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ABSTRACT: Poly(cyclopentenyl carbonate) (PCPC) is a recy-
clable polymer with great potential applications. However, the
selective preparation of PCPC from cyclopentene oxide (CPO)
and CO, copolymerization and the chemical recycling of PCPC
back to the original monomer CPO are of great challenge. In this
work, it was found that the heterometallic rare-earth metal(III)/
Zn(II) complexes (RE(II)-Zn(II) complexes) supported by
phenylenediamine-bridged triphenols could serve as highly active
catalysts for the copolymerization of CPO and CO, to give pure
PCPC. Remarkably, the same complexes alone could also promote
the selective depolymerization of PCPC to CPO only by simply
raising the reaction temperature up to ca. 160 °C. The
copolymerization and depolymerization mechanisms were also
proposed.

B INTRODUCTION

The vast majority of synthetic polymers used in modern life are
derived from petrochemicals. Therefore, the raw materials used
to produce them have environmental implications." Notably,
once synthetic polymers serve their designated purpose, they
bring out a serious problem, as most of them are difficult to
degrade naturally. As such, end-of-life recycling is driving
increasing efforts to develop sustainable polymers based on
biomass-derived renewable feedstocks.” > In particular, there is
a strong desire to design sustainable polymers with unique
recyclability, which can be depolymerized into their virgin
monomers or high value-added chemicals by thermal,”’
mechanical,® or chemical methods.” ™! In an effort to establish
a circular monomer—polymer—monomer economy, although
lots of achievements have been made, several concerns such as
renewable feedstock, depolymerization catalyst, monomer
recovery selectivity, etc. should be addressed.'*™"*
CO,-based polycarbonates, generated from the alternating
copolymerization of CO, with epoxides, have received
increasing attention for their potential application as an
engineering plastic and their excellent biodegradability.">~"”
CO, is an abundant, cheap, nontoxic renewable C1 resource,
while epoxides can be derived from biomass, which give the
opportunity to produce fully renewable polycarbonates.'®™>*
Poly(cyclopentene carbonate) (PCPC) is a copolymer from
CO, and cyclopentene oxide (CPO), and it is a promising
recyclable engineering plastic. However, due to the relatively
small difference in activation energies between PCPC (14.7
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keal mol™) and cyclopentene carbonate (cPC) (10—12 kcal
mol™"),** there is an intense tendency to form cyclic carbonate
during the copolymerization, rendering the efficient copoly-
merization of CPO and CO, to produce PCPC a great
challenge. This is strikingly in contrast to its six-membered ring
counterparts like cyclohexene oxide (CHO), which preferen-
tially produces polycarbonate over cyclic carbonate in the
copolymerization. Therefore, despite the first example of CO,/
epoxide copolymerization reported by Inoue et al. in 1969,
only limited literature studies have described the successful
grepaga_tg?n of PCPC from CPO/CO, copolymerization to
ate.

Furthermore, to realize the chemical recycling of PCPC back
to its virgin monomer CPO, some great progress has been
achieved. In 2013, the Darensbourg group reported the first
example of PCPC depolymerization by use of [Cr(III)(salen)-
Cl] complex/n-Bu,NNj as the catalyst system; in the presence
of a strong base like NaHMDS, it could depolymerize PCPC
into CPO with a selectivity up to 92%, along with an inevitable
byproduct cPC.*° Later on, Lu and co-workers reported that
the dinuclear salen-Cr(III) complexes were effective for the
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Chart 1. Representative Catalysts for PCPC Depolymerization
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Scheme 1. Heterometallic RE(III)-Zn(II) Complexes Employed in This Work and the Molecular Structure of 3

RE = Nd,R = Me, R"
RE =Nd,R=Bu, R’
RE = Nd, R = CF3, R" ,R'=H, H (7)
RE = Nd, FsPhCH,0H, R" R'=H, H (8)
RE = Nd, R = H, R", R' = H, OMe (9)
RE = Nd, R=H, R", R'=Cl, CI (10)

Solid state structure of complex 3 with thermal ellipsoids
drawn at the 30% probability level. Carbon atoms are
drawn in the form of wireframe. All hydrogen atoms

(except for NH) are omitted for clarity.

