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It is highly desirable to reduce the environmental pollution related to the disposal of end-of-life plastics.
Polycarbonates derived from the copolymerization of CO, and epoxides have attracted much attention
since they can enable CO,-fixation and furnish biorenewable and degradable polymeric materials. So far,
only linear CO,-based polycarbonates have been reported and typically degraded to cyclic carbonates.
Here we synthesize a homogeneous dinuclear methyl zinc catalyst ((BDI-ZnMe),, 1) to rapidly
copolymerize meso-CHO and CO, into poly(cyclohexene carbonate) (PCHC) with an unprecedentedly
cyclic structure. Moreover, in the presence of trace amounts of water, a heterogeneous multi-nuclear
zinc catalyst ((BDI-(ZnMe;-xH20)),, 2) is prepared and shows up to 99% selectivity towards the
degradation of PCHC back to meso-CHO and CO,. This strategy not only achieves the first case of

Received 9th March 2022
Accepted 21st April 2022

DOI: 10.1039/d25c01387h cyclic CO,-based polycarbonate but also realizes the complete chemical recycling of PCHC back to its

Open Access Article. Published on 22 April 2022. Downloaded on 12/4/2025 5:27:40 AM.

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

(cc)

rsc.li/chemical-science

Introduction

The rapid development of plastics is a double-edged sword: on
the one hand, they have penetrated into every aspect of our daily
life because of their useful and versatile applications."” On the
other hand, with the increasing production of plastics world-
wide, properly disposing of end-of-life plastics has become
a very challenging task facing our society,** since plastics limit
landfills, produce microplastic issues during degradation that
seriously contaminate waterways and aquifers, or generate toxic
gases causing air pollution during incineration of plastic
wastes, thus significantly intensifying environmental pollu-
tion.*” In order to reduce or prevent this “white pollution”,****
various approaches have been developed such as synthesizing
bio-derived plastics from renewable monomers**?° or maxi-
mizing the degradation value by transforming plastic waste into
value-added chemicals.”*** Among them, chemical recycling of
polymers back to monomers (CRM) is an attractive strategy
showing great potential in solving issues related to plastic waste
because it can completely transform polymeric waste back into
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monomers, representing closed-loop recycling of CO,-based polycarbonates.

monomers for virgin polymer reproduction, thus closing the
loop and realizing the ideal circular polymer economy.>**°
The utilization of CO,, one of the most abundant C1 carbon
sources, as co-monomers to be copolymerized with epox-
ides,*'*® has attracted intense attention since Inoue's seminal
work,* which will not only achieve CO,-fixation, thus reducing
the greenhouse gas level in the atmosphere, but also furnish
biorenewable and degradable polymeric materials.*~** It should
be noted that ring-opening copolymerization of epoxides and
CO, is typically initiated by either intrinsic metal-bonded
initiators**>° or additional initiators in binary systems.
Therefore, linear polycarbonates capped by initiation species
chain-ends are obtained in general. As we know, cyclic polymers
possessing a ring-like structure exhibit a unique set of proper-
ties compared with their linear analogues, thus attracting
particular interest in the precision polymer synthesis.>*>”
However, there have been no reports on the synthesis of cyclic,
COy-based polycarbonates yet. As far as the degradation of
polycarbonates is concerned, cyclic carbonate was the most
reported degradation product in comparison with epoxide and
carbon dioxide co-monomers.*®* Polycarbonate derived from
common monomers (ie. poly(cyclohexene carbonate) (PCHC)
based on meso-cyclohexene oxide (meso-CHO)) typically
produced trans-CHC rather than meso-CHO, probably because
the energy barrier for meso-CHO formation is 1.0 kcal mol*
higher than that for trans-CHC.*® So far, only a few examples of
polycarbonate based on epoxide monomers with large steric
hindrance were reported to have been completely recycled back
to their epoxide monomers.®*** So far, we are unaware of any
complete chemical recycling of PCHC back to meso-CHO yet.

