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Closed-Loop Recycling of Mixed Plastics of Polyester and CO,-Based
Polycarbonate to a Single Monomer

Changxia Shi, Wilfred T. Diment, and Eugene Y.-X. Chen*

Abstract: Physical blending is an effective strategy for
tailoring polymeric materials to specific application
requirements. However, physically blended mixed plas-
tics waste adds additional barriers in mechanical or
chemical recycling. This difficulty arises from the
intricate requirement for meticulous sorting and separa-
tion of the various polymers in the inherent incompati-
bility of mixed polymers during recycling. To overcome
this impediment, this work furthers the emerging single-
monomer — multiple-materials approach through the
design of a bifunctional monomer that can not only
orthogonally polymerize into two different types of
polymers — specifically lactone-based polyester and CO,-
based polycarbonate — but the resultant polymers and
their mixture can also be depolymerized back to the
single, original monomer when facilitated by catalysis.
Specifically, the lactone/epoxide hybrid bifunctional
monomer (BiL°) undergoes ring-opening polymeriza-
tion through the lactone manifold to produce polyester,
PE(BIL®), and is also applied to ring-opening copoly-
merization with CO,, via the epoxide manifold, to yield
polycarbonate, PC(BiL°). Remarkably, a one-pot recy-
cling process of a BiL°-derived PE/PC blend back to the
constituent monomer BiL° in >99% selectivity was
achieved with a superbase catalyst at 150°C, thereby
effectively obviating the requirement for sorting and
separation typically required for recycling of mixed

polymers.
J

Introduction

The chemical recycling of end-of-life (EoL) polymers back
to their constituent monomers presents a promising solution
to the EoL issue of plastic waste, paving the way for
achieving a circular plastic economy."! As the recovered
monomers can be repolymerized into virgin-quality poly-

[*] Dr.C. Shi, Dr. W. T. Diment, Prof. Dr. E. Y.-X. Chen
Department of Chemistry, Colorado State University
Fort Collins, Colorado 80523-1872, United States
E-mail: eugene.chen@colostate.edu

0 © 2024 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angew. Chem. Int. Ed. 2024, 63, €202405083 (1 of 9)

mers, this closed-loop chemical recycling represents an
advantage over mechanical recycling methods, which typi-
cally result in materials with diminished properties.”! Much
of the work on chemical recycling focuses on selective
depolymerization of single-material streams.’! However,
real-world plastic products often comprise mixed plastics
with varied chemical structures, tailored to meet specific
application needs.! This complexity presents significant
challenges in the separation processes required to isolate
individual polymers for recycling, leading to escalated costs
and limiting the feasibility of large-scale chemical recycling
from both operational and economic viewpoints.”! Upcy-
cling mixed plastics into value-added products offers an
alternative approach that could bypass this limitation and
substantially enhance plastics reclamation. However, this
method represents an open-loop recycling process which,
while beneficial, falls short of establishing a true circular
economy for plastics.”) The above overview highlights a
pressing need for developing effective methods to enable
the closed-loop recycling of mixed plastics, thereby negating
the need for meticulous sorting.

Addressing this challenge calls for more than just
innovative recycling technologies; it also demands a funda-
mental paradigm shift towards a mindset focused on
circularity. A sustainable path forward involves transitioning
from finite, fossil-based resources to renewable, abundant
alternatives. In this context, harnessing and converting CO,
as a renewable resource holds significant potential.”! For
instance, the ring-opening copolymerization (ROCOP) of
CO, with epoxides to produce degradable aliphatic polycar-
bonates (PCs) represents a promising avenue for large-scale
utilization of CO, as a renewable C1 feedstock.! Chemical
recycling of CO,-based PCs back to constituent epoxides
provides a route towards establishing a circular economy for
CO,-based PCs. While there are various structures of
epoxides that can be utilized to produce PCs with CO,, truly
closed-loop recyclable examples are currently largely limited
to specific structures such as cyclopentene oxide, cyclo-
hexene oxide (CHO), limonene 1,2-monoxide and nitrogen-
containing epoxides.”! The main obstacle for achieving
chemical recycling of CO,-based PCs is the formation of
thermodynamically stable five-membered cyclic carbonates,
which resist repolymerization.!"”!

