.(’o’61 Herein, CANs containing dynamic
boronic ester bonds were designed for the release of internal
stress and efficient rearrangement of the network topology.
Especially, utilization of cleavable polymer chains as CAN
backbones endowed them with chemical recyclability, thus
forming dual-recyclable CANs. The full life cycle of CANs was
illustrated in Figure SA, commencing with two monomers and
progressing via ROP to form functionalized polymer chains.
Subsequently, a “click” reaction with dynamic-bond-containing
cross-linkers resulted in the formation of dual-recyclable
polymer networks. The CANs could be physically recycled
by thermal reprocessing with retained high cross-linking
densities over S cycles (Figures 5B, and $28—S30). Thereafter,
the CANs could be catalytically depolymerized to recover the
initial monomer through vacuum distillation, which could be
reused for the synthesis of a virgin-quality linear copolymer
and corresponding networks.

To address the downgradation after several physical
recycling processes and enable dual recycling capability, we
put forward a strategy of introducing degradable backbones
into CANs based on previous research on ROP and ring-
closing depolymerization. The ability of magnesium chloride
(MgCl,), ferric chloride (FeCly), zinc chloride (ZnCl,),
Sn(II),-ethylhexanoate (Sn(Oct),), TBD, and tri[N,N-bis-
(trimethylsilyl)amide]lanthanum (IIT) (La[N(SiMe,),];) to
degrade aliphatic polyesters was investigated as a potential
means of facilitating network degradation. The TGA thermo-
grams demonstrated that all selected catalysts significantly
reduced the Ty, of polymers (Figure S31). Additionally, to
investigate the role of pretreatment in its degradation process,
we attempted to disrupt the network structure of CANs
through acidolysis, alkaline hydrolysis, and transesterification
prior to depolymerization. As illustrated in Table S9, ZnCl,
was initially selected as the catalyst for the degradation of
CANs due to its low cost and efficacy. To test our
depolymerization procedure, the first attempt made to degrade

the linear polymer poly(VL-co-AVL, o) with ZnCl, resulted in
a near complete monomer recovery of ~96%. The dynamic
cross-linked network Py ,-0.50B, the one with great physical
recyclability (Figure SB), was used to illustrate the chemical
depolymerization of a sample that had undergone S cycles of
physical reprocessing (Figure SC). Herein, to facilitate the
dispersion of catalyst powder in the polymer network, the
powder was first dissolved in ethanol and then mixed with
shredded polymer network in THF. After removing most
organic solvents, the mixture was then subjected to a
distillation unit at 180 °C for 4 h. Under the catalysis of
MgCl,, the depolymerization product of Pyg-0.50B was
composed of over 99% oligomers instead of monomers in
the recovered product (~78% according to 'H NMR as
illustrated in Figure S32). The degradation products catalyzed
by both ZnCl, and FeCl; (~46% and ~29% monomer
recovery, respectively) were mainly oligomers as well (Figure
S33). The acid- or alkali-pretreated samples showed even
reduced recycling yields via end-group backbiting due to
terminal group damage. Through systematic screening of
depolymerization catalysts and reaction conditions (Table S9),
we established an optimized two-step protocol: deconstruction
of polymer network through 1, 2-propanediol-initiated trans-
esterification followed by Sn(Oct),-catalyzed depolymerization
of Pypo-0.50B. This approach achieved significantly higher
monomer recovery (~82%) than that without pretreatment
(~58%) (Figure SD). With recovered monomers, new
polymer networks were successfully synthesized after simple
purification. The reconstructed polymer network, i.e., Pggo-
0.50B, exhibited almost identical chemical structure (Figure
S34) and comparable mechanical performance (Figures SB and
$28—S30) with pristine sample, achieving circular economy
mode.

3. CONCLUSIONS

In summary, this study introduces a novel dual-recycling
approach for polymer thermosets, addressing the dilemma
between low-energy input yet property downgrading of
physical recycling and identical property retention with high-
energy cost of chemical recycling. Herein, by copolymerizing -
VL and a-AVL, functionalized copolymers were successfully
synthesized and showcased excellent depolymerizability. Upon
reaction with boronic-ester-containing dynamic cross-linkers,
the developed CANs demonstrated both excellent mechanical
performance and network dynamics. The strategic adjustment
of cross-linker proportions balanced the network’s crystallinity
and cross-linking density, affording a tensile strength of 17.7
MPa and a fracture strain of 1164%. The DMA and rheological
studies revealed the terminal relaxation behavior and dynamic
bond exchange mechanisms, and such polymer networks
retained their structural integrity and functionality over five
reprocessing cycles. The dynamic boronic ester bonds enabled
efficient reprocessing under mild thermal conditions, while the
degradable aliphatic polyester backbone facilitated high-yield
monomer recovery through a variety of depolymerization
treatment methods. Additionally, the recovered monomers can
be effectively repolymerized to produce materials with high-
quality properties, supporting a closed-loop recycling process.
This innovative dual-recycling strategy aligns with the
principles of the circular economy mode, offering a viable
pathway for addressing the limitations of traditional
thermosets. Looking forward, the dual-recycling CANs present
in this work hold considerable potential to inspire future
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advancements in the development of high-performance
recyclable thermosets, paving the way for sustainable polymer
design with broader industrial applications and environmental
benefits.

4. EXPERIMENTAL SECTION

Experimental details are provided in the Supporting Information.
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