51-53

Chem. Sci., 2022, 13, 6283-6290 | 6283


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc01387h&domain=pdf&date_stamp=2022-05-30
http://orcid.org/0000-0003-4425-1453
http://orcid.org/0000-0002-6406-1959
https://doi.org/10.1039/d2sc01387h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01387h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013021

Open Access Article. Published on 22 April 2022. Downloaded on 12/4/2025 5:27:40 AM.

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

(cc)

Chemical Science

2 equiv.
II A Il ZnMe,
N N
H H /
N N N
2 equiv.

partially hydrolyzed
ZnMe,

View Article Online

Edge Article

=N Il II N=
\Zn— —Zn/
\ » S—?

2
(BDI-(ZnMeyxH,0)),

1
(BDI-ZnMe),

Fig. 1 Preparation of catalyst 1 and 2 from the reaction of the BDI-ligand with ZnMe,.

Here, we designed and synthesized a dinuclear methyl zinc
catalyst ((BDI-ZnMe),, 1) by reacting a BDI ligand with ZnMe,
(Fig. 1). Without the initiator, catalyst 1 exhibits high activity
and chem-/regioselectivity towards the copolymerization of
meso-CHO and CO,, furnishing polycarbonates with an
unprecedented cyclic topology. Both the Mark-Houwink plot
and MALDI-TOF-MS spectra confirmed that these cyclic poly-
carbonates possessed an “end group” of two CO, molecules.
Moreover, a heterogeneous catalyst ((BDI(ZnMe,-xH,0)),, 2)
can be prepared from the same reaction in the presence of trace
amounts of water, which can rapidly degrade PCHC to the meso-
CHO monomer and CO, comonomer with up to 99% high
selectivity, which represented the perfect CRM example from
PCHC to meso-CHO.

Results and discussion
Synthesis of catalyst 1 and its copolymerization activity

The B-diiminate ligand was prepared according to the litera-
ture,®” which was employed to react with pure ZnMe, for the
synthesis of (BDI-ZnMe),, catalyst 1. It was structurally charac-
terized by means of nuclear magnetic resonance (NMR)
(Fig. S17) and single-crystal X-ray diffraction (Fig. 2). Catalyst 1
is a symmetric structure bridged with two diphenyl methyl

Fig. 2 Crystal structure of catalyst 1 (hydrogen atoms are omitted for
clarity and ellipsoids are set at 30% probability).
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groups, while two B-diiminate methyl zinc planes were posi-
tioned face to face by bidentate zinc moieties such that both
zinc centres bearing methyl groups shared the steric hindrance
and there was an axial cavity between the zinc planes with
a Zn---Zn distance of 6.507 A.

Without requirement of initiators, catalyst 1 can rapidly
polymerize 800 equiv. of meso-CHO into PCHC at 90 °C in 1 h
under 40 bar CO,, thus affording copolymers with a turnover
frequency (TOF) over 790 h™' (entry 1, Table 1). This result
contradicts previous literature findings that alkyl zinc
complexes are inactive for epoxide/CO, copolymerization in
general and often act as precursors for alkoxide/acetate zinc
derivatives.*>%*%* Moreover, we found that over 99% of the
produced polymers are polycarbonates with a narrow molecular
weight distribution (MWD) and there was no observation of
polyether or cyclic carbonate (Fig. S2t). It is also noted that
reducing CO, pressure from 40 to 30, 20, and 10 bar, respec-
tively, did not show a noticeable impact on the polymerization
activity of catalyst 1, highly selectively producing poly-
carbonates with a similar molecular weight, narrow MWD and
comparable TOF value (~800 h™') (entries 2 to 4 vs. 1, Table 1).
Further reducing CO, pressure to 1 bar led to the formation of
both cis-cyclic carbonate and ether linkages, indicating that
sufficient CO, is required for high chemo- and region-selectivity
(entry 5, Table 1 and Fig. S31). The control experiment revealed
that catalyst 1 is inactive for homopolymerization of meso-CHO
up to 120 h (entry 6, Table 1), suggesting that CO, is essentially
important for the copolymerization of meso-CHO and CO,. We
also evaluated the influence of catalyst loading on polymeriza-
tion and were very glad to see that all polymerizations can
proceed smoothly under 30 bar CO, pressure (entries 7-10,
Table 1). The corresponding TOF value increased from 396 to
792, 1164 and 1328 h™' when the meso-CHO/1 ratio was
changed from 400/1 to 800/1, 1200/1, and 1600/1, respectively
(entries 7, 2, 8 and 9, Table 1). Even with a 2000/1 ratio, over
97% of the monomer can still be converted to PCHC with 99%
selectivity in 2 h (entry 10, Table 1). Further investigation
indicated that reaction temperature plays an important role in
affecting polymerization activity. At room temperature (RT),
only ~30% of meso-CHO was converted to PCHC in 2 h for
copolymerization performed in an 800/1 meso-CHO/1 ratio
(entry 11, Table 1). In sharp contrast, it only took 0.5 h to reach
80% monomer conversion for polymerization heating at 110 °C,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Copolymerization of CO, and meso-CHO by catalyst 1¢

