Open Access Article. Published on 10 December 2024. Downloaded on 3/14/2026 1:49:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer
Chemistry

W) Check for updates

Cite this: Polym. Chem., 2025, 16,
465

Zengping Peng,1*®¢ Haoyue Chen,**<“ Maoging Chai,® Rulin Yang,
*aD¢ Hongguang Sun® and Qinggang Wang

Guanggiang Xu,

™ COYAL SOCIETY
ap OF CHEMISTRY

The carbonate exchange reaction strategy for
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Using chemical methods to depolymerize or convert plastic materials for recycling is a useful process to

achieve a sustainable and circular plastic economy. Herein, different from conventional chemical method-

ologies to convert waste plastics into monomers or high value-added chemicals, a “waste polymer to pre-

cursor of polymer to new polymer” protocol was proposed. For the chemical recycling of poly(bisphenol
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Introduction

Plastics, due to their low cost and practicality, are playing an
increasingly important and indispensable role in human
society."”” However, with the vigorous development of the
plastic industry and consumerism, the crises brought by plas-
tics, such as environmental pollution, human disease, extreme
climate, etc., are becoming irreversible global disasters.>® To
improve this urgent situation, plastic recycling has been
regarded as the ultimate choice to solve the plastic problem.””
In general, mechanical recycling is the first choice for plastic
reutilization. However, mechanical recycling suffers from the
inevitable limitations of restrictions on the source of raw
materials and the decline in the quality of plastics during this
downcycling process.'®"" To avoid these disadvantages caused
by mechanical recycling, chemical recycling is considered a
more ideal approach for achieving the depolymerization of
waste plastics into commercially valuable chemicals.">
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A carbonate) (BPA-PC), a novel carbonate exchange strategy was explored, in which BPA-PC was depoly-
merized into "“DPC-PC" via a diphenyl carbonate (DPC)-mediated carbonate exchange reaction. The
unique structure of DPC-PC enables it to serve as a curing agent for preparing high-performance and
recyclable epoxy thermosets, thus blazing a new trail for the chemical recycling of BPA-PC.

The chemical recycling of plastics can be mainly classified
into two pathways, according to the usefulness of depolymeri-
zation products (Scheme 1A(a)). One pathway is to depolymer-
ize waste plastics into the initial monomers, which is suitable
for polyester plastics, especially for obtaining polyesters by
ring-opening polymerization.”>* After purification, these
recycled monomers can re-enter the polymerization process to
produce pristine polymers, so as to achieve closed-loop re-
cycling. The other way is to chemically convert waste plastics
into other chemicals, which can be used for polymer materials
such as polyolefins that are not easy to recycle into
monomers.”> > For polymers obtained by polycondensation of
two monomers, such as poly(bisphenol A carbonate) (BPA-PC),
polyethylene terephthalate (PET), etc., chemical recycling can
recover one initial monomer and produce derivatives of the
other monomer as by-products.?*° For example, by attacking
the carbonate bonds on BPA-PC with nucleophiles, a chemical
containing carbonyl groups is synthesized and the monomer
BPA is formed (Scheme 1A(b)).>”*° While there were numerous
successful precedents, in these processes, the acquisition of
BPA and additional products normally required a cumbersome
post-processing. Besides, to promote the reaction efficiency
and improve the yield of the product, an excess of nucleophiles
is often required. While this approach enhances reaction out-
comes, it can introduce additional steps in the separation and
purification process, necessitating a balance between
efficiency and operational simplicity. More importantly,
although BPA could be reused in the repolymerization process,
the utilization of carbonyl-containing chemicals also needed
to be taken into account. For example, methanol is usually
used as a depolymerizing agent, and the obtained carbonyl-
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Scheme 1 Chemical recycling strategies of plastics.

containing chemical is dimethyl carbonate. Nevertheless, it is
necessary to convert dimethyl carbonate into diphenyl carbon-
ate before it can enter the synthesis process of BPA-PC.*!
Meanwhile, other carbonyl-containing depolymerization pro-
ducts, which are referred to as “value-added” products, need
further consideration for their real application market.**>*?
Whether the recycling process is truly economical compared
with the conventional production methods of these chemicals
has not been tested. This is also a problem that needs to be
contemplated in the current “chemical upcycling”. These chal-
lenges highlight the need for developing depolymerization
strategies that minimize the reliance on complex separation
processes and excess reaction reagents. By enabling the
efficient reuse of depolymerization products, such strategies
align more closely with the principles of green chemistry, pro-
moting sustainability and operational simplicity.**