Table 1. Copolymerization of CO, and CPO Catalyzed by 1-10“

entry cat. conv.? (%) TOF® (h™}) poly(carbonate) selectivity” (polymer%) Mn,GpCd (kg/mol) M, oo (kg/mol) p?
1 1 22 12 >99 3.8 28.2 2.62
2 2 78 43 >99 13.0 99.9 1.74
3 3 69 38 >99 9.5 88.4 2.12
4 4 S1 28 >99 6.5 65.3 1.26
S S 77 43 >99 14.2 98.6 1.39
6 6 83 46 >99 14.7 106.3 1.36
7 7 79 44 >99 11.2 101.2 1.69
8 8 49 27 >99 7.8 62.7 1.35
9 9 73 41 >99 12.1 93.5 1.585
10 10 76 42 >99 11.7 97.3 1.40

“Conditions: [CPO]:[catalyst] = 1000:1, Vpo: Vg = 1:1, 70 °C, 18 h, 30 bar. YDetermined by 'H NMR spectroscopy, using tris-methoxybenzene

(10 mol %) as an internal standard, through comparison of mtegratlon at 6.80 ppm (for tris-methoxybenzene) and 5 02 ppm (for polycarbonate
“TOF = mole [CPO] consumed per mole catalyst per hour. “Determined by GPC versus polystyrene standards.

equiv) (MW repeat unit)].

)34

[(epoxide conv.)(epoxide

nlest

copolymerization-depolymerization process in a one-pot mode
by simplz changing reaction temperature in the presence of
PPN-N;.”" Very recently, Wu and co-workers disclosed that
the dinuclear organoboron catalysts exhibited good perform-
ance in the selective depolymerization of PCPC to CPO with
the assistance of KOH.”" Despite these elegant achievements,
however, single-component catalysts for PCPC depolymeriza-
tion remain scarce (Chart 1). To our knowledge, the Mg(1I)/
Co(II) complexes developed by Williams et al. and Lu et al.
could serve as the highly selective depolymerization of
polycarbonates to epoxides and CO,.”>**~** Remarkably,
recent interest in polycarbonate depolymerization has unveiled
that rare-earth metal complexes can efficiently promote such
catalytic process,”"*” then the application of rare-earth-metal-
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based catalysts in the depolymerization of polycarbonates into
epoxides and CO, has no precedent.

As our continuous effort to exploit rare-earth metal catalysts
for CO, utilization,” ™" recently, we have successfully
developed the heterometallic complexes composed of rare-
earth metal (RE)(III) and Zn(II) for the copolymerization of
CO, and CHO.*™* These results illustrate the synergistic
mode involving the rare-earth(III) and zinc(II) centers. The
highly oxophilic rare-earth(III) ions are responsible for epoxide
coordination and activation, while the zinc(II) benzyloxide
moiety is responsible for CO, insertion. The active polymer
chain shuttles between the two metal ions. High activity and
selectivity of the copolymerization of epoxides and CO, are
believed to result from the synergism.

https://doi.org/10.1021/acs.macromol.4c02086
Macromolecules 2024, 57, 10041—10052
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Table 2. Influences of Different Reaction Conditions on CPO/CO, Copolymerization with 6°

cat./CPO P/ conv.? TOF®

entry (mol %) T/°C bar t/h (%) (b7
1 0.1 60 30 18 69 38
2 0.1 70 30 18 83 46
3 0.1 80 30 18 79 44
4 0.1 920 30 18 75 42
S 0.1 100 30 18 73 41
6 0.1 70 10 18 82 46
7 0.1 70 20 18 80 44
8 0.1 70 40 18 88 49
9 0.1 70 40 10 68 68
10 0.1 70 40 24 920 38
11 0.1 70 40 48 91 19
12 0.2 70 40 10 81 41
13 0.05 70 40 10 12 24
14¢ 0.1 70 40 18 92 S1

poly(carbonate) selectivity” (polymer M, o M, .7
%) (kg/mol) (kg/mol) p?
>99 9.5 88.4 2.12
>99 14.7 106.3 1.35
>99 11.6 101.2 1.48
>99 10.4 96.0 1.59
>99 10.8 93.5 1.63
>99 10.7 10S.0 1.38
>99 112 102.4 1.38
>99 19.7 112.7 1.67
>99 7.7 87.1 1.23
>99 22.5 115.2 1.58
>99 20.8 116.5 1.64
>99 14.3 519 1.47
>99 1.8 30.7 2.60
>99 23.0 117.8 1.92