View Article Online

Chemical Science

Entry [M]/[C] ratio PCO, (bar) T (°C) t(h) Conv.? (%) TOF’ (h™Y) Polycarbonate” (%) M, (kDa) pe

1 800/1 40 90 1 99 792 >99 28.6 1.11
2 800/1 30 90 1 99 792 >99 28.7 1.09
3 800/1 20 90 1 98 784 >99 27.9 1.11
4 800/1 10 90 1 99 792 >99 32.2 1.02
5 800/1 1 90 1 18 144 67 — —
6° 400/1 — 90 120 0 — — — —

7 400/1 30 90 1 99 396 >99 31.4 1.04
8 1200/1 30 90 1 97 1164 >99 32.7 1.06
9 1600/1 30 90 1 83 1328 >99 30.6 1.11
10 2000/1 30 90 2 97 970 >99 33.5 1.17
11 800/1 30 25 2 30 120 >99

12 2000/1 20 110 0.5 80 3200 >99 28.7 1.11
13 2000/1 20 110 1 95 1900 >99 32.8 1.09
14°¢ 400/1 30 90 2 0 — — — —

“ Carried out in toluene ([meso-CHO] = 2.0 M) in a 20 mL autoclave. ° Conversion of meso-CHO and selectivity for polycarbonates determined by 'H
NMR spectroscopy. Turnover frequency (TOF) = mol of product/mol of catalyst per hour. © Weight average molecular weight (M,,) was measured by
GPC using a light scattering detector in THF. ¢ [meso-CHO] = 1.0 M. ¢ Using the mono-nuclear BDI-ZnMe complex as catalyst (Fig. S20).

giving rise to a high TOF value of 3200 h™" (entry 12, Table 1). It
is worth noting that the produced PCHCs all exhibited compa-
rable molecular weights (i.e. 400/1 31.4 kDa; 800/1 28.7 kDa;
1200/1 32.7 kDa, 1600/1 30.6 kDa, and 2000/1 33.5 kDa)
regardless of the monomer feed ratios, while the dispersities

polymerization. This result aroused our interest since we did
not add any chain transfer reagents to the system at all.