Facing the above issues, for polymers like BPA-PC that are
difficult to chemically recycle into pristine monomers, convert-
ing them into precursors of polymers to directly prepare new
polymers could provide a new solution for the recycling of
waste polymers (Scheme 1B(a)). Based on this thread, they are
then associated with epoxy thermosets, especially those based
on bisphenol A (BPA). As indispensable materials, they are
widely applied in rail transit, aerospace and other application
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If the recycling of BPA-PC can be coupled with
the synthesis of epoxy thermosets, it will be of great signifi-
cance. To this end, a novel carbonate exchange reaction strat-
egy is designed (Scheme 1B(b)). Using diphenyl carbonate
(DPC) as a carbonate exchange reagent, the BPA-PC polymer
chains can be transformed into a new chemical “DPC-PC”. The
unique structure of DPC-PC enables its potential use as an
epoxy-curing agent to prepare epoxy thermosets. Specifically,
the carbonate groups at both ends act as active groups to react
with epoxy groups,*® and the perfect double-capped structure
increases the cross-linking density. The rigid skeleton of BPA
brings mechanical strength to the resulting thermosets. In
addition, the low molecular weight of DPC-PC also provides
operational convenience for the curing process.

If this protocol is achieved, it will provide the following
environmental benefits: (1) the efficient transformation of
BPA-PC into epoxy thermosets will open a new path for the
chemical recycling of end-of-life plastics. (2) In this process,
the degradation products of BPA-PC could avoid isolation or
purification as much as possible, with no excess reagents
involved, thereby achieving 100% atomic utilization. (3) The
synthesized epoxy thermosets will retain the carbonate group,
which has the feasibility of achieving depolymerization and
topological structure recombination, thus endowing the ther-

This journal is © The Royal Society of Chemistry 2025
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mosets with recyclability. Therefore, in this work, this carbon-
ate exchange reaction strategy was systematically explored in
the chemical recycling of BPA-PC. Various end-of-life BPA-PC
products were used to demonstrate the usefulness of this strat-
egy. Besides, using DPC-PC as an epoxy-curing agent, the per-
formance of the prepared epoxy thermosets was validated.

Experimental

Materials

The BPA-PC pellet (M,, = 23 400 g mol ™", Sigma-Aldrich), diphe-
nyl carbonate (DPC) (99%, Energy Chemical), bisphenol
A (97%, Sigma-Aldrich), 2,2-bis(4-glycidyloxyphenyl)propane
(DGEBA) (85%, TCI), and 4-dimethylaminopyridine (DMAP)
(99%, Energy Chemical) were used as received without further
purification. Sodium phenolate (98%, Macklin) was dissolved
in anhydrous methanol to form a 10 mg mL™" solution for easy
weighing before use. The commercial BPA-PC materials, includ-
ing veils, lampshades, goggles, discs, buckets, and tubes, were
purchased from Taobao.com or amazon.cn and were cut into
5 mm square fragments before use. Chromatographic tetra-
hydrofuran (THF) was purchased from Honeywell Ltd for the
analysis of SEC measurements.

General procedure for the depolymerization of BPA-PC into
DPC-PC

Taken from Table 1, entry 1 as an example, to a round-bottom
flask equipped with a magnetic stir bar, sodium phenolate in
methanol solvent (11.6 pL, 0.001 mmol) was added first, and
then the methanol was removed by vacuum. The BPA-PC pellet
(2.54 g, 10 mmol based on the BPA unit) and DPC (2.14 g,
10 mmol) were added into the flask. The reaction was carried
out at 200 °C under sealed conditions. Initially, upon heating
to 200 °C, BPA-PC did not dissolve in the molten DPC, but
changed to a white opaque state, indicating that the reaction
was ongoing. As the reaction proceeded, the opaque BPA-PC

Table 1 Depolymerization of poly(bisphenol A carbonate)
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was gradually consumed. The reaction was stopped when the
reaction mixture became clear and transparent. SEC and NMR
measurements were performed to characterize the product.
Then, the reaction mixture was directly subjected to column
chromatography using petroleum ether (PE) and ethyl acetate
(EA) as the eluent in a constant ratio of 5:1 to separate the
products. The products of DPC-PC (m = 1) (2.87 g, 61%) and
DPC-PC dimer (m = 2) (0.68 g, 19%) were confirmed through
SEC and NMR measurements (Fig. S1-67).