“All the polymerizations were carried out in 100 mL autoclaves unless otherwise mentioned. conv., conversion. “Determined by 'H NMR
spectroscopy, using tris-methoxybenzene (10 mol %) as an internal standard, through comparison of integration at 6.80 ppm (for tris-
methoxybenzene) and 5.02 ppm (for polycarbonate).** “TOF = mole [CPO] consumed per mole catalyst per hour. “Determined by GPC versus
polystyrene standards. “Vepo:Virg = 2:1.7M,,. = [(epoxide conv.)(epoxide equiv)(MW repeat unit)].

Interestingly, an in-depth study revealed that the hetero-
metallic RE(III)-Zn(1I) complexes ligated by the phenylenedi-
amine-bridged triphenolate could serve as highly active
catalysts for CPO/CO, copolymerization. Remarkably, the
selective depolymerization process of PCPC to CPO could be
realized only by simply raising reaction temperature solely in
the presence of the same heterometallic RE(III)-Zn(II)
complexes. The copolymerization and depolymerization
mechanisms were proposed based on some control experi-
ments. Here, we report these interesting results.

B RESULTS AND DISCUSSION

Copolymerization of CPO and CO,. The phenylenedi-
amine-bridged triphenolate ligated heterometallic RE(III)-
Zn(II) complexes employed in this work were prepared
according to the synthetic strategy developed previously by our
group.”® The one-pot reaction of Cp;RE(THF) with the
phenylenediamine-bridged triphenol, and subsequently treat-
ment with ZnEt, and BnOH, after workup, afforded the
heterometallic RE(III)-Zn(II) complexes 1—10 with different
steric and electronic configurations in good isolated yields, as
shown in Scheme 1. The molecular structure of 3 is presented
in Scheme 1.

To reveal the structure—reactivity relationship, we explored
the copolymerization of CPO and CO, with these complexes.
To understand the effect of metal size on the copolymerization
activity, the heterometallic RE(III)-Zn(II) complexes 1—4
bearing the same ligand framework and initiation group
(—OCH,Ph), in which RE = La (1), Nd (2), Sm (3), and Y
(4) for the copolymerization of CPO and CO, was tested. The
copolymerization was conducted at 70 °C in the presence of
30 bar CO,, and the results are summarized in Table 1. It was
found that 1—4 were active for CPO/CO, copolymerization,
giving the PCPC copolymer with >99% selectivity. Notably,
the formation of cPC was negligible. Among them, 4 (Nd—Zn
complex) exhibited the best performance, suggesting that the
activity was balanced by ionic radius and Lewis acidity of
central metal, not solely dependent on metal size (Table 1,
entry 2).*” The effect of the benzyloxy groups as the initiation
group on the copolymerization was also compared using 5—8

as the catalysts. While p-CF;-substituted benzyloxy complex §
and p-methyl-substituted benzyloxy complex 7 showed a
similar activity toward the copolymerization of CPO and CO,
(Table 1, entries S and 7), 8 bearing a pentafluorobenzyloxy
group displayed a much lower activity (TOF = 27 h™") (Table
1, entry 8). It might be ascribed to the low nucleophilicity of
the pentafluorobenzyloxy group that hampered the ring-
opening of CPO."™ Moreover, neither the electron-donating
group nor the electron-withdrawing group on the backbone of
o-phenylenediamine ligand sets had a distinct influence on the
CO,/CPO copolymerization, as 9 (with an electron-donating
group —OMe in 9) and 10 (with an electron-withdrawing
group — Cl in 10) shared an identical activity (Table 1, entries
9 and 10). The steric hindrance complex 6 with a p-tert-butyl
benzyloxy group showed the highest activity (TOF = 46 h™")
for CPO/CO, copolymerization among 1—10. Although these
complexes were highly selective for CPO/CO, copolymeriza-
tion to produce pure PCPC, high activity remained to be
improved compared to the most active catalysts such as the
bifunctional salen-Co™ complex (108 h™')*” and the dinuclear
salen-Co™ complex (647 h™').**