Poly(cyclohexene carbonate) (PCHC), synthesized from
the copolymerization of CHO and CO,, has attracted
significant interest as a potential sustainable engineering
plastic due to its notable tensile strength and high glass
transition temperature (7,).*) However, the chemical
recycling of PCHC back to CHO has long been a challeng-
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ing endeavor, attributed to the fact that trans-cyclohexene
carbonate (trans-CHC) is a more thermodynamically fa-
vored depolymerization product than CHO itself.""! Despite
these difficulties, several recent reports have detailed the
efficient chemical recycling of PCHC back to CHO.
Notably, in 2022, Williams and Zhang independently dem-
onstrated the selective depolymerization of PCHC to CHO
in toluene, using a homodinuclear magnesium(II) complex
and a heterogeneous multinuclear zinc catalysts,
respectively.'”? In a further breakthrough, Liu and Lu
uncovered that a Cr'™'-Salen complex coupling with PPNN,
cocatalyst, was able to quantitatively convert PCHC into
CHO in bulk.™® More recently, Williams and co-workers
made significant progress in the bulk depolymerization of
various aliphatic PCs, including PCHC, by utilizing a
heterodinuclear Mg"-Co" catalyst.[']

Given that plastic products typically comprise diverse
materials to fulfill different performance criteria, their
recycling and reuse present a formidable challenge, involv-
ing the need for laborious separation and purification
procedures. These hurdles diminish the economic feasibility
and hinder the broad adoption of plastic recycling.™
Although several notable studies have successfully demon-
strated that a target polymer can be effectively recycled
back to its constituent monomers from mixed plastic
streams, 1% the lack of EoL option for the remaining
unrecyclable polymers in such mixed streams renders this
approach less desirable.’¥ We have recently reported
several efforts to develop closed-loop chemically recyclable
polymers with “one monomer-two polymers-one monomer”
features via a hybrid monomer design strategy.'*'! For
example, a bicyclic lactone/olefin bifunctional monomer
(BiL7), encompassing low ceiling temperature (7) substruc-
tures of y-butyrolactone toward ring-opening polymerization
(ROP) and cyclohexene toward ring-opening metathesis
polymerization, not only facilitated the efficient polymer-
ization of the “nonpolymerizable” parent monomers but
also provided orthogonal mechanistic pathways to generate
two polymers with distinct material properties and full
chemical recyclability to the same monomer.'’™ Notably,
their physical blend can also be sequentially depolymerized
back to their constituent monomer (BiL~). However, this
recycling Scheme requires the use of different catalysts in
two sequential steps. In addition to the need to address this
problem, the scope of polymer classes that can be recycled
from their mixtures in a closed-loop fashion must be
explored and expanded. Herein, we report the selective
generation of either polyester PE(BiL®) or polycarbonate
PC(BiL°) from a bifunctional lactone/epoxide hybrid mono-
mer (BiL°) via ROP or ROCOP with CO,. Importantly,
both polymers and their mixture (blend) can be selectively
depolymerized back to the same monomer BiL.° (Scheme 1).
This work serves as a striking demonstration of how two
different types of polymers, derived from orthogonal poly-
merization of a single monomer, and their physical blend,
can be selectively recycled back to the same monomer using
commercially available catalysts.
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Scheme 1. Schematic illustration of orthogonal polymerization of a
bifunctional lactone/epoxide hybrid monomer (BiL®) into polyester via
ROP and CO,-based PC via ROCOP and selective depolymerization of
both polymers and their mixture back to BiL®, thus closing the circular
loop in recycling mixed polymers.

Results and Discussion

Monomer BiL® (Figure S1 and S2) was synthesized by the
Baeyer—Villiger oxidation of 6-oxabicyclo[3.2.1]oct-3-en-7-
one (BiL~) with m-CPBA, and was obtained in a relatively
high overall isolated yield ~80 %."® The molecular structure
of the monomer was characterized by single crystal X-ray
diffraction analysis (Scheme 1, inset, Table S4). The two
functional groups present in BiL° offer the opportunity to
create a wide range of polymer materials through the
orthogonal polymerization pathways of these moieties.
Specifically, the lactone manifold is designed to produce
closed-loop circular polyester PE(BiL®) with CHO incorpo-
rated into the main chain rendering high-performance
properties. On the other hand, the epoxide manifold
presents a versatile platform for either homopolymerization
to polyether or copolymerization with CO, to polycarbonate
PC(BiL°).