Characterization of cyclic polycarbonates produced by catalyst
1

remained narrow (P as low as 1.04) (Fig. S61), thus strongl . i .
( ) (Fig. S67) Y The dinuclear zinc catalyst 1 not only exhibits unprecedentedly
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Fig. 3 Characterization of the end-group and cyclic structure and in situ FTIR study of reaction between 1 and CO,. (A) The MALDI-TOF mass
spectra of PCHC produced by 1 using **CO, (black) and **CO, (blue), respectively. CFsCOOK was used as the ionizing agent. (B) Double
logarithm (Mark—Houwink) plots of intrinsic viscosity [n] versus weight-average molecular weight of the PCHC produced by 1 (red line, entry 9,
Table 1) and linear counterparts®” from the literature (black line). (C) Three-dimensional stack plot of the IR spectra during the reaction of CO, and
1in toluene at 90 °C, 40 bar pressure.
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CO, copolymerization in the absence of initiator, but also
produces polycarbonates with a similar molecular weight (~30
kDa). These intriguing features prompted us to detect more
structural details about the produced polymers. At first, we
analyzed the low molecular weight PCHCs produced by catalyst
1 with the matrix-assisted laser desorption/ionization time of
flight mass spectroscopy (MALDI-TOF MS). As shown in Fig. 3A
and S7,T only one series of molecular ion repeating in intervals
of 142, corresponding to the sum of a repeat unit of meso-CHO
and CO, is clearly observed. An intercept of 127 obtained from
the plot of m/z values of this series vs. the number of repeat
units was commensurate with the sum of K" and an unknown
species with a molecular weight of 88. Obtaining such an
unusual chain-end group ruled out that the polymerization was
initiated by the following common species: (i) water; (ii) 1,2-
cyclohexanediol generated in the early stage of polymerization;
or (iii) meso-CHO rearrangement resulting in cyclopentyl,
cyclohexyl, or cyclohexenyl, which excluded the corresponding
chain transfer reactions related to these species. Moreover, the
MALDI-TOF MS spectrum of the polymers produced by using
BnOH as the initiator (Fig. S8t) also revealed that even though
we observed a small portion of PCHC capped by BnOH, the
majority of PCHC still possessed an end group with a molecular
weight of 88, thus manifesting that the polymers obtained with
a similar molecular weight under different conditions were not
produced from the chain-transfer reaction initiated by BnOH.
Based on the above-mentioned results and the fact that the
molecular weight for one molecule of CO, is 44, we speculated
that the unknown chain-end group with a molecular weight of
88 might be composed of two molecules of CO,. However, there
have been no reports on the production of di(tri)carbonate
linked polycarbonates so far, since it is believed to be enthalp-
ically disfavored to consecutively insert two molecules of CO,
into polymer chains.**%¢ To validate our assumption, we
synthesized PCHC based on '*C-labeled CO, and analyzed its
MALDI-TOF MS spectrum (Fig. 3A). It turned out that the
molecular weight of the repeat unit increased from 142 to 143.
Meanwhile the molecular weight of the chain-end group
changed from 88 to 90, indicating the formation of the chain-
end group composed of two *CO, molecules. The *C NMR
spectrum of the *CO,-labeled PCHC exhibited new peaks at
154.2 ppm and 154.4 ppm (Fig. S9 and S$107), which might be
attributed to the tricarbonate linkage. These results clearly
confirmed that the chain-end group is generated by the
continuous insertion of two molecules of CO,. On the basis of
the above-described results, it can be easily inferred that the
produced polymers have a cyclic structure rather than a linear
chain, because it would be unstable to consecutively insert two
CO, molecules into the end of a linear polymer chain, plus the
molecular weight cannot be 88, since hydrogen or hydroxyl
chain-end groups should be observed. To further validate our
assumption, we heated the cyclic PCHC in toluene at 150 °C for
30 min. MALDI-TOF MS analysis did not show any difference
between the low MW PCHC before and after heating (Fig. S117),
indicating that the cyclic PCHC is very stable. Next, in order to
cleave such a tricarbonate linkage, low MW PCHC reacted with
benzyl amine in DCM at room temperature for 30 min. The

6286 | Chem. Sci, 2022, 13, 6283-6290
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MALDI-TOF MS spectrum of the resulting products consisted of
two series of mass ions. Beside the major series attributed to the
cyclic PCHC, the minor series shows a similar molecular weight
but capped by a chain end group with a molecular weight of 116
(155 = 116 + 39 (K")), which corresponds to a linear polymer
chain HO-(CHO-CO,),~CHO-H resulting from the cleavage
and release of tricarbonate linkage from the cyclic PCHC
(Fig. S127).

To the best of our knowledge, this is the first example of
sequential carbonate linkage reported for a CO,-based poly-
carbonate. Furthermore, the formation of cyclic polymers would
also help to explain that the produced polycarbonates all
possessed a similar molecular weight since the ring-closure is
a kind of chain-transfer reaction.

