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Polyvinyl chloride (PVC) is the world’s third-most widely manufactured ther-
moplastic, but has the lowest recycling rate. The development of PVC-like
plastics that can be depolymerized back to monomer contributes to a circular
plastic economy, but has not been accessed. Here, we develop a series of
chemically recyclable plastics from the reversible copolymerization of cyclic
anhydride with chloral. The copolymerization is highly efficient through the
anionic or cationic mechanism under mild conditions, yielding polyesters with
tunable structure and properties from multiple commercial monomers.
Notably, these polyesters manifest mechanical properties comparable to PVC
and polystyrene. Meanwhile, such polyesters are flame-retardant like PVC due
to high chloride content. Of significance, these polyesters can be depoly-
merized back to starting monomers at high temperatures owing to the
reversibility of the copolymerization, leading to a circular economy. Overall,
the readily available monomers, simple synthesis, advantageous performance,

and practical recyclability make the polymers promising for applications.

Global plastic production reached a staggering 400.3 million metric
tons in 2022". Our lives without plastics would be unrecognizable
today®. Though society is churning every day to make waste plastics
into recycling facilities and recast them as useful items, about 80 wt.%
of them end up in landfills and oceans, leading to plastic pollution as
among the most pressing current environmental issues®. An attrac-
tive strategy to address the challenge is to use chemically recyclable
polymers that can efficiently depolymerize into their starting mono-
mers for repolymerization’®. The last decade has witnessed significant
advancement in designed polymers that are convenient for chemical
recycling to monomer (CRM)°*. Looking forward, to enable wide-
spread utilization of chemically recyclable polymers in practice, sig-
nificant achievements will include employing readily available
monomers, incorporating useful properties, accessing efficient meth-
ods of polymer synthesis, gaining facile processes for CRM, etc.
Polyvinyl chloride (PVC) is the world’s third-most broadly pro-
duced synthetic thermal plastic, after polyethylene and
polypropylene*. Global PVC production reaches about 50 million tons
per year nowadays. PVC is widely used in the building industry to

produce door/window profiles and also finds use in drinking and
wastewater pipes, wire and cable insulation, medical devices, etc. PVC
possesses versatile properties such as lightweight, durable, low cost,
and easy processability. Flame retardancy is another significant and
useful feature that distinguishes PVC from other polyolefins, which is
caused by the incorporation of high chlorine content. By contrast,
most organic polymer materials are highly flammable, and the fire
hazard caused by polymers has always been the main concern of the
industry®. Additionally, However, compared to other polyolefins, the
chemical upcycling of PVC waste is more challenging due to the release
of chlorine during its depolymerization, which can deactivate the
catalyst®*°. Furthermore, PVC is unsuitable for recycling by melt-
processing or pyrolysis because of the rapid elimination of harmful
hydrochloric acid and other volatiles***'. Nowadays, PVC has the low-
est recycling rate among commodity polyolefins. The development of
new PVC-like plastics that are capable of CRM is highly attractive, but
has not been accessed today as far as we know.

Aliphatic polyesters have been widely regarded as sustainable
polymers because of their abundant renewable sources, facile
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hydrolytic degradation, and high biocompatibility*>. Ring-opening
polymerization (ROP) of lactone is a versatile method to synthesize
polyesters that are capable of CRM*™*, Significant progress has been
made in this field over the past ten years**>°. One of the major lim-
itations in this area is the lack of applicable lactones that can be readily
obtained on a large scale. Furthermore, the reported recyclable
polyesters usually exhibit unsatisfactory mechanical properties, such
as only a handful of recyclable polyesters with a tensile strength of
more than 40 MPa®>, Our group recently reported an alternating
copolymerization of cyclic anhydride and aldehyde to yield
polyesters®**>, However, the obtained polyesters possess low mole-
cular weights (M,) of less than 20kDa and exhibit inadequate
mechanical properties. Furthermore, the copolymerization was only
achieved through the cationic mechanism and uncontrolled, because
the oxygen cation of aldehyde is usually difficult to stabilize.