DPC-PC (m = 1): 'H NMR (400 MHz, chloroform-d) §
7.48-7.35 (m, 4H), 7.30-7.23 (m, 10H), 7.18 (d, J = 8.8 Hz, 4H),
1.69 (s, 6H).

3C NMR (100 MHz, chloroform-d) § 152.2, 151.0, 149.0,
148.3,129.6, 128.0, 126.3, 120.9, 120.4, 42.6, 31.0.

DPC-PC (m = 2):'H NMR (400 MHz, chloroform-d) &
7.45-7.36 (m, 4H), 7.30-7.23 (m, 18H), 7.13-7.20 (m, 8H), 1.69
(s, 12H).

3C NMR (100 MHz, chloroform-d) § 152.2, 152.2, 151.0,
149.0, 149.0, 148.4, 148.3, 129.6, 128.0, 128.0, 126.3, 120.9,
120.4, 120.4, 42.6, 31.0.

The reactions for the other entries in Table 1 were carried
out using identical procedures, with only the amount of DPC
or the reaction temperature changing.

General procedure for the depolymerization of commercial
BPA-PC materials

To a Schlenk flask equipped with a magnetic stir bar, sodium
phenolate in methanol solvent (4.6 pL, 0.394 umol) was added
first, and then the methanol was removed by vacuum. The
fragmented commercial BPA-PC materials (1 g, 3.94 mmol
based on BPA unit) and DPC (0.84 g, 3.94 mmol) were added
into the flask. These reactions were carried out at 200 °C
under sealed conditions. The reactions were stopped when the
product became clear and transparent at ambient temperature.
The products were characterized by SEC to determine the
molecular weights after depolymerization.

$ PhONa B
oy 00 S o a0 O
o)Lo 200°C o~ Jo (o) 0

BPA-PC DPC-PC
Entry” DpPC? t (h) 26 (g mol™) P
14 1 1 23400 2.1
2 1 1 800 1.4
3 0.5 5 1300 1.9
4 0.3 8 2200 2.5
5¢ 1 24 720 1.4

“All the reactions were carried out at 200 °C, adding 0.01% equ1valent sodium phenolate as a catalyst and the BPA-PC material with M,, =
23400 g mol™, P = 2.1, as determined by size- exclusron chromatography b Different equivalents of diphenyl carbonate (DPC) relative to polymer
repeating umts were used during the depolymerization of BPA- PC “Molecular welght and dispersity of DPC-PC were determlned by size-exclusion
chromatography (SEC) using THF as the eluent under 1 mL min~" flow rate and using polystyrene standards for calibration. ¢ The reactions were
carried out without a catalyst. ¢ The reaction was carried out at 150 °C.
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General procedure for preparing DPC-PC-based epoxy
thermosets

2,2-Bis(4-glycidyloxyphenyl)propane (DGEBA) 29 g
8.55 mmol) and DPC-PC (from Table 1, entry 1) (4 g,
8.55 mmol) were dissolved in anhydrous THF (20.7 g) to form
a homogeneous solution, and then 4-dimethylaminopyridine
(DMAP, 7.25 mg, 0.25 wt% of epoxy) was added. The solution
was cast into a Teflon mold when DMAP dissolved completely,
and then the sample was dried under vacuum overnight before
curing. The epoxy resin was cured by periodically heating at
80 °C (4 h), 120 °C (2 h), 140 °C (2 h), 160 °C (2 h), 180 °C
(2 h), 200 °C (2 h), and 220 °C (2 h) under an Ar atmosphere to
obtain a yellow transparent film.

General procedure for the depolymerization of DPC-PC-based
epoxy thermosets

The cured epoxy resin (0.808 g, 1 mmol) was cut into 2 mm
fragments before being added into a 5 mL round-bottle flask
with N,N-dimethyl-1,2-ethanediamine (0.186 g, 2.12 mmol),
and then the flask was sealed and heated at 120 °C for 8 h.
The depolymerization products 1,3-dimethyl-2-imidazolidi-
none (DMI) and phenoxy resin were separated by distillation.
The crude DMI was purified by thin-layer chromatography
(PE:EA = 1:1) to remove any remaining unreacted N,N'-
dimethyl-1,2-ethanediamine. NMR and SEC analyses con-
firmed the structure of depolymerization products. After purifi-
cation, the yield of DMI was calculated to be 52%, and the
yield of phenoxy resin was calculated to be 99%.