To confirm the formation of cyclic PCHC, we compared the
intrinsic viscosity of the PCHC sample produced by catalyst 1
(In]y) with that of its linear analogue with a comparable
molecular weight ([n]iinear)-*” As shown in the Mark-Houwink
plot (Fig. 3B), [n], is obviously lower than [n]inear ((7]1/[M]iinear
ratio ~ 0.7). This result provides strong evidence to support the
fact that the sample of PCHCs produced by catalyst 1 are cyclic
polymers,®® which also further explained why the molecular
weight of all the polymers are maintained around 30 kDa,
regardless of the monomer feed ratio. That is to say, once
reaching ~30 kDa (~200 repeating units) during propagation,
the polymer chain would be closed to form a cyclic polymer
while catalyst 1 was released from the polymer chain and
entered into the next catalytic run. The fact that the initiation
efficiency was greater than 100% suggested that more than one
cyclic polymer chain is produced per catalyst molecule. This can
be validated by the control experiment performed by sequential
addition of two batches of 800 equiv. of meso-CHO. After
complete consumption of the first batch of 800 equiv. meso-
CHO under 20 bar CO, and 90 °C in 1 h, a viscous aliquot was
taken out for intrinsic viscosity measurement. Next, another 800
equiv. of meso-CHO was added to the above polymerization
mixture and reacted for another 1.5 h to ensure full monomer
conversion. GPC analyses revealed that there are no obvious
molecular weight differences between the PCHCs produced by
separate consumption of the first and second batch of 800
equiv. monomers, suggesting the formation of cyclic polymers
(vide infra). The corresponding Mark-Houwink plots of both
samples further confirmed the produced cyclic PCHCs have the
same ring size (Fig. S137). Considering that the repeat units are
meso-CHO and CO, plus the chain-end group is composed of
two CO, molecules, we presumed that after consecutive inser-
tion of two CO, molecules, the resultant dicarbonate anion

_ Tzn——mT 0~0--0_0

O

Fig. 4 Cyclic polycarbonates produced by catalyst 1.
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would backbite the first carbonate in the polymer chain to close
the ring and generate the cyclic polycarbonate containing a tri-
carbonate linkage (Fig. 4). The cyclic PCHC was amorphous
showing a glass transition temperature of 113 °C and a decom-
position temperature of 281 °C (Fig. S14 and S157).

Mechanistic investigation

To gain more insights into the polymerization mechanism, we
performed a series of NMR reactions and found that there are
no obvious changes in chemical shifts between the "H NMR
spectra obtained before or after mixing catalyst 1 with meso-
CHO at either RT for 24 h or 120 °C for 40 min (Fig. S167),
suggesting that catalyst 1 is incapable of initiating the poly-
merization of meso-CHO. Moreover, NMR spectroscopy also
revealed that neither catalyst 1 reacted with CO, under 1 bar at
RT or under 20 bar at 90 °C, since all chemical shifts including
the peak attributed to the most active zinc-methyl (—1.48 ppm)
remained unchanged in 24 h (Fig. S17 and S18%). However, in
situ FTIR studies revealed that in sharp contrast to the absor-
bance peak exhibited at 2430 cm ™" by CO, dissolved in toluene
(Fig. S191), the reaction of catalyst 1 and CO, carried out at
90 °C under 40 bar CO, pressure showed the appearance of
a gradually increased new v o stretch vibration peak®” at
1400 cm ™', indicating the weak activation of CO, by catalyst 1
under high pressure (Fig. 3C). No new carbonyl formed but the
free CO, molecule was just restricted in the cavity of two zinc
centres, causing the two oxygen atoms to become attached to
the adjacent zinc atoms. Interestingly, in the presence of cata-
lyst 1, the simultaneous addition of both meso-CHO and CO,
immediately initiated the copolymerization to produce PCHC.
NMR spectroscopy revealed that catalyst 1 remained unchanged
before and after copolymerization (Fig. S207), indicating that
the catalyst is released from the polymers after the ring-closure.
These results can also be verified by successful sequential
polymerization of the second feed of meso-CHO into new cyclic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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polymers by catalyst 1 (vide supra). In combination with control
experiments where the mononuclear zinc complex (Fig. S217) is
inactive for meso-CHO/CO, copolymerization under the same
conditions (entry 14, Table 1), the dinuclear zinc catalyst 1 has
demonstrated its essential importance on catalytic performance
through the intramolecular cooperation effects between two
zinc centres and meso-CHO or CO,.

