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ABSTRACT: Polymer chemical recycling to monomers (CRM) could
help improve polymer sustainability, but its implementation requires
much better understanding of depolymerization catalysis, ensuring high
rates and selectivity. Here, a heterodinuclear [Mg(II)Co(II)] catalyst is
applied for CRM of aliphatic polycarbonates, including poly-
(cyclohexene carbonate) (PCHC), to epoxides and carbon dioxide
using solid-state conditions, in contrast with many other CRM strategies
that rely on high dilution. The depolymerizations are performed in the
solid state giving very high activity and selectivity (PCHC, TOF =
25700 h−1, CHO selectivity >99 %, 0.02 mol %, 140 °C). Reactions may
also be performed in air without impacting on the rate or selectivity of
epoxide formation. The depolymerization can be performed on a 2 g
scale to isolate the epoxides in up to 95 % yield with >99 % selectivity.
In addition, the catalyst can be re-used four times without compromising its productivity or selectivity.

■ INTRODUCTION
Polymer chemical recycling to monomer (CRM) could
improve sustainability by reducing wastes and limiting
embedded emissions in virgin monomer production. The
method forms pure monomers and allows for repolymerization
to polymers that are equivalent to the original materials,
thereby overcoming the deteriorating property profiles
associated with other recycling technologies.1,2 All polymers
have a ceiling temperature above which depolymerization to
monomer is thermodynamically feasible, but there are
depolymerization activation energies to overcome, and, in
practice, CRM remains a major challenge. CRM catalysis needs
better understanding of how to reduce depolymerization
barriers, deliver high monomer selectivity, and minimize
energy inputs. Depolymerizations of aliphatic polyesters/
carbonates to cyclic esters/carbonates are front-runner
recycling to monomer reactions.3−8 High monomer con-
versions and selectivity are achieved by careful manipulation of
the process conditions, in particular, exploiting high dilution,
and using special monomer structures, most commonly by
applying low ring-strain heterocycles.9−14 The approach is to
bias depolymerization equilibria: the trade-off is less favorable
forward polymerization thermodynamics. Such polymers may
also have low overall thermal stability, which may complicate
their processing and use. An alternative strategy lies in the
aliphatic polycarbonate depolymerization to epoxides and
carbon dioxide, which is expected to be strongly entropically
favored and driven by gaseous carbon dioxide removal.15,16 A
critical factor in these depolymerizations is to limit 5-
membered cyclic carbonate formation since those compounds

are thermodynamically more stable than the polymers and
cannot be easily repolymerized.

In 2013, Darensbourg and co-workers pioneered poly-
(cyclopentene carbonate) (PCPC) depolymerization to cyclo-
pentene oxide, using a Cr(III)-salen/nBu4NN3 catalyst system,
achieving 92 % selectivity.17,18 Subsequently, others reported a
few more polycarbonate depolymerizations using poly(N-
heterocyclic epoxide carbonates)19,20 or poly(limonene carbo-
nate) (PLC).21,22 The CRM of poly(cyclohexene carbonate)
(PCHC), the most widely studied carbon dioxide-derived
polycarbonate, remained, until very recently, a challenge
(Figure 1).23−25

Cyclohexene oxide/CO2 ROCOP is the benchmark for
catalyst comparisons and PCHC shows a high glass transition
temperature (∼120 °C) and tensile modulus (3600 MPa).28 It
has a broad processing temperature range (>100 °C), and
thermal degradation begins at temperatures of >240 °C.29−31

PCHC-containing block polymers show promise as toughened
plastics, elastomers, and adhesives.32 Thus, achieving its
chemical recycling to monomer is important; earlier this
year, we reported a Mg(II)Mg(II) catalyst, applied in para-
xylene solution, which delivered very high CHO selectivity (98
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%) and a turn-over-frequency (TOF) of 150 h−1 (0.33 mol %
catalyst, 120 °C, [PCHC]0 = 1 M) (Figure 1).26 As this
manuscript was submitted, Lu and co-workers reported PCHC
pyrolysis using a Cr(III)(salen)Cl/PPNN3 catalyst system,
which showed really excellent rates, albeit at high temperature
(Figure 1, 0.2 mol % catalyst, TOF = 3000 h−1, 200 °C).27 A
decomposed di-Zn(II) catalyst was also reported for PCHC
depolymerization.33 Our focus is on improving catalytic
activity, selectivity, and applicability in PCHC depolymeriza-
tion. Solid-state depolymerizations were targeted since
obviating organic solvents could be beneficial both for
environmental impact and process scale-up. To increase
rates, the principle of polymerization microscopic reversibility
directs toward testing of a faster forward polymerization

catalyst. In 2020, our team reported a synergic heterodinuclear
Mg(II)Co(II) catalyst for CHO/CO2 ROCOP, showing
significantly greater activity than the Mg(II)Mg(II) species,
and thus this heterodinuclear catalyst was a candidate for
investigation.34