The Lactone Manifold to Produce Polyester PE(BiL°) via ROP

At the outset, we conducted a screening for the ROP of
BiL° using both organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD)™ and metal-based catalyst La[N(SiMes),]s
(La-1)P! (Figure 1A). The TBD-catalyzed ROP in CH,Cl,
(6.0M) at room temperature (RT, ~23°C) with a
[BiL°)/[TBD]/[BnOH] ratio of 100:1:1 (BnOH =benzyl
alcohol, as the initiator) achieved 78 % conversion after
15 h, affording PE(BiL®) with a low number-average molar
mass (M,) of 11.4kgmol™' and a dispersity (D) of 1.38
(Table S1, run 1, Figure S3 and S4). Further exploring the
ROP with [BiL°)/[TBD]/[BnOH]=1000:2:1 in CH,ClL,
(6.0 M) at RT, resulted in a monomer conversion of 50 %
after 72 h, yielding P(BiL°)gop with high M,=55.3 kgmol ™
and P=1.33 (Table S1, run2). Upon switching to metal-
catalyzed coordinative-insertion ROP, the La-1 catalyzed
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Figure 1. (A) ROP of BiL® catalyzed by various catalysts. (B) DSC curve for PE(BiL®) produced by La-1. (C) MALDI-TOF MS spectrum PE(BiL°)

produced by TBD and BnOH.

polymerization achieved 58 % conversion after 36 h with
[BiL°J/[La-1]/[BnOH]=300:1:3 (RT, 6.0M in CH,Cl,)
(Table S1, run 3). Notably, 'H NMR spectrum of the PE-
(BiL®) produced by TBD revealed epimerization at the
stereogenic carbon center adjacent to the carbonyl carbon,
thus affording PE(BiL®) containing both cis- (50 %) and
trans- (50 %) stereoconfigurations. In contrast, the PE(BiL°)
prepared by La-1 is devoid of any detectable epimerization,
as evidenced by the absence of the peaks associated with the
trans-configuration in its 'H NMR spectrum (Figure S3 vs
S5). The employment of a discrete yttrium complex
supported by a C,-symmetric Salen ligand (Y-1, Figure 1A),
resulted in a higher M, of 77.4 kgmol ™ (Table S1, run 5).
Nevertheless, this approach did not completely suppress
epimerization, yielding a polyester with 10 % trans-config-
uration (Figure S7). The resulting PE(BiL®) is an amor-
phous material with a relatively high 7, of 154-158°C,
determined by differential scanning calorimetry (DSC) (Fig-
ure 1B and S10).

The structure of the resulting PE(BiL®) was further
characterized by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS), re-
vealing a linear chain structure and high end-group fidelity
(Figure 1C). Specifically, the BnOH-initiated linear struc-
ture, featuring only the anticipated end groups, BnO-
[BiL?],-H, was confirmed by MALDI-TOF-MS using a low
molar mass sample prepared with [BiL°)/[TBD]/[BnOH] at
a ratio of 100:1:1. The MS spectrum consisted of a single
series of molecular ion peaks, with the spacing between
neighboring molecular ion peaks corresponding to the exact
molar mass of the repeat unit (m/z=140.1). This is
demonstrated by the slope (140.1) of the linear plot of m/z
values (y) versus the number of BiL® repeat units (x)
(Figure S11). The intercept of the plot, 131.0, represents the
total mass of chain ends and Na® [108.1 (BnO/H)+23.0
(Na™) gmol '].
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Chemical Recycling of PE(BiL®) to Monomer BiL°