Since 6 exhibited a promising activity toward CPO/CO,
copolymerization, it was employed as the catalyst to explore
the copolymerization reactivity under different conditions. As
shown in Table 2, when the copolymerization was conducted
at 60 °C, a much lower conversion was observed under 30 bar
of CO, pressure (Table 2, entries 1 and 2). However,
increasing the temperature from 70 to 100 °C did not lead to a
higher conversion. This experimental phenomenon was
consistent with the previously reported example by Lu et
al.’” No significant difference in the activity was observed by
changing the pressure of CO, from 10 to 40 bar (Table 2,
entries 2, 6—8), which was also consistent with the most
reported literature.”® As anticipated, when the catalyst loading
was increased from 0.05 to 0.2 mol %, the copolymerization
activity showed an increasing trend. Meanwhile, a high
conversion of up to 92% was reached when the concentration
of CPO was increased (Table 2, entries 14). The experimental
molecular weights of PCPC were observed to be much lower
than theoretical values (Table 2, entries 1—14). These

https://doi.org/10.1021/acs.macromol.4c02086
Macromolecules 2024, 57, 10041—10052


pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c02086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

la) (b)
7 v 5 J &y 0389 x + 10686
N 142
N 13 LV752x .
e »
nd *
d+
-
= 05 4
-
& e . By L0347 x - 008060 10 4
= 044 v R = 000234 ~
= - & g UG -OIIET W .
y A . ) ] |
& 434 R - 00831 g LM -
= . A « Ay L0622 ¢ (L2153
E 1) 4 * R l'u“’VT il
v vy 00898 x - 0213
" e * o
) | v R 0gu050
. v x - 027004 1
° ‘ n
0.9745
1) - a v . R 37454
T T T 1 '4 T T T T
¢ i 13 2 2 28 12.6 124 122 124 L&
Time 'h In [6]

Figure 1. (a) The kinetic graph of In([CPO],/[CPO],) versus time for CO,/CPO copolymerization with 6 at 70 °C and 40 bar of CO, pressure
under different catalyst concentrations ([CPO],:[6], (black diamond) 800:1, (red circle) 1000:1, (blue triangle) 1200:1, (green triangle) 1500:1,
(purple diamond) 2000:1). (b) Double logarithmic plot of k., vs concentration of 6.

(b)yComplex 6+ CPO+CO2,70°C, 5h.
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Figure 2. 'H NMR spectra (CDCl,) of the reaction mixtures from (a) reaction of 6 with CPO at 70 °C for $ h ([6]:[CPO] = 1:100); (b) further

reaction at 70 °C under 40 bar of CO, pressure for 5 h.

differences may be attributed to the trace amount of
cyclopentanediol present in cyclopentene oxide that leads to
transesterification and hence lower molecular weight and wide
dispersity, which can be proven by polymer chains capped by
cyclopentanol that are detected by MALDI-TOF mass
spectrometry (vide infra). Similar observations have been
reported.>>**

The effect of alcohols as additives on the copolymerization
reaction was also studied (Table S4, entries 1—4). The
copolymerization was inhibited with the addition of alcohol,
which may be because alcohol destroys the RE(III)-Zn(II)
complexes that are metal alkoxides and thus leads to a decrease
in their activity. These results agree with previous reports.>’

10044

Study on the Kinetics of CPO/CO, Copolymerization.
To shed light on the copolymerization process, we conducted
the kinetic studies under the conditions of 70 °C and 40 bar of
CO, using 6 as a catalyst. The kinetic profiles were obtained by
"H NMR spectroscopy. The initial concentration of monomer
was [CPO], = 5.734 mM/L, and the molar ratio of monomer
to catalyst was ranged from 800:1 to 2000:1. The plots of
In([CPO],/[CPO],) versus time displayed a good linear
relationship, suggesting the first-order dependence on the CPO
concentration (Figure 1a). The catalyst order of 1.03 was
deduced from the slope of the In(r,) versus In[6] curve
(Figure 1b). In addition, as shown in Table 2, changing the
pressure of CO, (10—40 bar) produced almost similar
conversions, suggesting a zero-order dependence on CO,

https://doi.org/10.1021/acs.macromol.4c02086
Macromolecules 2024, 57, 10041—10052
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Figure 3. MALDI-TOF mass spectrum of the oligomer (polymerization conditions: 70 °C, 40 bar of CO,, 18 h, [CPO]:[6] = 100:1).