■ RESULTS AND DISCUSSION
Dihydroxy-telechelic PCHC was prepared by ROCOP of
CHO and CO2 (Mn,SEC = 8000 g mol−1, ĐM = 1.07, Mn,NMR =
5400 g mol−1). Solid-state PCHC depolymerizations were
achieved by mixing the polymer and catalyst with the reaction
being monitored using thermogravimetric analysis (TGA).
Samples were heated, under nitrogen or air flow, with either
isothermal or variable temperature conditions, and PCHC
mass loss was monitored over time (see SI for experimental
details). First, solid samples of Mg(II)Co(II):PCHC, 1:300,
were mixed using a mortar and pestle. These specimens were
successfully depolymerized at 140 °C, under a nitrogen flow,
resulting in an 80% PCHC mass loss in only 20 min (Table 1,
entry 1). The catalyst achieved a turn-over-frequency (TOF)
of 900 h−1. The mass loss data fit an exponential decay and
have a pseudo first order rate coefficient for depolymerization,
kobs = 7.52 h−1, indicative of a first order dependence on
polymer mass (Figure 2a). Repeat experiments showed
excellent reproducibility with near perfect overlay of data
(Figure 2, Figure S2). Depolymerization rates were equiv-
alently high using either nitrogen or air flow, the latter
tolerance being notable as many polymerization catalysts are
air-sensitive. (Figure S3). It is emphasized that these reactions
are depolymerizations not merely polymer decompositions: the
PCHC sample used has a significantly higher on-set for
thermal decomposition (Td,5%) of 255 °C. Also, the catalyst is
thermally stable, with a Td10% of 365 °C. Control samples of
PCHC, without any catalyst, showed no degradation over 24 h
under equivalent conditions using N2 or air (Figure 2a). To
analyze the depolymerization product(s) formed under both
N2 and air, a cold-trap condensed the liquid product, which by
NMR spectroscopy was pure cyclohexene oxide in both cases

Figure 1. Catalysts for depolymerization of poly(cyclohexene
carbonate) (PCHC) to cyclohexene oxide (CHO) and CO2.

Table 1. Data for PCHC Depolymerizations using a Mg(II)Co(II) Catalyst in the Solid State with some Solution-State
Literature Benchmark Catalystsa

entry catalyst temperature (°C) [PCHC]0:[cat]0 time (s)b TOF (h−1)c mass loss rate (kg g−1 h−1)d kobs (h−1)e

1f Mg(II)Co(II) 140 300:1 1327 900(±50) 0.17 (±0.09) 7.52(±0.01)
2 Mg(II)Co(II) 140 300:1 109 6000(±300) 1.12(±0.06) 49.9(±0.1)
3 Mg(II)Mg(II) 140 300:1 557 1200(±60) 0.22(±0.01) 9.72(±0.01)
4 Mg(II)Co(II) 140 1000:1 155 13900(±700) 2.64(±0.1) 38.7(±0.1)
5 Mg(II)Co(II) 140 2500:1 241 22400(±1100) 4.23(±0.2) 22.6(±0.02)
6 Mg(II)Co(II) 140 5000:1 420 25700(±1300) 4.86(±0.2) 13.8(±0.02)
7 Mg(II)Co(II) 140 10,000:1 1735 12400(±600) 2.35(±0.1) 2.62(±0.02)
8 Mg(II)Co(II) 100 300:1 2653 200(±10) 0.05(±0.003) 2.29(±0.002)
9 Mg(II)Co(II) 110 300:1 1060 600(±30) 0.11(±0.006) 4.76(±0.001)
10 Mg(II)Co(II) 120 300:1 370 1800(±90) 0.33(±0.02) 14.7(±0.02)
11 Mg(II)Co(II) 130 300:1 201 3200(±160) 0.61(±0.03) 24.8(±0.1)
1226 Mg(II)Mg(II) 120 300:1 1200 150 0.020g 0.407
1327 Cr(III)/PPNN3 200 1000:1 1200 3000 0.35h -
1427 Cr(III)/PPNN3 140 500:1 36,000 2.5 0.00059h -