The depolymerization of PE(BiL°), produced from TBD,
was initially investigated by solution depolymerization,
utilizing 5mol% TBD in toluene-dy (20 mg/mL). After
heating at 120°C for 12 h, the PE(BiL®) solid, which is
insoluble in toluene, disappeared, and pure BiL° was
regenerated, as confirmed by 'H NMR spectrum (Fig-
ure S12). Subsequently, we explored the bulk depolymeriza-
tion of PE(BiL°) under vacuum using a sublimation
apparatus, with superbase 1-tert-butyl-4,4,4-tris(dimeth-
ylamino)-2,2-bis[tris(dimethylamino)-phosphoranylid-enam-
ino]-2)°,4)°-catenadi(phosphazene) (‘Bu-P,) as the catalyst
(0.5 mol %) at 130°C. PEG-2000 was employed as a matrix
to ensure effective mixing of the polymer and catalyst.*”
Under these conditions, pure BiL° was recovered with a
selectivity >99 % and an isolated yield of 94 % within 1 h.
To quantify the thermodynamic parameters related to the
chemical recycling of PE(BiL®), we conducted a variable-
temperature NMR study with [BiL®]/[TBD]}/[BnOH] =10/
1/1 and [BiL°],=2.0 molL ™" in CD,Cl, from 35°C to 5°C in
10°C increments. The equilibrium monomer concentrations,
[BiLO]eq, were measured to be 1.57, 1.37, 1.18, and
0.97 molL™' at temperatures of 35, 25, 15, and 5°C,
respectively. The van't Hoff plot of In[BiL°] versus 1000/T
yielded a linear relationship (R*=0.999) (Figure S13).
Application of the equation ln[BiLO]eq:AHg/RT—ASg/R
enabled extraction of the enthalpy and entropy of polymer-
ization, with values determined to be AH;’:fIO.l kJmol™
and AS?=—36.5Jmol™' K™'. Assuming that these values are
valid for all [BiL®], conditions, the T, was calculated to be
4°C, when extrapolated to [BiL°],=1.0 molL"!, or 270°C,
when extrapolated to bulk state ([BiL°], ~8.6 molL™),
based on the equation TC:AHS/{ASg-i-Rln[BiLO]O}. Despite
this low T, the resulting PE(BiL°) still exhibits good
thermal stability with a decomposition temperature (7 so,,
the temperature at 5 % weight loss) of 289°C, as determined
by thermogravimetric analysis (TGA) (Figure S14). This
stability is attributable to the quenched or dead polymer
chain being kinetically trapped.!'l
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The thermodynamic parameters of PE(BiL°) highlight a
delicately balanced monomer-polymer equilibrium, which is
critical for effective recycling while still ensuring viable
polymerizability even at high BiL°® concentrations. Impres-
sively, catalyst-free bulk depolymerization under vacuum at
190°C was successfully accomplished, delivering an isolated
yield of 93% with over 99 % selectivity (Figure 2). The
observed full conversion of the PE(BiL°) with mixed (~1/1)
trans/cis-configuration to the monomer BiL° with the fixed
cis-configuration suggests that epimerization at the tertiary
carbon (CH) a to the ester carbonyl takes place under the
depolymerization conditions. Whilst the 7, serves as an
indicator of the static equilibrium between monomer and
polymer state, depolymerization under vacuum conditions
operates under a dynamic equilibrium. In this scenario, the
continuous removal of newly generated monomers from the
system circumvents the constraints typically imposed by T..
A key consideration in implementing depolymerization
under dynamic equilibrium conditions is the requirement for
an external stimulus, such as heat or light, with or without a
catalyst. This stimulus needs to surmount the energy barrier
associated with depolymerization while concurrently pre-
venting  undesirable side reactions, such as
decomposition.['*?!

The Epoxide Manifold to Produce CO,-Based Polycarbonate
PC(BiL®) via ROCOP
Following the successful establishment of closed-loop circu-

larity for BiL° through its ROP pathway, we turned our
attention to the epoxide manifold of the monomer. The

Reference BiL°

By

Research Article

Recycled BiL°

l L

Starting PE(BILO)
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ppm
Figure 2. Stacked "H NMR (CDCl,) spectra of PE(BiL®) with 50% trans-
configuration prepared by TBD with M, =11.4 kgmol™' and H=1.38
(bottom); the recovered monomer BiL® obtained after depolymeriza-

tion at 190 °C without catalyst under vacuum (middle); and the starting
monomer BiL° for comparison (top).
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homo-polymerization of the epoxide manifold was inves-
tigated using B(C¢Fs); as the catalyst in CH,Cl, (5M) at
23°C with a [BiL°])/[B(C¢Fs);] ratio of 100:1. Upon the
addition of B(C4Fs); to the reaction solution, polymer
precipitated out of the solution immediately. Subsequent
attempts to dissolve the polymer in a variety of solvents,
including DMF, DMSO, CHCl;, CH,Cl,, and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), proved unsuccessful, sug-
gesting the formation of a crosslinked polymer network.
Thermal analysis of the crosslinked polymer revealed a high
Tys9 of 336°C and a T, of 188°C (Figure S15 and S16). The
observed uncontrolled polymerization of the epoxide mani-
fold may be a result of concurrent lactone ring-opening
occurring during the epoxide polymerization process.””