pressure. Therefore, the overall rate law dependence could be
determined as the polymerization rate v
k,[6]'[CPO]'p(CO,)°, where k, was the propagation rate
constant. The kinetic studies indicated that CO, insertion was
not the rate-determining step, while the ring-opening of CPO
was the rate-determining step during the copolymerization.
The kinetic studies also suggested the presence of the
induction period, which may be due to the dissociation of
the bridging benzyloxy group to give a coordinative vacancy for
epoxide.”’ Another possible reason may be CO, dissolving.>”

Copolymerization Mechanism Study. To further
elucidate the process of CPO/CO, copolymerization, some
control experiments employing 6 as a catalyst were carried out
in a J. Young NMR tube. No signal for polycarbonate was
observed in the NMR spectrum in the absence of CO, after 5
h. However, the formation of polycarbonate was detected with
the introduction of CO, for another S h (Figure 2). This
finding showed that the key step of the copolymerization was
the reaction of CO, with the heterometallic complex. To get
further information on the polymerization process, the
oligomer prepared with 6 was subjected to MALDI-TOF
mass spectroscopy. As shown in Figure 3, there were three sets
of signals, and the main peaks could be assigned to be the
polymeric chain capped by p-C(CH;);—C¢H;CH,0COO—,
which was generated from the p-tert-butyl benzyloxy group as
the initiating group. This finding indicated that the
copolymerization was initiated by the preferential insertion

of CO, into the p-tert-butyl benzyloxy group p-C(CH,);—

10045

CesHsCH,0O—. Of the two other sets of signals, one
corresponded to the oligomer chain terminated by cyclo-
pentanediol, and the other was assignable to the oligomer
chain terminated by cyclopentanediol dehydration; both
resulted from the cyclopentanediol-initiated polymerization.
Based on these facts and the previous literature,®>**
possible polymerization mechanism was proposed as shown in
Scheme 2. The copolymerization starts from the insertion of
CO, into the Zn—O(Bn) bond of 6, which generates a
carbonate species I, as evidenced by the MALDI-TOF mass
spectrum (Figure 3). A similar trinuclear Nd—Zn hetero-
metallic carbonate complex has been isolated and structurally
characterized.** The carbonate group then intramolecularly
attacks a CPO molecule that is bound with the more oxyphilic
neodymium center (II) and forms a Nd—Zn alkoxide (III).
The alternative insertion of CO, and CPO into the metal-
propagating chain leads to the propagation of the polymer
chain. Finally, the polymerization is terminated by a protonic
reagent, and poly(carbonate) is generated.
Depolymerization Study. To investigate the depolyme-
rization behavior of PCPC, a PCPC sample was prepared from
CPO/CO, copolymerization (M, = 13.0 kg/mol, D = 1.74).
The onset decomposition temperature T4 of the PCPC sample
(defined by the temperature of 5% weight loss) was 231 °C via
thermogravimetric analysis (TGA) (Figure S8 in the
Supporting Information). Additionally, a glass transition
temperature value (T 73.6 °C) was determined by
differential scanning calorimetry (DSC) (Figure S9 in the

a
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Scheme 2. A Plausible Mechanism for CPO/CO, Copolymerization Catalyzed by 6
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Supporting Information). PCPC depolymerization was carried
out under static vacuum conditions in a Schlenk flask. To our
delight, all these heterometallic RE(III)-Zn(II) complexes 1—
10 alone were able to catalyze the depolymerization, producing
CPO in excellent selectivity at a catalyst loading of 0.2 mol %
at 160 °C (Table S7, entries 1—10). Among them, 6 showed
the highest activity. As shown in Table 3, when the

Table 3. Depolymerization of PCPC with 6

b

conv. CPO cis-CPC
entry T/°C t/h (%) selectivity” (%) selectivity” (%)
1 120 64 81 97 3
2 140 24 >99 >99
3 160 4 >99 >99
4 180 3 >99 >99
S 200 40 min >99 >99