Results and discussion
The carbonate exchange reaction between DPC and BPA-PC

To verify the feasibility of this strategy, the reaction between
the carbonate exchange reagent DPC and BPA-PC was first
investigated (Table 1). BPA-PC was first mixed with an equi-
valent amount of DPC relative to the carbonate groups, theor-
etically causing all carbonate groups to undergo the carbonate
exchange reaction, thereby obtaining the target product
DPC-PC (m = 1) (Scheme S27). The reaction temperature was
set at 200 °C to facilitate the carbonate exchange reaction,
which was inspired by the conditions of polycondensation
used to synthesize BPA-PC.**>! The reaction was conducted
without the use of solvents, as a solvent-free process reduces
the complexity of separation, minimizes the generation of
harmful by-products, and lowers the risk of volatile emissions.
Firstly, the reaction results without the presence of a catalyst
were explored (Table 1, entry 1). The almost unchanged mole-
cular weight (M,) and dispersity (D) of BPA-PC indicate that
the addition of a catalyst is necessary. Therefore, 0.01 mol%
sodium phenolate (PhONa) was added as a catalyst. As
expected, in this case, BPA-PC was observed to melt rapidly in
DPC, and a colorless transparent liquid was obtained after 1 h
of reaction.

Size-exclusion chromatography (SEC) was first employed to
detect the reaction process. It was clearly observed that the
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peak with a molecular weight of 23 400 g mol™" for the initial
BPA-PC completely disappeared, and a new group of peaks
with a molecular weight of ca. 800 ¢ mol™" appeared (Table 1,
entry 2, Fig. 1a), which confirmed that BPA-PC underwent a
significant depolymerization under the action of DPC. It is
worth noting that three groups of peaks could be clearly
observed in the SEC trace (Fig. 1a, blue line). Therefore, in
order to clarify each peak corresponding to the product in the
SEC result, the reaction mixture was separated through
column chromatography. By comparing the "H NMR analysis
and SEC trace (Fig. S1-3t), the product DPC-PC (m = 1) was
clearly identified. Its molecular weight is 468 g mol ™", which is
consistent with SEC results (SEC results: M,, = 434 g mol ', B =
1.05). Similarly, the dimer (m = 2) and multimers (m = 3-5)
were also found (Fig. S4-8t). That is to say, under these con-
ditions, the main products were DPC-PC (m = 1 and 2), and
there was also a small amount of multimers (m = 3-5) present
due to the existence of equilibrium in the reversible reaction
of carbonate exchange (Fig. 1b). In addition, the structure of
depolymerization products was accurately characterized by
high-resolution mass spectrometry (HRMS) (Fig. 1c). A phenyl-
terminated carbonate structure containing bisphenol A was
confirmed, with its molar mass corresponding to the quasi-
molecular ion peak (M + NH,]', m/z = 486.19). The formation
of this phenyl carbonate terminal structure revealed the occur-
rence of carbonate exchange reaction between the carbonate
groups in DPC and BPA-PC.

Meanwhile, the structure of depolymerization products was
further explored by intensive NMR testing. The average
repeated unit value (m) of the depolymerized products could
be obtained through the integral area ratio of BPA repeating
units and terminated phenyl carbonates (Fig. S9t). However,
the characteristic peaks of the depolymerization products were
highly coincident with those of the initial BPA-PC and DPC,
making it difficult to accurately distinguish them from the raw
material (Fig. S10t). Despite this, no other impurity peaks
were observed in the NMR spectra, indicating that there were
no other by-products generated during the process. To clearly
identify the progress of the reaction, the depolymerization pro-
ducts were further analysed by "H DOSY. Before the reaction
started, DPC and BPA-PC showed obvious differences in
diffusion coefficients due to discriminate molecular volumes
(Fig. 2a). After depolymerization, a group of products with
diffusion coefficients between that of BPA-PC and DPC
appeared, which could be assigned to the products DPC-PC
(Fig. 2b). The above characteristics fully reveal the structure of
the obtained product.