To pursue the chemoselective polymerization of the
epoxide manifold within BiL®, ROCOP of epoxide with
CO, was explored, which was anticipated to produce PC-
(BiL°) featuring a bridged lactone in the repeat units.
Initially, the ROCOP of BiL° with CO, was tested using
commercially available Cr'™-Salen/PPNCI
[bis(triphenylphosphine)iminium chloride] catalyst system
(Figure 3). The copolymerization was conducted in bulk at
130°C and 40 bar CO,, with catalyst loadings ranging from
0.0125-1 mol % (Table 1; Figure S17 and S18). MALDI-
TOF-MS analysis of a low molar mass PC(BiL°) sample
confirmed the formation of carbonate repeat units, with the
adjacent molecular ion peak spacing corresponding to the
exact molar mass of the carbonate repeat unit (m/z=184.1)
(Figure 4A). Additionally, Fourier Transform Infrared
(FTIR) spectroscopy comparison between PE(BiL°) and
PC(BiL®) revealed the appearance of a new C=0 stretching
frequency (ve_o) at 1802 cm™!, which corresponds to the
carbonate group (Figure 4B). The resulting amorphous PC
exhibited a relatively high 7, of 181°C and a Ty, of 298°C
(Figure 4C and 4D).

Manipulation of the [BiL°)/[PPNCI] ratio, whilst main-
taining the [BiL°]/[Cr™-Salen] ratio, allowed for control
over the M, of PC(BiL®°) (Table 1, runs 1-3). However,
further increasing the [BiL°]:[Cr""-Salen]/[PPNCI] ratio did
not yield a higher M, PC (Table 1, runs 4-7), either due to

o (0]
cri-salen )‘ C,
(0] + C02 _—
PPNCI
0

P=N=P

( Bu
W, N O
N/ E; [;
(/E ’Cr—CI ®
1

cis-CC )

Crl-salen/PPNCI

Figure 3. ROCOP of BiL® and CO,, catalyzed by a Cr"-Salen/PPNClI
catalyst system.
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Table 1: Results of ROCOP of BiL® with CO, catalyzed by Cr"-Salen and PPNCL.F!

Run [BiL®)/[Cr"-Salen]/ Time Conv.!! Selectivity® M, M. Dl
[PPNCI) (h) (%) (polymer%) (kgmol™) (kgmol™) (M/M.,)

1 100/1/1 8 99 65 109.1 233 47

2 100/1/2 8 99 65 33.0 8.5 3.9

3 100/1/0.5 8 99 67 158.2 42.7 3.7

4 250/1/1 8 99 59 121.0 283 43

5 500/1/1 24 99 64 172.9 38.5 45

6 1000/1/1 24 99 64 160.6 32,5 49

7 2000/1/1 48 94 62 1196 217 5.5

8 250/1/0.5 24 98 67 11356 25.9 44

9 500/1/0.5 24 99 64 133.6 32.6 41

10 1000/1/0.5 24 86 55 179.4 431 42

Conditions: [a] polymerization was conducted in bulk at 130°C. [b] Monomer conversions were measured by '"H NMR spectrum of the quenched
solution in trifluoroacetic acid (TFA)-d,. [c] M,, M,, and D values determined by size-exclusion chromatography (SEC) at 40°C in HFIP coupled
with a DAWN HELEOS II multi (18)-angle light scattering detector and an Optilab TrEX dRI detector for absolute weight-average molar mass
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Figure 4. (A) MALDI-TOF MS spectrum and plot of mass/charge ratio (m/z) values versus the theoretical number of M repeat units for PC(BiL°)
produced by Cr"-Salen and PPNCI. (B) FT-IR of PC(BiL°), PE(BiL®) and BiL®. (C) DSC curve for PC(BiL®). (D) TGA and DTG curves for PC(BIiL°).