The above-mentioned experimental details, NMR reactions
and in situ FTIR study coupled with the structural character-
ization of both catalyst 1 and polymers led to a proposed poly-
merization mechanism for meso-CHO/CO, copolymerization by
catalyst 1 (Fig. 5). With each oxygen weakly attached by the zinc
centre, one CO, molecule would be trapped while keeping its
linear geometry still. The intramolecular cooperation effects
between the dinuclear zinc catalyst 1 and meso-CHO or CO,
would enable two zinc centres to individually activate both
monomers, respectively. The nucleophilic attack of the epoxide
by the weakly activated CO, initiated the ring-opening poly-
merization and produced an alkoxide. The metal alkoxide
species subsequently underwent CO, insertion to afford metal
carbonate, which ring-opened another molecule of weak coor-
dinated meso-CHO. The continuously alternative copolymeri-
zation of meso-CHO and CO, led to the propagation. Once the
molecular weight of the polycarbonates reached a certain level
(ca. 30 kDa),* the restricted CO, between the two zinc centres
would bridge the nucleophilic attack of the CO, on the chain
end by the last inserted CO, on the propagation site, such that
the polymer chain closed to form a cyclic polymer containing
a tricarbonate linkage, while catalyst 1 was released from the
polymer chain for the next catalytic cycle. Notably, the copoly-
merization can be ceased by releasing CO, at a relatively low
monomer conversion, which led to chain termination
predominantly since the chain propagation was significantly
suppressed as a result of the early release of CO,. Through such
ways, we are able to prepare low-MW cyclic PCHC for MALDI-
TOF MS analysis.

CO,
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Table 2 Depolymerization of PCHC by catalyst 2 (BDI-(ZnMe,-xH,0)),*
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Entry Catalyst Ratio t (h) PCHC? (%) trans-CHC? (%) PCHO? (%) meso-CHO” (%)
1 (BDI-(ZnMe, -0.02H,0)),, 25/1 15 0 0 0 >99

2 (BDI-(ZnMe,-0.04H,0)), 25/1 15 0 0 0 >99

3 (BDI-(ZnMe, -0.08H,0)),, 25/1 15 0 0 0 >99

4 (BDI-(ZnMe,-0.1H,0)),, 25/1 9 0 0 0 >99

5 (BDI-(ZnMe,-0.2H,0)),, 25/1 15 0 Trace 0 >99

6 (BDI-(ZnMe, - 0.5H,0)), 25/1 15 60 0 0 40

7 (BDI-(ZnMe,-0.1H,0)), 50/1 20 0 Trace 0 >99

8 (BDI-(ZnMe,-0.1H,0)),, 100/1 28 7 15 0 78

“ Carried out in toluene at 150 °C ([PCHC] = 7.1 mg mL ™). ®

Determined by comparison of the integrals of signals arising from the methylene

protons in the 'H NMR spectra of reaction mixture aliquots without further purification due to PCHC (6 = 4.65 ppm), ¢is-CHC (6 = 4.63 ppm)

and trans-CHC (6 = 4.00 ppm) against meso-CHO (6 = 3.20 ppm).