aSee SI for details of experimental setup, all TGA experiments run to >99% mass loss, CHO selectivity > 99%. bInterval of time from 20 to 80%
mass loss of the polymer. cTOF = moles of PCHC consumed (20−80% conversion)/moles of catalyst/time (see SI). Average error taken from
repeat runs (<5%). dMass loss rate = mass PCHC consumed (20−80% conversion)/catalyst mass/time. ekobs = gradient of linear fitting of the
logarithm of %polymer mass vs time (Figures S8−18). fPolymer:catalyst mixed by pestle and mortar. gValues calculated from ref 26. hValues
calculated from ref 27.
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(90% yield, Figures S4−S6). The residual mass, after
depolymerization, of <3 wt % corresponds to the catalyst
loading. CO2 was also detected through TGA-MS experiments,
indicating that both epoxide and CO2 are extruded in the
depolymerization (Figure S7).

Sample mixing was investigated with catalyst/polymer
mixtures dissolved in minimum solvent (THF or toluene)
and the solvent removed in-vacuo to form a polymer film (see
SI). These samples, which have the same catalyst loading
(Mg(II)Co(II):PCHC, 1:300), showed much faster rates,
achieving 80% PCHC depolymerization in just 3.5 mins
corresponding to a TOF of 6000 h−1. The data also fit
exponential depolymerization decays, and the rate coefficient,
kobs = 49.9 h−1, is ∼7 times greater than samples mixed with a
mortar and pestle (Table 1, Entry 2, Figure 2). Furthermore,
the film depolymerizations occurred with improved initiation
times as compared with both the blended solid-state and
solution-phase reactions (<1 min vs >10 mins).26 It is
proposed that the faster rates arise from better catalyst
dispersion in the polymer and the high film surface area. The
nitrogen flow rate also influenced the catalysis with the best
rates arising from moderate flows (Figure 2b and Table S2). At
nitrogen flows from 25 to 100 mL min−1, the activity was

consistently high and data showed exponential decays, with
rate constants (kobs) of ∼50 ± 1 h−1. At higher flow rates,
100−500 mL min−1, rates slowed perhaps due to CO2 and/or
CHO release inhibition. This is attributed to the high flow
rates causing overpressure of the reaction furnace and
preventing release of the co-monomers from the TGA crucible.

The Mg(II)Co(II) shows 5× greater activity than the
Mg(II)Mg(II) catalyst, when tested under the solid-state
conditions. The Mg(II)Mg(II) catalyst achieved a TOF =
1200 h−1, while the Mg(II)Co(II) catalyst had a TOF of 6000
h−1 (Table 1, entry 3). This finding suggests that faster
polymerization catalysts are faster depolymerization catalysts.
It also indicates that depolymerization catalysis can be
accelerated by exploiting heterodinuclear synergy.34,35 To
understand the limits of catalyst tolerance, the loading of
Mg(II)Co(II) was decreased from 1:300 to 1:10000. At a
1:5000 catalyst:PCHC loading, complete depolymerization
was achieved corresponding to a TOF of 25700 h−1 (kobs =
13.8 h−1, Figure S20). Such an activity is remarkable since it
would correspond to a mass loss rate of 5 kg PCHC per gram
catalyst per hour. At the lowest loadings, depolymerization still
occurred although with slightly lower activity, (1:10000, TOF
= 12400 h−1), which is attributed to some catalyst

Figure 2. (a) Solid-state PCHC depolymerizations using Mg(II)Co(II) (1:300), at 140 °C, showing mass loss over time. Black = PCHC, red =
Mg(II)Co(II):PCHC, 1:300, mixed with a mortar and pestle; blue = Mg(II)Co(II):PCHC, 1:300, film (solvent cast), CHO selectivity > 99%.
Depolymerization rate coefficients, kobs, are obtained by exponential fits to the data. (b) Plot showing depolymerization rate coefficients, kobs, vs
nitrogen flow rate (mL min−1) at 140 °C for polymer films (i.e., Mg(II)Co(II):PCHC, 1:300, film).

Figure 3. (a) Solid state PCHC depolymerizations using Mg(II)Co(II) catalyst (1:300) at temperatures from 100 to 140 °C. (b) Arrhenius plot for
PCHC depolymerizations (ln(kobs) vs 1/T) using data collected from 100 to 140 °C.
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decomposition. Compared with the next best other depolyme-
rization catalyst (Cr(salen)/PPNCl) under as close to
equivalent conditions as possible,27 the Mg(II)Co(II) catalyst
shows >5000× greater activity at one tenth the catalyst loading
(Table 1, entry 14).