the occurrence of transcarbonation and carbonate back-
biting side reactions, which is favored in the absence of Cr'"-
Salen, or the presence or residual water/alcohols in polymer-
ization system limiting the obtained molar mass.” By fixing
[Cr'™-Salen]/[PPNCI] ratio at 2/1 and varying the [BiL°J/
[Cr™-Salen] ratio, we achieved the highest M, of PC(BiL°),
standing at 43.1 kgmol ™' (Table 1, runs 8-10). However, the
formation of cis-cyclic carbonate (cis-CC) byproduct, as
confirmed via both NMR spectrum (Figure S20) and single-
crystal structure analysis (Scheme 2, inset), limited the

Angew. Chem. Int. Ed. 2024, 63, €202405083 (5 of 9)

polymer selectivity to 55-67 %. Further efforts to optimize
the polymerization conditions by manipulating parameters
such as polymerization temperature, solvent, CO, pressure,
and catalyst, did not completely suppress the formation of
cis-CC; details are summarized in Table S2 and S3.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U80| 7 SUOWWIOD @A1R.D 3|qeol(dde ) Aq pausenob ae ssjole YO ‘8sn JO S9Nl o A%Iq1T 8UIIUO AB]IA UO (SUORIPUOD-PUR-SLLBY W00 A3 | 1M ARe.q 1l juo//:SdnU) SUORIPUOD Pue swiie | 83 88S *[9202/50/90] uo Areiqi auljuo 8| ‘(SeD) Ansiweyd JO ainisul Aq £8050720Z @1Ue/Z00T 0T/I0p/W00" A3 | im" Areiqjeutjuo//Sdiy LWoi) papeo|umoq ‘ve ‘20g ‘ELLETEST



GDCh
=

Chemical Recycling of PC(BiL®) to Monomer BiL°

Motivated by recent progress towards establishing “epoxide-
polycarbonate” closed-loop circularity,> we investigated
the depolymerization of the resulting PC(BiL°) to BiL°.
Initially, we examined the thermolysis at 250 °C, employing
a sublimation apparatus, given the solid nature of the
monomer (Table2, run1). Unfortunately, this process
predominantly resulted in the formation of cis-CC (60 %),
with only 18% conversion into BiL® and 22% of the
unknown byproduct (Figure S21). The selectivity of BiL°
was improved to 55 %, with 45% cis-CC formed as the
byproduct, by using 2.5wt% (~0.5mol %) of Cr'-Salen/
PPNCI as the depolymerization catalyst at 150°C for 5h
with PEG-2000 as the matrix (Table 2, run 2; Figure S21).
Substituting PPNCI with PPNN;
(bis(triphenylphosphine)iminium azide) dramatically im-
proved the results, achieving a selectivity of BiL° formation
>99% and a yield of 69% in 5 min (Table 2, run 3). By
extending the depolymerization duration to 1 h after collect-
ing the initially generated BiL°, we obtained an additional
7 % sublimate, but a significant (43 %) cis-CC impurity was
observed (Table 2, run 4; Figure S22). This implies that the
residual catalyst still showed reactivity for the depolymeriza-
tion of further added PC(BiL°), but with much lower
selectivity of 56 % and a diminished depolymerization rate,
which is similar to the results obtained with Cr™-Salen/
PPNCI as the depolymerization catalyst. Nevertheless, when
the PC was added in combination with 2.5 wt % PPNNj, it
facilitated the clean and rapid recovery of BiL°® with a
quantitative selectivity of >99 %.

It's worth highlighting that, in contrast to the outcomes
observed with Cr'™-Salen/PPNCI, we noticed the appearance
of peaks in the aromatic region of '"H NMR spectrum of the
sublimate during the late stages of depolymerization cata-
lyzed by Cr''-Salen/PPNN;. We attribute these peaks to the
potential decomposition of PPNN;, an assumption sup-
ported by the bubbles observed during the depolymerization
process and the emergence of analogous peaks when PPNN;
was heated at 160°C in the absence of the PC (Figure S23).