Here, we for the first time report the reversible copolymerization
of chloral with cyclic anhydride to synthesize a series of chemically
recyclable PVC-like polyesters (Fig. 1a). Chloral is a low-cost and
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commercially available reagent, which is prepared by the reaction of
Cl, on ethanol or acetaldehyde (Fig. 1b)*. Cyclic anhydride is an easily
accessible chemical compound manufactured by heating (bio-based)
diacid”. In addition, the copolymerization demonstrates the chemical
reversibility, enabling the obtained polyesters capable of CRM using
Sn(Oct), as a depolymerization catalyst at high temperatures (180 °C).
Meanwhile, the obtained polyesters display favorable mechanical
performance comparable to PVC and polystyrene****. Moreover, the
polyesters are flame-retardant like PVC due to high halogen content,
suggesting wide application prospects of the polyesters (Fig. 1c).

Results

Under mild conditions, we tested the copolymerization of chloral with
cyclic anhydrides through the anionic and cationic mechanisms,
respectively. The bio-derived glutaric anhydride (GA) was first
employed as a representative cyclic anhydride®. The low-cost Et;N was
used as the catalyst and exhibited high activity toward the anionic
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Fig. 1| Reversible copolymerization of chloral and cyclic anhydride to yield
polyesters that are capable of CRM. a EtzN and InBr; are used as the catalyst for
the anionic and cationic copolymerization, respectively, and Sn(Oct), is used as a

depolymerization catalyst. b The synthesis route of chloral and cyclic anhydride in
industry. ¢ Compare some of the properties of our polymers with commercial
plastics of PVC and polystyrene.
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100:100:1, at 25 °C for 15 min, the anionic copolymerization reached a
complete monomer conversion, affording the copolymer with a high
M, of 52.6 kDa and a dispersity (P) of 1.3 (entry 1 in Table 1). The
microstructure information of the obtained polymer was then
investigated by 'H NMR, ®C NMR, and 'H-"*C HSQC NMR spectro-
scopy. The 'H NMR spectrum shows proton signals at 7.2 ppm
attributed to C(= O)OCHOC(=0) (1), at 6.6 ppm attributed to C(=0)
OCHO ('), at 6.5 ppm attributed to OCHO (1”), at 2.6 ppm attributed
to CCH,CH, (2), at 2.0 ppm attributed to CH,CH,CH, (3,
Fig. 2a and Sla). The ®C NMR spectrum exhibits carbon signals at
32.8 ppm (a), 170.0 ppm (b), 171.3 ppm (b’), 19.6 ppm (c), 90.1 ppm
(d), 96.4 ppm (d’), 96.3 ppm (d”), and 96.5 ppm (e), respectively
(Figure S1b). The proton-carbon relationships of 1 with d, 1’ with d’, 1
” with d”, 2 with a, 3 with ¢, are confirmed by the 'H-*C HSQC NMR
spectrum (Figure Slc). Hence, the alternating degree (AD) of the
obtained polyester is defined as illustrated in Eq. (1),

_ Mt124¢

AD= A +Ay +Ap

@

where A;, Ay, and A, represent the integral area ratio of 1,1’, and 1” in
the 'H NMR spectrum, respectively. Accordingly, the polyester
obtained from the Et;N-catalyzed anionic copolymerization possesses
an AD of 66% (entry 1 in Table 1). By contrast, the previously reported
copolymerization of cyclic anhydrides with other aldehydes was not
achieved through the anionic mechanism®*.

We then performed the cationic copolymerization of chloral and
GA using the commercial Lewis acid of InBr; as a catalyst. With the
feeding ratio of [chloral]lo:[GA]y:[InBrs] = 100:100:1, at 25 °C for 47 h
(entry 2 in Table 1), the copolymerization reached the chloral mono-
mer conversion of 83%, yielding the polyester with an M,, of 79.1kDa, a
P of 1.5, and a high AD of 98% (Fig. 2a). Thus, the InBrs-catalyzed
cationic copolymerization of chloral and GA exhibited much lower
activity than the Et3N-catalyzed anionic copolymerization. The result is
mainly due to the strong inductive effect of chlorine atoms, which
makes the aldehyde more reactive by increasing the partial positive
charge on the carbonyl carbon. The assumption is also confirmed by
the fact that the homopolymerization of chloral can only be achieved
through the anionic mechanism and not through the cationic
mechanism®. Therefore, it is expected that the anionic copolymer-
ization of chloral and GA generates lower AD values than the cationic
copolymerization.