Successful depolymerization catalysis was achieved at
temperatures above 100 °C, yielding CHO as the sole product
in all cases (Figure 3a). As expected, the catalytic activity
increased with temperature from TOF = 200 h−1 (kobs 0.05
h−1) at 100 °C to TOF = 6000 h−1 (kobs 49.9 h−1) at 140 °C.
Depolymerizations were also feasible at higher temperatures
but could not be monitored as the kinetics were too fast. The
depolymerization activation barrier, attributed to the catalyst-
alkoxide backbiting reaction to form cyclohexene oxide, was
determined using an Arrhenius analysis. Plots of the logarithm
of the observed rate constant (kobs) against inverse temperature
(1/T) are linear (Figure 3b). The PCHC depolymerization
barrier is 100.2 ± 5.8 kJ mol−1, which is higher than the PCHC
polymerization activation energy (80.7 kJ mol−1) using the
same Mg(II)Co(II) catalyst. It is expected that forward
polymerization, i.e., CHO + CO2, would have a high enthalpic
driving force due to release of an epoxide ring strain. It is
remarkable that the depolymerization to epoxide has a
sufficiently low barrier to be achievable, and the reaction can
be favored by removal of the gaseous carbon dioxide and
epoxide products.

Other CO2-derived polycarbonates were also successfully
chemically recycled to epoxides using the Mg(II)Co(II)

catalyst. These included poly(cyclopentene carbonate)
(PCPC), poly(4-vinylcylcohexene carbonate) (PVCHC), and
poly(limonene carbonate) (PLC) (Table 2, entries 1−4,
Figure S21). All samples were subjected to the standard
depolymerization conditions (catalyst:polycarbonate, 1:300,
140 °C), and in most cases, >80% mass loss occurred in ∼4
min (kobs = 49.9−66.6 h−1). PLC took significantly longer to
depolymerize, with an 80 % mass loss requiring 30 min (kobs =
6.9 h−1), likely due to the higher boiling point of limonene
oxide. All epoxides were isolated after the depolymerization
and purity confirmed using 1H and 13C NMR spectroscopy
(Figures S25−S30).

To probe the solid-state depolymerization mechanism,
samples of cyclic carbonate (trans-CHC) were subjected to
similar conditions. Thus, films comprising Mg(II)Co(II) and
trans-CHC (1:300) were analyzed using TGA (Figure S31).
Under these reaction conditions, trans-CHC also degrades to
form CHO and CO2, but its rate is an order of magnitude
slower than for PCHC (TOF = 800 h−1). In the absence of
Mg(II)Co(II), a mass loss of trans-CHC is also observed,
although at a slower rate than when a catalyst is present.
Furthermore, in depolymerizations conducted with Mg(II)-
Co(II) and PCHC (1:300), trans-CHC was not detected by
1H NMR spectroscopy (Figure S32) or MS (Figure S7) in the
crucible or in the evolved gases throughout the reaction. These
observations, coupled with the significant rate differences
between degradation of PCHC and trans-CHC, suggest that
trans-CHC is not an intermediate in PCHC depolymerization.

Table 2. Depolymerization Data for PCHC, PVCHC (poly(vinyl cyclohexene carbonate)), PCPC (poly(cyclopentene
carbonate)), and PLC (poly(limonene carbonate)) using Mg(II)Co(II)a

entry polymer time (s)b TOF (h−1)c mass loss rate(kg g−1 h−1)d kobs (h−1)e selectivity(%)f

1 PCHC 109 6000 (±300) 1.12(±0.06) 49.9(±0.1) >99
2 PVCHC 88 7300 (±70) 1.63(±0.01) 57.4(±0.05) >99
3 PCPC 68 9500 (±800) 1.61(±0.1) 66.6(±0.2) >99
4 PLC 635 1000 (±40) 0.27(±0.01) 6.86(±0.01) >99

aPolymer films ([Mg(II)Co(II)]:[polycarbonate]00 = 1:300) were depolymerized at 140 °C using a N2 flow of 25 mL min−1 (see SI for further
details). bInterval of time from 20 to 80% mass loss of the polymer. cTOF = PCHC conversion (20−80%)/moles of catalyst/time (see SI). Error
taken from repeat reactions. dMass loss rate = mass polycarbonate consumed (20−80% conversion)/catalyst mass/time. ekobs = gradient of linear
fits to plots of ln(polycarbonate conversion) vs time (Figures S6 and S22−S24) fDetermined by 1H NMR spectroscopy.