“Reactions were performed with a PCPC repeating unit/6 molar
ration of 500/1, 0.10 g of PCPC (M, = 13.0 kg/mol, D = 1.74).
*Determined by 'H NMR spectroscopy.

temperature was decreased to 140 °C, complete and selective
depolymerization to CPO could also be achieved in 24 h
(Table 3, entry 3). Of great importance, depolymerization
operation at 200 °C accelerated the reaction and still
maintained excellent selectivity (Table 3, entry S), indicating
good high-temperature tolerance of the catalyst. The
depolymerization selectivity was higher than that of [Cr(III)-
(salen)Cl] complex/PPN-N; under the depolymerization
temperature of 200 °C.>’ In addition, the depolymerization
of PCPC with different molecular weights catalyzed by
complex 6 was further investigated (Table S8, entries 1-S5).
It is observed that the molecular weights have a negligible
effect on the PCPC depolymerization.

Depolymerization Process Study. In order to get more
insight into the depolymerization mechanism, we conducted
kinetic studies by use of thermogravimetric analysis (TGA).
The kinetic profiles were obtained by calculating the initial
reaction rate coefficient (k,,,) at different catalyst concen-
trations. To determine the order for 6, depolymerizations were
carried out using [PCPC]:[6], from 100:1 to 500:1 (Figure
4a). The catalyst order of 1.04 was deduced from plotting the
natural logarithm of the calculated kg, versus the natural
logarithm of the catalyst concentration curve, indicating a first
order for 6 (Figure 4b). An exponential fit was obtained by
plotting the mass loss against reaction time, indicating a first-
order dependence on PCPC (Figures S12—S16). Therefore,
the PCPC depolymerization rate could be derived as v =
ky[catalyst]'[PCPC]'. Additionally, the depolymerization
activation barrier was calculated using an Arrhenius plot.
Plots of In(k,y,) against the inverse temperature (1/T) were in
a good linear relationship (Figure Sb). As a result, the
activation barrier of PCPC depolymerization was 129.4 + 1.7
kJ/mol. Furthermore, a polymerization thermodynamic study
showed thermodynamic parameters of AH,* = —19.4 kJ/mol
and AS,° = 2.6 J/mol/K and a ceiling temperature (T.) of 209
°C (Table S3, Figure S7), reflecting feasibility for chemical
recycling under mild depolymerization conditions.>*

To reveal the depolymerization mechanism, a representative
PCPC sample with M, of 13.0 kg/mol (P = 1.74) was
depolymerization with 6. Conversion, selectivity, and molec-
ular weight changes over time were measured by 'H NMR and
GPC tests. '"H NMR spectra showed that there was no CPO
generation in the initial 0.3 h, suggestive of a high energy
barrier during the induction period (Figure 6a). TGA showed
that the induction period could be shortened by raising the
depolymerization temperature. By monitoring the molecular
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Figure 5. (a) PCPC depolymerizations using 6 (1:500) at the temperature range from 140 to 200 °C. (b) Arrhenius plot for PCPC
depolymerization (In(k,) vs 1/T) using data collected from 140 to 200 °C.

weights of the polymer during degradation, it is found that the
molecular weights of the polymer decreased rapidly (from M,
= 13.0 kg/mol to M,, = 8.1 kg/mol), and the molecular weight
distribution became broader (from P = 1.74 to B = 1.91)
(Figure 6b), indicative of a random chain decomposition
process.”* The depolymerized products of a representative
PCPC sample (M, = 13.0 kg/mol, D = 1.74) decayed at 140
°C for 4 h were analyzed by MALDI-TOF. As shown in Figure
7, the major series separated by 128 mass units corresponded
to the alternating copolymer with dihydroxyl groups, the minor
series were generated from further dehydration of hydroxyl
chain ends, and the middle series of peaks resulted from the p-
tert-butyl benzyloxy group. On the basis of these observations,
it was deduced that the random chain-breaking process of
polymer took place in the presence of the catalyst, and the
initial concentration of the reactive hydroxyl end group was
too low to promote the backbiting reaction (to generate CPO)
because of chain folding and winding.55 Therefore, the
depolymerization process could be divided into two steps:
the first stage was chain scission, and the second stage was

10047

chain backbiting. This depolymerization process was very
similar to that reported by the Wu group.”