For kinetic studies of the Et;N-catalyzed copolymerization of
chloral and GA (Table S1), with the feeding ratio of
[chlorallo:[GAlp:[EtsN] = 50:50:1 and at 25 °C, the decay in the chloral
concentration follows first-order kinetics with a high observed rate
constant (Kyps) of 0.9 min® (Figure S2). During the copolymerization of
chloral and GA, the M,, values of the obtained polyesters are linearly
increased with the monomer conversion. In the copolymerization
process, the D values of the obtained polyesters remain narrow
(1.2-1.4, Figure S3). As the conversion of chloral increased from 19% to
>99%, the AD value of the polymer gradually increased from 50% to
66%. The result suggests that under the condition of low monomer
concentration, the alternating copolymerization is more advantageous
than the chloral homopolymerization. The obtained low-M,, polymer
was used for the test of matrix-assisted laser desorption/ionization
time-of-flight mass (MALDI-TOF MS), in which multiple distributions
were observed (Figure S4). Most of the distributions are attributed to
the polyesters bearing dicarboxylate terminals along with few or no
chloral-homopolymer linkages. These distributions are proposed to be
generated from the initiation of the unavoidable trace amounts of
water in the system, which can combine with EtzN to generate an
initiating species of [OH] “[HEt;N] for chain propagation (Figure S5).
Due to the low stability of the acetal terminal group, the polymer chain
terminals are mainly dominated by carboxylate groups. We also

observed a small amount of distribution with a-Et;N and w-COOH
terminals from the MALDI-TOF MS, which is believed to be generated
from the direct initiation of the nucleophile of Et;N (Figure S5). Due to
the presence of two initiating species of H,O and EtzN in the copoly-
merization system, some of the GPC curves of the copolymers are not
standard monomodal.

For kinetic studies of the InBrs-catalyzed copolymerization of
chloral and GA (Table S2), with the feeding ratio of
[chlorallo:[GA]p:[InBrs] = 100:100:1 and at 25°C, the decay in the
chloral concentration follows first-order kinetics with Kqps of 0.041h™
(Figure S6). The M, values of the obtained polyesters are plausible
linearly increased with the chloral conversion, while the P values are in
the range of 1.4 - 1.5 (Figure S7). The MALDI-TOF MS of the low-M,
copolymer displays a main distribution of the polyester with dicar-
boxylate terminals and complete alternating sequence (Fig. 2b). The
trace amounts of water in the system are proposed to act as an initiator
in the copolymerization, which can combine with InBr; to generate the
initiating species of [H]" [OHInBr;] for propagation (Figure S8). The
proposed mechanism is consistent with the typical Lewis acid-cata-
lyzed/initiated cationic ROP of cyclic ethers®’.