Figure 4. Proposed mechanism for the depolymerization of PCHC catalyzed by Mg(II)Co(II).
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To understand whether polyethers are relevant intermediates,
poly(cyclohexene oxide) (PCHO) was subjected to the same
depolymerization conditions (Figure S33). There was no mass
loss over 60 min at 140 °C and no depolymerization. This
result indicates that the depolymerization mechanism requires
a good leaving group in the ring-closing to epoxide step. The
poor leaving ability of an alkoxide in comparison to a
carbonate may rationalize the failure to depolymerize PCHO.
Next, to probe whether depolymerization occurred via a chain-
scission or chain-end backbiting mechanism, the depolymeri-
zation of an acetyl-end capped PCHC (PCHC-OAc, 1:300,
solvent cast) was attempted. At 140 °C, no mass loss was
observed using PCHC-OAc for up to 2 h (Figure S34). This
contrasts with the hydroxyl end-capped PCHC, which under
analogous conditions degrades completely in <5 min. Lastly, in
a depolymerization conducted at 140 °C with Mg(II)Co-
(II):PCHC loadings of 1:30, acetic acid was detected in the
condensate by 1H NMR spectroscopy (Figure S35). The
depolymerization mechanism is thus proposed to occur
through a PCHC chain backbiting reaction. Accordingly, the
PCHC hydroxyl end-groups react with the catalyst to form an
alkoxide intermediate, thereby liberating an equivalent of acetic
acid. The alkoxide intermediate may then back-bite upon its
own chain. This reaction forms an equivalent of epoxide
(CHO) and a catalyst-carbonate intermediate. The catalyst-
carbonate intermediate rapidly decarboxylates, with carbon
dioxide extrusion favored by the moderate gas flow, to
(re)form a chain-shortened catalyst-alkoxide intermediate
(Figure 4). A related mechanism was proposed for the
Mg(II)Mg(II) catalyst.26

Finally, the potential to scale-up the solid-state depolyme-
rization was investigated by mixing the catalyst and polymer
and heating them under static vacuum with product
condensation (Figure S36). The reagents were mixed, using
a pestle and mortar and Mg(II)Co(II):PCHC 1:300, heated to
140 °C under a static vacuum (∼10−2 mbar) with a collection
flask. Using this process, 2 g of PCHC was depolymerized and
1.27 g of CHO was isolated, corresponding to a 92 % isolated
yield with the epoxide purity being determined by NMR
spectroscopy and boiling point determination (Table S3, entry
1). After the reaction, a fresh quantity of PCHC was added to
the residual catalyst and the “second batch” was also
successfully depolymerized to CHO, with equivalent selectiv-
ity. Further catalyst recycles, up to four in total, were achieved,
and in all cases, the catalyst productivity and selectivity for
CHO were maintained (Figure S37). MS (MALDI-TOF) and
IR spectroscopic analysis of the catalyst residue showed that
the complex remained intact post depolymerization (Figures
S38 and S39, respectively). These results are encouraging since
they demonstrate the feasibility both to scale the reaction and
to reuse the catalyst, without requiring any intermediary
isolation/purification steps. The larger-scale solid-state depo-
lymerizations were conducted using 2 g of each of the
polycarbonates, i.e., PVCHC, PCPC, and PLC, affording the
pure epoxides as colorless liquids in up to 95 % isolated yield
(Table S3). All these recycled epoxides were used in ROCOP
reactions with carbon dioxide to re-form polycarbonates of
equivalent molar mass to equivalent samples made using
“virgin” epoxide, demonstrating the chemical recycling to
monomer concept (Table S4 and Figures S40−43).

■ CONCLUSIONS
In conclusion, a highly active and selective catalyst, applied in
solid-state depolymerizations, for polycarbonate chemical
recycling to epoxide and carbon dioxide was reported. The
catalytic activity is 26000 h−1 or 5 kg polycarbonate/g catalyst/
h, and it is tolerant to low loadings, operating efficiently at 0.01
mol %. The depolymerization process was monitored both in
situ at a small scale, using TGA, and at a larger scale using 2 g
polymer batches. The catalyst can be “recycled” up to four
times without compromise to its activity or selectivity. The
catalyst and solid state depolymerization methods presented
here are expected to be generally useful for other chemical
recycling to monomer processes. They open the door to
applying CO2-derived polymers in sectors where waste
polymer recycling would be especially beneficial such as
packaging, consumer goods, and automotive sectors, to name a
few.
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