Synthesis of complex 2 and its degradation activity

During preparation of catalyst 1 from the reaction of the BDI
ligand and ZnMe,, we observed the formation of a dark yellow
precipitate (heterogeneous catalyst 2). In contrast to the litera-
ture findings that PCHC tends to be transformed into the
thermodynamically favored cyclic carbonate rather than
epoxide monomer, heterogeneous catalyst 2 can convert PCHC
back to meso-CHO predominantly, which promoted us to
further investigate the depolymerization of PCHC by catalyst 2
in detail. We noticed that the employment of ZnMe, (1.0 M in
toluene) stored for a long time would lead to the production of
more dark yellow precipitates, indicating that heterogeneous
catalyst 2 might be generated from the partial hydrolysis of
ZnMe,. Therefore, by adjusting the amounts of water (0.02 to
0.5 equiv. relative to ZnMe,), we prepared a series of catalyst 2
((BDI-(ZnMe, - xH,0)),, where x is the quantity of water relative
to ZnMe,) with different hydrolysis degrees. The more water, the
higher the yield of catalyst 2. Solid state NMR spectroscopy
revealed that heterogeneous catalyst 2 is composed of the BDI
framework (Fig. S227) and the signals between 0 and 10 ppm are
similar to that of catalyst 1, except the signals attributed to the
methyl group (—1.90 ppm) on the zinc centre are partially
replaced, thus indicating that catalyst 2 is multinuclear aggre-
gates containing the BDI framework generated from the partial
hydrolysis of the methyl group on the zinc centres.

As shown in Table 2, the hydrolysis degree of ZnMe, imposed
an important impact on the degradation activity of catalyst 2.
For degradation of PCHC performed in 25 : 1 repeat units (r.u.)/
2 ratio, the catalysts prepared from the addition of 0.02 to 0.1
equiv. of water to ZnMe, all exhibited comparable activity,
furnishing meso-CHO in 99% selectivity. It only took 9 h for

00— ~0_,0
% Yo (BDI-(ZnMe,-xH,0)), O

O

Fig. 6 Recycling cyclic PCHC back to monomers by catalyst 2.
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(BDI-(ZnMe,-0.1H,0)),, to fully degrade PCHC to meso-CHO
(Fig. S237). After increasing the amount of water to 0.2 equiv.,
a longer reaction time was required and trace amounts of ¢rans-
CHC product was observed. Further increasing to 0.5 equiv. of
water drastically slowed down the degradation; only 40% of
PCHC was recycled back to meso-CHO in 15 h. Therefore, (BDI-
(ZnMe,-0.1H,0)),, was selected to screen the reaction parame-
ters for PCHC depolymerization. For depolymerization per-
formed in a 50 : 1 (r.u.)/2 ratio, PCHC can be near quantitatively
converted back to meso-CHO in 20 h, whereas for depolymer-
ization performed in a 100 : 1 (r.u.)/2 ratio, over 97% of PCHC
was transformed into meso-CHO and trans-PCHC in 78% and
15% selectivity in 28 h. All these results demonstrated the high
degradation activity and selectivity of catalyst 2 in the recycling
of PCHC back to meso-CHO (Fig. 6). The remaining methyl
group on the zinc centre is vital to the meso-CHO selectivity,
while the synergistic action of the multinuclear zinc centres
cannot be neglected as well. The high degradation activity and
selectivity exhibited by catalyst 2 provides the possibility for
complete chemical recycling of PCHC type plastics back to
monomers to realize an ideal circular polymer economy.

Conclusions

In summary, we synthesized a homogeneous, zinc catalyst 1
(BDI-ZnMe), from the reaction of a BDI ligand and ZnMe, and
employed it to catalyze the highly efficient copolymerization of
meso-CHO and CO,, furnishing PCHCs with comparable
molecular weights (ca. 30 kDa) and narrow molecular weight
distributions (P as low as 1.02). Both the MALDI-TOF MS
spectra and Mark-Houwink plot confirmed the formation of the
first example of cyclic PCHC containing a tricarbonate linkage.
Systematic mechanistic studies including experimental details,
NMR, in situ FTIR, and structural characterization of catalyst 1
and polymers led to a proposed polymerization mechanism for
meso-CHO/CO, copolymerization by catalyst 1. By adjusting the
amount of water, we prepared a series of multinuclear zinc
catalyst 2 containing a BDI framework generated from the
partial hydrolysis of the methyl group on the zinc centres and
found that catalyst 2 exhibited high activity and selectivity
towards the degradation of PCHC to meso-CHO and CO,. To the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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best of our knowledge, it represents the perfect example of CRM
of PCHC, thus providing the possibility to realize ideal circular
polymer economy.
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