We then sought to regulate M, of the polyesters by the extra
addition of water and 1,4-benzenedimethanol (BDM) to the reaction
system (Tables S3 to S6). In the EtzN-catalyzed copolymerization of
chloral and GA, when the water content was increased from 2% to 5%,
8%, 10%, 12%, and 15%, the M,, of the obtained polyester decreased from
143t05.9,4.5,4.0, 3.2, and 2.5 kDa, while the D values remain narrow
(1.1-1.3, Fig. 2¢). The M, determined by GPC is close to the theoretical
M,, suggesting a high efficiency of the chain initiation and relatively
controlled behavior in the anionic copolymerization. The extra water
also reduced the activity of the anionic copolymerization, because the
extra water reduces the alkalinity of the system. As an example, the
addition of 15% water led to 95% chloral conversion within 24 h (entry 6
in Table S3), while the condition of no extra water achieved >99%
chloral conversion within 15 min (entry 1 in Table 1). Additionally, the
extra water increased the AD values (from 66% to 81%) of the resulting
polymer. We propose that in the anionic copolymerization, the chloral-
anion propagating species attacking chloral requires a higher activa-
tion energy than attacking cyclic anhydride in kinetics. This hypothesis
is confirmed by the experimental results that the resulting copolymers
are mainly composed of alternating structure. The extra water reduced
the activity of the anionic copolymerization, thus slowing the rate of
homo-propagation of chloral relative to cross-propagation to cyclic
anhydrides. In the InBrs-catalyzed copolymerization of chloral and GA,
when the water content was increased from 2% to 4%, 8%, 10%, 12%, and
15%, the M,, of the obtained polyester decreased from 31.8 to 17.6, 9.9,
8.2, 6.4, and 5.6 kDa, while the D values were in the range of 1.2-1.5
(Fig. 2d). The M,, determined by GPC is much higher than theoretical
M,, indicating a low efficiency of the chain initiation in the cationic
copolymerization. The extra water enhanced the activity of the catio-
nic copolymerization, because the extra water increases the amount of
initiating species of the system. For instance, the condition of no extra
water achieved 83% chloral conversion within 47 h (entry 2 in Table 1),
while the addition of 8% water led to 88% chloral conversion within
36 h (entry 3 in Table S4). In the potential high-volume industrial
production, due to the inability to strictly control the moisture, there
may be large batch differences in the quality of the polymer. The
addition of BDM as an initiator to the EtzN- and InBrs-catalyzed
copolymerization also yielded the copolymers with relatively con-
trolled M,, (Tables S5 and Sé6, Figures S9 and S10). The reaction activity
and the AD, M,,, P values of the obtained polymers are similiar to the
copolymerization system of adding water.

Next, we investigated the impact of polymerization temperature
on the copolymerization (Table S7). In the Et;N-catalyzed copolymer-
ization, when the temperature was increased from 25°C to 40 °C,
60 °C, 80 °C, and 100 °C, the M,, of the obtained polyester decreased
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and D with the feeding amount of water in the anionic copolymerization, with
[chlorally:[GA]p:[EtsN] = 100:100:1, in Table S3 (insert graph: corresponding GPC
curves). d The relationship of M, and P with the feeding amount of water in the
cationic copolymerization, with [chlorally:[GAly:[InBr;] = 100:100:1, in Table S4
(insert graph: corresponding GPC curves).

from 52.6 to 30.3, 22.4, 20.5, and 12.2kDa. The higher temperature
might lead to more transesterifications and high initiation efficiency®,
thus resulting in the decrease of the M,,. Similar results were observed
in the InBrs-catalyzed copolymerization. When the polymerization
temperature was increased from 25°C to 60°C and 100°C, the M,
decreased from 79.1 to 70.2 and 58.6 kDa. Also, the high temperature
led to high activity of the cationic copolymerization. As an example, at
100°C and with the feeding ratio of [chloral]y:[GA]o:[InBr;] =100:100:1,
the chloral conversion was up to 69% within 1h (entry 3 in Table 1). In
addition, by increasing the polymerization temperature, the AD values
of the obtained polyesters were increased in both the anionic copo-
lymerization (from 66% to 89%) and the cationic copolymerization
(from 96% to 100%). The polyester with complete alternating sequence
was obtained at 100 °C from the InBrs-catalyzed copolymerization
(entry 3 in Table 1, Figure S11). The reason for the increase in AD value
at high temperatures may be due to more transesterifications. Taking
the anionic copolymerization as an example (Figure S5), when the
active species of the carboxyl anion attacks the homopolyacetal unit,
the AD value of the polymer will increase. Similar experimental phe-
nomena have also been reported in the copolymerization of for-
maldehyde and cyclic anhydride>