Research Article

Angewandte

intemationaldition’y) Chemie

These results suggest that the critical role of PPNN; in
facilitating the rapid and selective depolymerization of the
PC. And the decomposition of PPNN;, particularly the azide
anion, seems to contribute to decreased selectivity and
slower depolymerization rates during the latter stages of
depolymerization. Lu and co-workers have reported a
similar decomposition phenomenon during PCHC recycling
catalyzed by Cr™-Salen/PPNN,, where recycling selectivity
dropped from 99 % to 97 % during the second depolymeri-
zation cycle, echoing our findings with Cr™-Salen/PPNCI.
Accordingly, we implemented a strategy to suppress the
formation of cis-CC byproduct by introducing an additional
2.5wt% PPNN;j into the reaction system midway through
the depolymerization reaction. Following optimization of
the experimental conditions, we were able to achieve
depolymerization with an improved yield of 91 % and good
selectivity (~94 %) when applying a temperature of 180°C
for 10 min (Table 2, run 7). The high turnover frequency
(TOF) of up to 1300 h™* further attests to the high efficiency
of the depolymerization process in recovering the epoxide
monomer. The OH present in PEG-2000 may trigger
scission of PC(BiL°), thus facilitating the depolymerization.

This intriguing finding prompted us to further investigate
the underlying origins of the improved selectivity observed
with the N;~ anion compared with ClI. A plausible
explanation could lie in the increased nucleophilicity and/or
basicity of N5, which may facilitate the deprotonation of the
polymer chain end —OH and promote the selective forma-
tion of BiL® through catalyzed alkoxide back-biting, while
simultaneously minimizing the formation of the undesired
cis-CC through carbonate back-biting.""** With this hy-
pothesis in mind, organic superbase ‘Bu-P, was subsequently
tested as the catalyst (0.7 mol %) for the depolymerization
of the PC at 160°C (Table 2, run 8). Under these conditions,
BiL® was recovered in 89 % yield in 30 min, with a >99 %
selectivity and a TOF of 254 h™". However, the high basicity
of ‘Bu-P, may result in the chain scission of the matrix PEG-
2000, potentially leading to trace contamination of the
recovered BiL° with PEG oligomers. A simple base KOMe
was also found to be effective in catalyzing the depolymeri-

Table 2: Results of depolymerization of PC(BiL°) catalyzed by various catalysts."

Run [Cat]/[Cocat] Temp. Time
(°Q) (min)

1 -/~ 250 30

2 Cr'"'-Salen/PPNCI (2.5 wt %) 150 300

3 Cr'"-Salen/PPNN; (2.5 wt %) 160 5

4 Cr''-Salen/PPNN; (2.5 wt %) 160 65

5 Cr''-Salen/PPNN; (2.5 wt %) 130 20

6 Cr'"-Salen/PPNN; (2.5 wt %) 230 5

7 Cr''-Salen/PPNN; (2.5 wt %) 180 10

8 ‘Bu-P,/— (2.5 wt%) 160 30

9 KOMe/- (10 wt %) 160 120

10 TBD/MSA=1/1 (5 wt%) 160 15

1 TBD/TfOH=1/1 (5 wt%) 160 15

Yield® TOFH Selectivity® (%)

(%) (h™ BiL® cis-CC byproduct
- - 18 60 22
- - 55 45 -
69 1183 >99 - -
76 113 96 4 -
18 71 92 8 -
84 1296 90 10 -
91 733 94 6 -
89 254 >99 - -
73 6 >99 - -
79 - 23 77 -
87 - - >99 -