The influence of the equivalent of carbonate exchange reagent
and reaction temperature

Furthermore, it was suspected that if part of the carbonate
groups reacted with the participation of a lower equivalent of
DPC, longer chain structures might be obtained. To test this
conjecture, the DPC addition was first reduced to 0.5 equiva-
lents. After 5 h of reaction, a colorless liquid with a molecular
weight of 1300 g mol™" was obtained as well (Table 1, entry 3).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Characterization of the depolymerized product DPC-PC (Table 1, entry 2). (a) SEC analysis of the initial BPA-PC and the depolymerization
product DPC-PC. (b) SEC analysis of DPC-PC of different molecular weights. (c) HRMS analysis of the depolymerization product DPC-PC.
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Fig. 2 (a) *H DOSY analysis of a BPA-PC and DPC equimolar mixture. (b) *H DOSY analysis of the depolymerization product DPC-PC.

Although small amounts of DPC-PC (m = 1) and DPC-PC dimer
(m = 2) were observed, the multimers occupied a major posi-
tion (Fig. 3, grey line). Further reducing the DPC equivalent to
0.3 equivalents, the depolymerization could still proceed
smoothly within 8 h, yielding the DPC-PC products with a
molecular weight of 2200 g mol™" (Table 1, entry 4). At this
point, higher molecular weight multimers dominated the
depolymerization products, resulting in a more pronounced

This journal is © The Royal Society of Chemistry 2025

single peak trend (Fig. 3, orange line). As shown in Fig. 3, with
the decrease of DPC addition, the elution time of the product
in the SEC column shortened, which means that the average
chain length of “DPC-PC” could be adjusted by regulating the
amount of carbonate exchange reagent added. These results
further demonstrated the feasibility of this strategy.

Besides, when the temperature was further reduced to
150 °C, the reaction could still be carried out smoothly (Table 1,

Polym. Chem., 2025, 16, 465-474 | 469
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Fig. 3 SEC analysis of depolymerization products with different DPC
additions.

entry 5). The depolymerization products with the expected
results were obtained after 24 h, which was consistent with the
results at 200 °C (M,, = 800 vs. 720 g mol™", P = 1.44 vs. 1.42).
However, considering the efficiency and energy consumption of
the reaction, the high reaction activity and shortened time at
200 °C were preferred. After comprehensive consideration, reac-
tions at 200 °C were selected for further exploration.

Depolymerization of commercial BPA-PC materials

In practical BPA-PC products, additives are added to improve
their performance.>® Therefore, it is necessary to explore the
depolymerization process of BPA-PC used in real life to verify
the practicability of this strategy. Hence, the common BPA-PC
products in the market were collected, including veils, buckets,
lampshades, discs, tubes, and goggles. The main components
of these materials were proved to be BPA-PC by "H NMR ana-
lysis (Fig. S11-161). These end-oflife PC products exhibit
different molecular weights, ranging from 12200 g mol™ to

M, = 22100 g/mol

veil

M, = 25500 g/mol

=

M,=21300 g; BPA-PC

products

A . d.

M,,= 14700 g/mol M, = 14600 g/mol

M, = 14100 g/mol

Fig. 4 Depolymerization of commercial BPA-PC products.
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25500 g mol™', as determined by SEC testing (Fig. S17-221).
Then, these plastic products were broken into about 5 mm
square fragments and subjected to the carbonate exchange
strategy. The reaction conditions were the same as before, invol-
ving 1 equiv. of DPC carbonate exchange reagent and
0.01 mol% PhONa catalyst at 200 °C. Satisfactorily, the rapid
melting of these materials in DPC was observed. The reaction
process was monitored by SEC testing of the samples taken
during the reaction. As shown in Fig. 4, all the reactions could
be completed within 2-4.5 h, yielding small molecule products
with molecular weights from 700 g mol™ to 1100 g mol™?,
similar to those observed before. These results indicated that
these commercial BPA-PC materials have also been completely
depolymerized. It is worth noting that the addition of blue
pigment was clearly observed in the BPA-PC bucket, but it did
not affect the depolymerization process. In addition, there were
other insoluble substances, such as polyacrylate and metallic
silver, in the BPA-PC disc, which did not hinder the reaction as
well and could be removed by filtration after the reaction. These
successful processes fully demonstrate the tolerance of the cata-
Iytic strategy to additives in BPA-PC commodities.