We also used various bases and acids as catalysts for the copoly-
merization (Table S8). The commonly used organic bases of 1,8-dia-
zabicyclo[5.4.0Jundecane-7-ene (DBU) and 7-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MTBD) lead to a fast copolymerization.
With a feeding ratio of [chloral]o:[GA]y:[base] = 100:100:1, the anionic
copolymerization reached a complete monomer conversion at 25°C
for 6 min, affording the polyesters with AD of 71% (using DBU, entry 1in
Table S8) and 73% (using MTBD, entry 2 in Table S8). The M,, values of
32.1kDa (using DBU) and 25.9 kDa (using MTBD) are lower than that
(52.6 kDa, entry 1 in Table 1) of the polyester obtained by using Et;N,
while the P value is higher (1.4 vs. 1.3). The results are mainly caused by
DBU (pKa: 24.34 in acetonitrile) and MTBD (pKa: 25.49 in acetonitrile)
having stronger alkalinity than Et;N (pKa: 18.82 in acetonitrile)®’, in
which a stronger alkalinity can lead to more transesterifications in the
anionic copolymerization. Also, more transesterifications lead to
higher AD (71% and 73%) relative to the use of Et;N (66%, entry 1 in
Table 1), consistent with the proposed transesterification mechanism
(Figure S5). Additionally, the use of common Brgnsted acids of
NH(OTf), and TfOH for the cationic copolymerization afforded high-
AD (95% and 97%) polyesters with high M,, of 59.5 and 72.8 kDa,
respectively (entries 3 and 4 in Table S8).
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The copolymerization was then successfully extended to bromal
and various cyclic anhydrides. Such cyclic anhydrides are commer-
cially available, including 3-methylglutaric anhydride (3-MGA), digly-
colic anhydride (DGA), 2,2-dimethylglutaric anhydride (2,2-DMGA), 1,1-
cyclopentanediacetic anhydride (CPDA), 1,1-cyclohexanediacetic
anhydride (CHDA), and diphenic anhydride (DPA). Bromal is a com-
mercial reagent and is prepared by the reaction of bromine with
ethanol or acetaldehyde. EtzN and InBr; (TfOH) were used as the cat-
alyst for the anionic and cationic copolymerization, respectively. The
anionic copolymerization shows higher activity and generates less
content of alternating sequence than the cationic copolymerization.
Using such cyclic anhydrides, we obtained several chlorine-rich
polyesters with AD of 68%-100%, M, of 5.7-52.4 kDa, and P of 1.1-1.5
(entries 4-16 in Table 1, Figures S12 - S22). The copolymerization of
bromal and cyclic anhydride was realized through the InBr;-catalyzed
cationic mechanism, but it was not realized through the EtzN-catalyzed
anionic mechanism (entries 17-20 in Table 1). The results are probably
due to the weak inductive effect of the bromine atom, which cannot

stabilize the oxygen anion of the bromal for chain propagation in the
anionic copolymerization. At 25°C, the InBrs-catalyzed copolymer-
ization of bromal and cyclic anhydrides afforded bromine-rich polye-
sters with high AD of 95%-100%, M, of 29.0-40.2 kDa, and P of 1.5
(entries 18-20 in Table 1, Figures S23 - S25). Additionally, the diffusion-
ordered (DOSY) NMR spectrum of the obtained polymers (entries 1, 11,
and 13 in Table 1) manifests a single diffusion coefficient (Figures S26
- §28), suggesting only one component of the copolymer rather than
the blend of polyaldehyde and the alternating polyester.