Conditions: [a] Depolymerization conducted in sublimation apparatus under vacuum, the [Cat] and [Cocat] were added at 1:1 ratio, wt% was
determined by the mass of added [Cat] to the PC(BiL®) mass. [b] Yield determined by the recovery mass. [c] Turnover frequency (TOF) = (mol of
recovered BiL°® /((mol of [Cat]) *hour). [d] Selectivity measured by '"H NMR spectrum of the quenched solution in TFA-d,.
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zation of PC(BiL°) into BiL° with a selectivity of over 99 %,
under the guidance of the proposed selective depolymeriza-
tion mechanism, although it did exhibit lower activity
(Table 2, run 9). In comparison to that observed for PCHC
depolymerization, only cis-CC, rather than trans-CC, was
observed in both the polymerization and depolymerization
processes of BiL°. We attribute this phenomenon to the
introduction of the bridged ester bond in the monomer
structure, which significantly alters the configuration of the
bicyclic cyclohexane, rendering the formation of trans-CC
thermodynamically unstable, aligning with
poly(cyclopentene carbonate) scenario.”*** 2! Overall, we
propose that the basic catalysts applied promote ionization
at the polymer hydroxyl chain-end, resulting in a highly
nucleophilic alkoxide which, in turn, facilitates the produc-
tion of the epoxy-containing monomer BiL° (Figure 5B). To
further probe our hypothesis, we investigated the use of a
protic ionic salt catalyst, TBD: Methanesulfonic acid
(MSA)=1/1 (Figure SA). Consistent with catalyst basicity
playing a key role in determining selectivity, use of this
catalyst resulted in a BiL° selectivity of just 23 % (Table 2,
run 10). Replacing MSA with stronger Bronsted acid TEOH,
the protic ionic salt TBD: TfOH=1/1 afforded almost
exclusively in the production of cis-CC as a depolymeriza-
tion product (Table 2, run 11, Figure S24). We hypothesize
that this is due to Lewis acid stabilization of the carbonate
chain-end, which inhibited CO, release and thus resulted in
cis-CC becoming the exclusive product.
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Figure 5. (A) Catalysts for selective depolymerization of PC(BiL°) to
BiL® and CO, or cis-CC. (B) The proposed depolymerization mecha-
nism of PC(BiL®): Depolymerization products only consist of Bil°
produced form alkoxide backbiting and ¢is-CC produced from carbonate
backbiting, with trans-CC being too thermodynamically unstable to
form.
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Closed-Loop Recycling of Plastics Mixture to Monomer BiL®

Given that ‘Bu-P, had demonstrated remarkable activity in
the depolymerization of both PC(BiL®) and PE(BiL°) to
reform monomer BiL.°, we postulated that ‘Bu-P, could also
serve as an optimal catalyst for the depolymerization of a
plastics mixture consisting of PC(BiL°) and PE(BiL°). A
1:1 PC(BiL°)/PE(BiL®) mixture served as a representative
sample to assess the efficacy and performance of the
depolymerization process catalyzed by ‘Bu-P,. Specifically,
the PC(BiL®)/ PE(BiL®) mixture was placed in the sub-
limation apparatus, along with 2 grams of PEG-2000 serving
as a matrix. Following the addition of ‘Bu-P, (at 1 mol %), a
vacuum was applied within the sublimation apparatus and
started the depolymerization process at 150°C. The mixed
plastics were effectively depolymerized back to their single
constituent monomer BiL° in 86% isolated yield with
>99% selectivity in 25 min (Figures S25 and S26), hence
demonstrating a rare example of one-pot recycling of mixed
plastics.

Conclusions

We present here an advancement in developing effective
approach to address the challenging goal of closed-loop
recycling of EoL mixed plastics through design of multifunc-
tional monomers that can lead to multiple polymers of
different classes and performance properties, through or-
thogonal polymerization. The resulting diverse polymers
and their mixtures all can be chemically recycled back to
their single-source, original monomer in exclusive selectivity
and high recovery yield, without the requiring prior sorting
or separation. Specifically, our design of bifunctional
lactone/epoxide monomer BiL® that undergoes orthogonal
polymerization into lactone-based polyester PE(BiL°) and
CO,-based polycarbonate PC(BiL°®). Importantly, both ho-
mopolymers, PE(BiL®) and PC(BiL°), and their mixture
can all be depolymerized back to the original monomer in
quantitative (>99 %) selectivity in the presence of the same
catalyst at 150°C. Furthermore, our exploration of the
“epoxide-polycarbonate” closed-loop circularity has shed
additional light on the integral role of catalysts and the
monomer structure on depolymerization behaviors. While
there is still room for further improvement in aspects such
as polymerization selectivity and the depolymerization
efficiency, this work continues to create new solutions for
tackling the longstanding challenge of mixed plastic recy-
cling and underscores the critical importance of strategic
monomer design in advancing sustainable solutions in
polymer science. Lastly, the functional groups of the epoxide
still present in PE(BiL°) and the lactone still present in
PC(BiL®) could potentially be utilized for post-functionali-
zation via curing or copolymerization to produce additional
high-performance materials; the work directed at this
direction is underway.
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