Synthesis of the DPC-PC-based epoxy thermoset

Next, further verification was conducted on whether the
obtained DPC-PC could be employed as a curing agent for
epoxy resins. Due to the absence of excessive reagents and
other side reactions during the depolymerization process,
DPC-PC (from Table 1, entry 2) was directly transferred to the
next stage without cumbersome purification steps. 2,2-Bis(4-
glycidyloxyphenyl)propane (DGEBA), as the most commonly
used epoxy resin, was chosen as the epoxy resin. The epoxy
thermoset was prepared using the casting method. DGEBA
and DPC-PC were dissolved in tetrahydrofuran with a molar
ratio of epoxy groups to carbonates equal to 1:1; then 4-di-
methylaminopyridine (DMAP, 0.25 wt% of DGEBA) was added
as a catalyst before casting into a Teflon mold. After removing
the solvent and de-bubbling through vacuum, gradient heating
to 220 °C ensured the curing process proceeded smoothly
(Fig. 5a). The obtained epoxy thermoset displayed good solvent

bucket

goggle M, =800 g/mol

M, =760 g/mol

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Synthesis of the epoxy thermoset using DPC-PC as a curing agent. (b) FTIR spectra of DGEBA, DPC-PC and the obtained epoxy thermo-

set. (c) Dynamic mechanical analysis of DPC-PC-based epoxy thermoset; storage modulus E' and loss angle tangent tan § as a function of tempera-
ture from 60 to 200 °C with a heating rate of 3 °C min~t. (d) Stress relaxation curves of the epoxy thermoset in strain-control mode at temperatures
from 100 to 130 °C. (e) Tensile stress—strain curves of the obtained epoxy thermoset with a stretching rate of 2 mm min~* at room temperature. (f)
DSC analysis of the obtained epoxy thermoset. (g) TGA analysis of the obtained epoxy thermoset.

resistance and remained intact in various conventional
organic solvents and aqueous solutions, revealing its highly
cross-linked structure. Therefore, Fourier-transform infrared
(FTIR) spectroscopy analysis was conducted to detect the struc-
ture of the cured epoxy resin. As shown in Fig. 5b, after curing,
the peak of epoxy at 913 cm™" disappeared, and the carbonate
bond peak in the cured epoxy resin shifted to 1745 cm™" com-
pared to that in DPC-PC, 1769 cm™". The above information
proves that a chemical reaction occurred between the epoxy
group and the carbonate group, indicating the successful

preparation of the DPC-PC-based epoxy thermoset.

Performance of the DPC-PC-based epoxy thermoset

Investigations into the performance of this DPC-PC-based
epoxy thermoset were conducted. Firstly, the dynamic mechan-
ical properties of the curved sample were determined through
dynamic mechanical analysis (DMA). As shown in Fig. 5c, a
sharp loss factor (tan &) peak was observed. The peak tempera-

This journal is © The Royal Society of Chemistry 2025

ture of tan &, that is, the glass transition temperature (Tj),
reached 146 °C. The storage modulus (E') of the epoxy thermo-
set reached 2.87 GPa in the glass state, and it still reached 24.3
MPa at T, + 30 °C. Therefore, the cross-linking density (v.) was
calculated to be 2170 mol m™ by applying this value into the
formula E' = 3v.RT (E' is the storage modulus at T, + 30 °C, R is
the gas constant, and T is the absolute temperature). The T,
and modulus are positively correlated with cross-linking
density and also depend on polymer structures. Therefore, the
considerable T, and E' of this material are derived from its
high cross-linking density and the rigidity of the BPA skeleton.
In addition, a stable platform of rubber modulus was also
detected, which confirmed the existence of cross-linked
network structures from the side.

The above data indicated that the synthesized thermoset-
ting resin exhibited good viscoelastic characteristics.
Furthermore, the dynamic performance of the DPC-PC-based
epoxy thermoset was investigated by the stress relaxation

Polym. Chem., 2025, 16, 465-474 | 471
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experiment of DMA (Fig. 5d). The stress relaxation curves
showed that this thermosetting material obeys typical
Arrhenius temperature-dependent behaviour. The stress
relaxed rapidly with increasing temperature. At 110 °C, the
time required for the modulus to relax to 1/e of the initial one
(the relaxation time 7*) was 505 s, whereas the ¢* declined to
61 s at 120 °C, or even only 6 s at 120 °C. This phenomenon
revealed the presence of rapid dynamic topological rearrange-
ments in the DPC-PC-based epoxy networks, which is attribu-
ted to the carbonate exchange reaction of the dynamic carbon-
ate bonds retained in the network.>*"*