We then explored the thermal and mechanical properties of the
resulting halogen-rich polyesters. The AD values of the polyester have
a huge influence on its glass transition temperatures (7, Fig. 3a, S30,
and S32-546). Generally, the higher the AD value of the polyester, the
lower its T,. For instance, ignoring the potential impact of M,,, when the
AD is increased from 66% to 74%, 81%, 89%, 96%, and 100%, the T of
the copolymer is reduced from 45 °C to 41 °C, 38 °C, 34 °C, 31°C, and
28 °C (Fig. 3a and S47). Moreover, by changing the substituent group
and the halogen atom, the T values of the resulting polyesters are in
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the wide range of 28 °C-148 °C. The introduction of halogen atoms
enhances the rigidity of the polymer chain and highly increases the T,
of the polymer, such as the GA-chloral alternating copolymer (entry 3
in Table 1) with a Ty of 28°C, whlie the previously reported GA-
acetaldehyde alternating copolymer with a T of —15 °C**. Because the
volume of the chlorine atom is smaller than that of the bromine atom,
the chlorine-substituted polyester have higher chain flexibility than the
bromine-substituted polyester, making the free volume discharged
faster through the movement of the chain segment. According to the
theory of free volume®, the chlorine-substituted polyester can only
maintain a certain free volume if the chain movement is frozen at a
lower temperature relative to the bromine-substituted polyester.
Therefore, the T of the bromine-substituted polyester is higher than
that of the chlorine-substituted polyester, such as the 3-MGA-chloral
alternating copolymer (entry 6 in Table 1) with a 7 of 32 °C, whlie the
3-MGA-bromal alternating copolymer with a T of 54 °C (entry 19 in
Table 1). These polyesters exhibit T4 (the temperature at polymer
decomposition of 5% in mass fraction) in the range of 173 °C-264 °C, as
determined by thermogravimetric analysis (Figures S29 - S46). Addi-
tionally, we tested the NMR spectra and GPC curves of some copoly-
mers (entries 11 and 15 in Table 1) placed at room temperature for
8 months (Figures S48 and S49). The results suggested that the M, of
the copolymer did not decrease and no small molecules were released
from the copolymers, indicating their relative stability at room tem-
perature. Because of the versatile synthetic method and rich diversity
of monomers, the thermal properties of these polymers have an
immensely extended range.

Interestingly, many of the obtained polyesters present PVC- and
polystyrene-like mechanical properties, as determined by tensile
stress-strain curves (Fig. 3a and S50-S55). Similar to PVC, polystyrene is
also among the largest plastic commodities in market size (global
production per year of more than 15 million tons) with wide applica-
tions in packaging, automotive, electronics, etc’®. The commercial
polystyrene samples exhibit the ultimate tensile strength (og) of
41.0 £1.6 MPa and the elongation at break (eg) of 3.8 £ 0.4% by our
measurement, while the commercial pure PVC samples exhibit the og
of 352+ 6.4 MPa and the &g of 3.3+ 0.7%. By contrast, our polyesters
exhibit og=66.1+33MPa and &;=4.6+0.3% for the DGA-chloral
copolymer (entry 7 in Table 1), og=46.1+2.3 MPa and ez =4.3 + 0.8%
for the GA-chloral copolymer (entry 1 in Table 1), og=48.4 + 2.1 MPa
and eg=7.5+0.3% for the 3-MGA-chloral copolymer (entry 4 in
Table 1), og=40.9 +4.2MPa and £5=8.0+0.5% for the GA-bromal
copolymer (entry 18 in Table 1).

Most of the obtained polyesters are colorless and quite trans-
parent after hot pressing, as shown in Fig. 3c. In particular, the incor-
poration of large amounts of halogen atoms greatly improves the
flame-retardant performance of the polyesters, which is similar to PVC.
The ignition experiment of the GA-chloral copolymer is illustrated in
Fig. 3d. We first used a lighter to continuously ignite the polyester for
17 seconds. After that, when the lighter was turned off, the flame on the
polyester was completely extinguished within 0.2 s, accompanied by
the release of a small amount of white smoke. Hence, the excellent
flame-retardant performance shows the wide prospects of such poly-
mers in the application of fireproof materials.

We then investigated the thermodynamics of the copolymeriza-
tion using chloral and GA as monomers (Table S9 and Figure S56).
InBr; was used as a catalyst for the copolymerization, because the
cationic mechanism led to almost complete alternating copolymer-
ization with [GA] = [chloral]. The equilibrium monomer concentration
([GAleq = [chloral]eq) was determined as a function of temperature, i.e.,
0.42M at 80°C, 0.73 M at 100°C, 1.33 M at 120°C, and 2.34 M at 140°C
(Figure S56a). The Van't Hoff plot of In[GA]eq versus T provided a
straight line with a slope of -4.189 and an intercept of 10.961 (Fig-
ure S56b). Then, according to the equation In[GAleq = AH°/RT - AS°/R,
the thermodynamic parameters were calculated as AH° = —34.8 k) mol™

and AS°=-911)mol? K. Additionally, based on the equation
T.=AH°/(AS° + R In[GA]p), the T. (ceiling temperature) was
calculated as 158°C at [GA]p=[chlorallp=3.5M or T.,°=91°C at
[GAlp = [chlorallo =1M. Therefore, the copolymerization was deter-
mined to be chemically reversible.