Understanding the Depolymerization. On the basis of
the above experiment results and the previous reports,”**® a
possible chemical depolymerization process is proposed in
Scheme 3. During the initiation period, the long PCPC chains
were broken into short chains through chain scissions in two
ways in the presence of 6. One way was the deprotonation of
hydroxyl end groups by a benzyloxy group (—CH,Ph) in the
state of I to form an alkoxo-ended polymer chain III, in which
the polymer alkoxide was coordinated to the electron-deficient
Zn*" center of catalyst 6, and the neighboring electron-rich
carbonyl group interacted with Nd**. The other way was the
random chain scission initiated by the nucleophilic attack of
the benzyloxy group on the carbonate unit in state II, which
also led to the generation of IIL. Subsequently, the alkoxide
backbiting reaction taking place at the adjacent S-methine
carbon led to the release of the CPO molecule as shown in IV,
along with the formation of a carbonate anion stabilized by the
Nd/Zn species V. Decarboxylation of the carbonate chain end
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Figure 7. MALDI-TOF mass spectra of depolymerization products. Depolymerization conditions: 140 °C, 4 h, [CPO]:[6] = 500:1.

rather than the nucleophilic attack at methine carbon in V
generated CO,. Thus, the alternating backbiting of the alkoxide
chain end and the decarboxylation of the carbonate chain end
proceeded smoothly to establish a depolymerization cycle.
Chemical Recycling of PCPC. To demonstrate the
practical application of this depolymerization method, a

10048

scale-up depolymerization of PCPC was carried out. The
PCPC sample (2.0 g, 13.0 kg/mol) was doped with 0.2 mol %
of 6 at 160 °C. It was found that CPO was recovered in 99%
NMR yield and ca. 93% isolated yield (Figure S10 in the
Supporting Information). The recovered CPO could be used
directly as the starting material to copolymerize with CO, to
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Scheme 3. A Plausible Mechanism for the Depolymerization of PCPC to CPO Catalyzed by 6
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Figure 8. Reusability of the heterometallic Nd(III)/Zn(II) complex in the polymerization-depolymerization process of PCPC.

afford PCPC. This interesting result manifested that this
catalyst could mediate a circular monomer—polymer—mono-
mer life cycle of PCPC. Furthermore, the polymerization—
depolymerization—polymerization experiments showed that an
efficient one-pot cycling process could be established by simply
varying the reaction temperature. The copolymerization at 70
°C formed 92% PCPC after 18 h of reaction under 40 bar of
CO, pressure (C1, Figure 8). Simply elevating the temperature
to 160 °C led to complete depolymerization of PCPC after 4 h
(D1, Figure 8). Subsequently, in the same reaction system,
introducing CO, and setting the temperature at 70 °C

produced 83% PCPC under the same copolymerization
conditions (C2, Figure 8). Interestingly, changing the
temperature and introducing CO, resulted in repeating
depolymerization and copolymerization for at least 3 cycles
(D2 and C3, Figure 8). Remarkably, no more catalyst was
added after each cycle, indicative of good catalyst reusability.

B CONCLUSIONS

In summary, a kind of heterometallic RE(III)-Zn(II)
complexes supported by the phenylenediamine-bridged
triphenols were explored in the copolymerization of CPO
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and CO, as well as in the depolymerization of PCPC back to
CPO. These heterometallic RE(III)-Zn(1I) complexes were
active for CPO/CO, copolymerization under mild polymer-
ization conditions, affording pure PCPC with >99% poly-
(carbonate) selectivity. More importantly, only in the presence
of such heterometallic RE(III)-Zn(II) catalysts alone, PCPC
could be chemically depolymerized to the original monomer
CPO with an excellent isolated yield (up to 93% isolated yield)
by simply raising the reaction temperature around 160 °C.
This catalyst system represents a promising protocol for
producing recyclable polycarbonate PCPO and closing the
monomer—polymer—monomer cycle. Further studies on the
application of such a kind of heterometallic complexes in
catalysis are ongoing.
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