The mechanical properties were also taken into account by
analyzing the tensile stress-strain curve. As shown in Fig. 5e,
the stress increased continuously with strain until rupture,
and no stress yield appeared. The fracture strength was up to
71 MPa, accompanied by the elongation at break of 9.5%. This
material displayed the mechanical properties of a typical epoxy
thermoset. The strong fracture strength is comparable to those
of most epoxy thermosets reported at present.>>>®

The thermal behavior of the polymer was investigated
through differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). DSC analysis revealed that the
DPC-PC-based epoxy thermoset displayed a T, of 130 °C in the
first heating scan, which decreased to 123 °C after the elimin-
ation of thermal history (Fig. 5f). Due to differences in testing
principles, there was a slight difference in T, obtained from
DMA.”” Thermogravimetric analysis (TGA) showed that the

a. ' Depolymerization of Epoxy Thermoset

or"

120°C, 8 h
Solvent-free

View Article Online
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decomposition temperature at 5% mass loss (Tg,0) reached
352 °C (Fig. 5g), demonstrating the excellent thermal stability
of this material. The above performance characterization indi-
cates that the DPC-PC-based epoxy thermoset possesses good
comprehensive properties, such as dynamic performance,
mechanical performance, and thermal stability, owing to the
exquisite structures introduced into the thermoset by DPC-PC
as a curing agent.

Depolymerization of the DPC-PC-based epoxy thermoset

Generally, the inherent high cross-linking characteristics of
epoxy thermosets make their chemical recycling more challen-
ging, which is also one of the environmental problems faced
by such materials.’®>° The presence of easily chemically break-
able carbonate bonds in DPC-PC-based epoxy thermosets has
prompted us to consider whether this material can achieve
efficient chemical recycling. For this purpose, N,N-dimethyl-
ethylenediamine (DMEDA) was considered as a depolymeriza-
tion reagent, which could capture carbonyl to produce 1,3-
dimethyl-2-imidazolidinone (DMI).®® Surprisingly, the depoly-
merization reaction of this DPC-PC-based epoxy thermoset
could take place smoothly even at 120 °C without additional
auxiliary solvents and catalysts (Fig. 6a). After depolymeriza-
tion, DMI with a relatively low boiling point was obtained by
distillation (Fig. 6b). The remaining high boiling point pro-
ducts were analyzed and confirmed to be phenoxy resin
(Fig. 6¢c). DMI can be used as a green solvent, and phenoxy

Depolymerization products

Conversion > 99%

DMI A
Phenoxy Resin yield > 99%

.
b
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Fig. 6 (a) Depolymerization of the epoxy thermoset using N,N'-dimethyl-ethylenediamine (DMEDA) as the depolymerizing agent. (b) *H NMR spec-
trum of the depolymerization product DMI. (c) IH NMR spectrum of the depolymerization product phenoxy resin.
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resin is widely used in most adhesives, coatings, prepregs,
composites and molded parts,*®®" so as to realize the degra-
dation of epoxy thermosetting substances into useful chemi-
cals. Therefore, the depolymerization strategy of this work not
only achieves the depolymerization of BPA-PC, but also
couples the synthesis and recycling of the epoxy thermoset.

Conclusions

In summary, a carbonate exchange strategy was proposed to
achieve chemical recycling of BPA-PC plastics into precursors
of polymers to prepare new polymers. In this strategy, BPA-PC
polymer chains were sheared by DPC, taking advantage of the
carbonate exchange reaction, while transforming the polymer
into a new chemical “DPC-PC”. The structure of DPC-PC was
confirmed by SEC, HRMS analysis and 'H DOSY. The depoly-
merization strategy was tolerant to various impurities in com-
mercial BPA-PC materials, demonstrating significant practical
applications. More importantly, the unique structure of
DPC-PC enables it to serve as a curing agent for epoxy resins,
resulting in the preparation of a DPC-PC-based epoxy thermo-
set with excellent comprehensive properties. Meanwhile, the
retention of the carbonate bond in the epoxy thermoset also
gives it the feasibility of efficient chemical recycling, thus
achieving the coupling of depolymerization of BPA-PC and the
epoxy resin simultaneously. This strategy is innovative com-
pared to the conventional approach of depolymerizing waste
plastics into the initial monomers or high-value chemicals,
and it will further inspire the development of plastic recycling.
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