In view of the reversible character of the copolymerization, we
next used the GA-chloral copolymer (entry 1 in Table 1) as an example
to examine its closed-loop chemical recycling. In the presence of 2
wt.% Sn(Oct), as the depolymerization catalyst, a simple distillation
operation collected 2.5 g of purified chloral (94% yield) at 180°C for 4 h
(Fig. 4a). Then, by the sublimation of the residue after distillation at
70°C for 10 h, we obtained 1.2 g of purified GA with 90% yield (Fig. 4b).
Both the regenerated chloral and GA have high purity as determined
by 'H NMR spectra (Fig. 4c, d). Under the same polymerization con-
ditions as entry 1 in Table 1, the copolymerization of the regenerated
chloral and GA afforded the copolymer with a similar M,, and polymer
structure to that of the original copolymer (Fig. 4e and S57), thus
achieving a circular plastic economy.

By the same method, we also tested the direct recovery of
monomers from the GA-chloral copolymer mixed with commercial
plastic products and particles, including low-density polyethylene
(LDPE), polypropylene (PP), high-density polyethylene (HDPE), PVC,
polystyrene (PS), polyethylene glycol terephthalate (PET), poly-
adiohexylenediamine (PA), and polystyrene-b-polybutadiene-b-poly-
styrene (SBS). Using Sn(Oct), as the depolymerization catalyst, the
distillation at 180°C yielded the crimson liquid containing chloral and
pigment additives (Figure S58). The second distillation of the crimson
liquid at 100°Cyielded 1.2 g (90% yield) of the purified colorless chloral
(Fig. 4f and S59). The sublimation of the solid residue after the first
distillation yielded 0.5g of purified GA with 75% yield (Figure S60).
Overall, the chemical recycling of the polyester to monomer is easy to
handle.

In conclusion, we have demonstrated the copolymerization of
cyclic anhydride with chloral/bromal to yield polyesters that are
capable of CRM. Due to the strong inductive effect of chlorine atoms
in chloral, the copolymerization of cyclic anhydride with chloral can
be achieved through either a cationic or anionic mechanism. Under
mild polymerization conditions, the common bases and acids are
efficient catalysts for the anionic and cationic copolymerization,
respectively. Typically, the anionic copolymerization exhibits higher
activity and generates lower AD values than the cationic copoly-
merization. The method exhibits a high versatility toward several
cyclic anhydrides, affording a series of polyesters with tunable
structure/performance, AD of 50%-100%, high M, of up to 79.1kDa,
and Ty of 28°C-148°C. Interestingly, many of these polyesters
manifest PVC- and polystyrene-like mechanical properties. Mean-
while, similar to PVC, these polyesters are flame-retardant due to the
incorporation of massive halogen atoms in side chains. Furthermore,
the copolymerization is determined to be chemically reversible by
kinetic and thermodynamic studies. The chemical recycling of the
polyesters to starting monomers with high yield and high purity is
realized by simple distillation and sublimation operations using
Sn(Oct), as the catalyst at high temperatures (180°C). Notably, from
the perspective of price, practicality, and versatility, the ambitious
goal of our polymers to replace PVC is difficult to achieve at this
stage and more systematic research is needed in the future. In gen-
eral, our findings are expected to furnish graceful guidance for the
design of sustainable polymers to meet practical needs.

Methods

Materials

Chloral and bromal were purchased from Sigma Aldrich Chemical Co.
and were purified by distillation after stirring with calcium hydride for
24 h. The cyclic anhydrides were purchased from Aladdin Reagent
Company (Shanghai) and were sublimated twice before use.
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Fig. 4 | Chemical recycling of the obtained polyesters. a Recovery of chloral by
distillation of the copolymer. b Recovery of GA from sublimation of the residue

after distillation. ¢ 'H NMR spectra (400 MHz) in CDCl; of the original chloral (blue
line) and the regenerated chloral (red line). d'H NMR spectra (400 MHz) in CDCl; of

the original GA (blue line) and the regenerated GA (red line). e GPC curves of the
original copolymer (blue line) and the regenerated copolymer (red line). f Recovery
of chloral from various mixed common plastics. g Recovery of GA by sublimation.

Triethylamine was purchased from Sigma Aldrich Chemical Co. and
was purified by distillation after stirring with calcium hydride for 24 h.
Catalysts including DBU, MTBD, InBr;, NH(OTf),, and TfOH were
purchased from Sigma Aldrich Chemical Co. and were used as
received.

Characterization and processing techniques

'H and ®C NMR spectra were performed on a Bruker Advance DMX
400 MHz and chemical shift values were referenced to the signal of the
solvent (residual proton resonances for 'H NMR spectra, carbon
resonances for *C NMR spectra).

The molar mass and polydispersity of polymers were measured by
GPC at 40°C using a Waters 1515 isocratic pump, a model 2414 differ-
ential refractometer GPC instrument with THF as the mobile phase and
Waters Styragel HR3, HR4 and HR5 7.8x300 mm columns. The flow
rate of THF was 1.0 mL/min. Linear polystyrene polymers with narrow
molar mass distributions were used as standards to calibrate the
apparatus.

MALDI-TOF mass spectrometric measurements were performed
on a Bruker Ultraflex MALDI TOF mass spectrometer, equipped with a
nitrogen laser delivering 3ns laser pulses at 337nm. 2,5-

Dihydroxybenzoic acid (DHB) was used as the matrix. Sodium tri-
fluoroacetate was added for ion formation.

The T4 of the polymers was determined by using TA Q50 instru-
ment. The sample was heated from 40 to 500°C at a rate of 10 °C/min
under nitrogen atmosphere. Temperature when the mass loss is five
percent was taken as Tg.

The DSC measurements of polymers were carried out on a TA
Q200 instrument with a heating/cooling rate of 10 °C/min. The sample
was heated from -80 to 100 °C under nitrogen atmosphere. Data
reported are from second heating cycles.

Representative procedure for copolymerization

All copolymerizations were carried out in the glovebox under an Ar
atmosphere unless otherwise specified. A 10 mL vial with a magnetic
stirrer was first dried in an oven at 110 °C overnight, and then imme-
diately placed into the glovebox. The copolymerization of chloral and
cyclic anhydrides described below is taken from entries 1 and 2 in
Table 1 as examples.

For anionic polymerization. CH,Cl, (0.4 ml), glutaric anhydride
(4.1mmol), trichloroacetaldehyde (4.1 mmol), and Et;N (0.041 mmol)
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were added into the reactor. Then, the vial was sealed with a Teflon-
lined cap and removed from the glovebox. The reaction mixture was
stirred at 25 °C for 15 min. After that, an aliquot portion was then taken
from the crude product for determining the composition of the crude
products by 'H NMR spectrum. To obtain purified copolymer, the
crude product was dissolved in dichloromethane and then pre-
cipitated from an ethanol solution containing hydrochloric acid (2 M).
The resulting polymer was dissolved in dichloromethane and then
precipitated from ethanol for three times. Finally, the obtained poly-
mer was dried in a vacuum.

For cationic polymerization. CH,Cl, (0.4ml), glutaric anhydride
(4.1 mmol), trichloroacetaldehyde (4.1 mmol), and InBr; (0.041 mmol)
were added into the reactor. Then, the vial was sealed with a Teflon-
lined cap and removed from the glovebox. The reaction mixture was
stirred at 25 °C for 47 h. After that, an aliquot portion was then taken
from the crude product for determining the composition of the crude
products by 'H NMR spectrum. To obtain purified copolymer, the
crude product was dissolved in dichloromethane and then pre-
cipitated from an ethanol solution containing sodium phenolate (2 M).
The resulting polymer was dissolved in dichloromethane and then
precipitated from ethanol for three times. Finally, the obtained poly-
mer was dried in a vacuum.

Data availability

Data supporting the findings of this study are available within the
article (and its Supplementary information files). All other data are
available from the corresponding author upon request.
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