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The Lewis acidic borane tris(pentafluorophenyl)borane, B(CgFs)3 or BCF, has been found
to selectively depolymerize polycarbonates to their corresponding cyclic carbonates
without the need of a co-catalyst. Depolymerizations of poly(propylene carbonate)
(PPC) and poly(cyclohexene carbonate) (PCHC) in toluene were studied with varying
catalyst loadings and temperatures. Good conversions to the respective cyclic
carbonates were observed down to 2.5 mol% BCF and at temperatures down to 75 °C.
No conversion was observed under solvent-free or liquid-assisted grinding conditions in
a mixer mill. Kinetic studies via in situ infrared spectroscopy of the system showed an
activation energy of 50.2 + 6.7 kJ mol™! for PPC and 83.5 + 1.7 kJ mol™? for PCHC.
Entropy of activation values were found to be —190.6 + 18.4 J K™ mol™ for PPC and
—1147 + 3.8 J K™ mol™* for PCHC. Initial rates of conversion were significantly faster
for PPC than PCHC. Aliquots were taken from reaction mixtures and analyzed via *H
NMR spectroscopy and gel permeation chromatography to understand the reaction
mechanism, which was found to occur via chain-end backbiting rather than random
chain scission. Depolymerization attempts were performed on systems containing
various additives/impurities including poly(bisphenol A carbonate), H,O and CO,. H,O
was seen to inhibit the reaction. Therefore, it was not surprising that a commercial
polycarbonate-diol did not depolymerize under the reaction conditions explored.

Introduction

Chemical recycling of polymers to monomers is an attractive route to creating
a circular plastics economy which will contribute to improving waste manage-
ment issues and minimizing environmental impacts.* Nearly 500 million metric
tons of plastic are produced every year yet only a small percentage (16% in Canada
as of 2022) is recycled back to usable products.®* Still, current recycling methods
are typically inefficient, that is, they are energy intensive and/or produce polymers
of diminished value (e.g., mechanical or thermal recycling).* The cyclo-
depolymerization (CDP) of polycarbonates to their cyclic monomers is a large area
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of research where two pathways emerge: the formation of cyclic carbonates or the
closed-loop depolymerization back to epoxides and CO,.

Polycarbonates, which can be formed from the ring-opening copolymerization
(ROCOP) of epoxides and CO,, can often be resistant to degradation due to high
thermal stability and rigidity, even when considered ‘biodegradable’. This creates
the need for alternative strategies for polycarbonate recycling. Some of the most
exciting results have recently been obtained on conversion of such polymers to
their original monomers (epoxides and carbon dioxide).**** For example,
McGuire et al. have demonstrated the chemical recycling of CO,-based poly-
carbonates to monomers in the solid state with a heterodinuclear Mg(i)Co(1r)
catalyst."* However, this does not mean that other chemical recycling routes for
polycarbonate repurposing are not without merit.

Previous work by us and others has found that organoboranes are effective
catalysts for the copolymerization of CO, and epoxides.”*>® Specifically, we have
shown that triphenylborane (BPh;), a Lewis acidic borane, in combination with
suitable Lewis basic co-catalysts (neutral or anionic) can catalyse the formation of
polycarbonates from epoxides (cyclohexene oxide (CHO)) and CO,.** This catalyst
system is also capable of ROCOP of epoxides and anhydrides to produce poly-
esters, and upon sequential addition of carbon dioxide can yield polyester-block-
polycarbonates.” The more Lewis acidic borane, tris(pentafluorophenyl)borane
(BCF), was found to be inactive in these ROCOP reactions but subsequent studies
showed that it could (in the absence of a nucleophile) degrade polycarbonates or
polycarbonate blocks to cyclic carbonate products. It was found that BCF could
degrade them to cyclic carbonates in CH,Cl, at 130 °C."

Herein, we describe more detailed studies of BCF as a CDP catalyst for poly-
carbonates made from epoxides and CO, in the absence of co-catalysts under
relatively mild conditions (2.5 mol% BCF, 2 h, 105 °C in toluene). To our
knowledge, these are the first examples of an arylborane acting as a CDP catalyst.

Experimental
General experimental conditions and chemicals

Unless otherwise stated, all experimental procedures were performed using an
MBraun Labmaster glovebox or under dry oxygen-free nitrogen using Schlenk
techniques. Cyclohexene oxide (CHO), poly(bisphenol A carbonate) (PBPAC),
poly(propylene carbonate) (PPC) (*H NMR spectrum, Fig. S11), and propylene
carbonate (PC) were purchased from Sigma-Aldrich. CHO was dried over CaH,
and distilled prior to use. PBPAC, PPC, and PC, were used as received. BCF and
BPh; were purchased from Strem Chemicals and used as received. Bis(-
triphenylphosphine)iminium chloride (PPNCI) was purchased from Alfa Aesar
and recrystallized prior to use. All solvents used were dried and degassed using an
MBraun Manual Solvent Purification system.

Instrumentation

"H NMR spectra were obtained using either a Bruker Avance 300 MHz spec-
trometer or a Bruker NEO 500 MHz spectrometer at 298 K in CDCIl; purchased
from Cambridge Isotope Laboratories, Inc. ''B NMR spectra were collected on
a Bruker NEO 500 MHz spectrometer at 298 K in dry CDCl;. For kinetic
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measurements, a diamond sensor (DiComp) dip probe was connected to a Reac-
tIR 15 base unit (Mettler-Toledo) through a DST Fiber Conduit (Fig. S4 and S57).
The probe was cleaned with acetone or dichloromethane before and after each
experiment and calibrated before each run. Any polymerization reactions were
performed using a 100 mL stainless steel reactor vessel (Parr Instrument
Company) equipped with a mechanical stirrer and a heating mantel. The vessel
was baked at 100 °C under vacuum overnight prior to any experiment. Gel
permeation chromatography (GPC) analyses were performed using a miniDawn
TREOS light scattering detector, a Viscostar-II viscometer, and a Optilab T-rEX
differential refractive index detector (Waters|Wyatt Technologies) connected to
an Agilent Infinity 1260 HPLC system equipped with two Phenogel 103 A 300 x
4.60 mm columns with THF as the eluent. Samples were prepared in tetrahy-
drofuran (THF) at a concentration of 4 mg mL ", filtered through a 0.2 um PTFE
syringe filter, and analyzed at a flow rate of 0.3 mL min " at 25 °C. M;, and P were
calculated using the Wyatt ASTRA software with d,/d. values acquired via off-line
analysis.

Synthesis of poly(cyclohexene carbonate)

71.5 mg of BPh; and 169.6 mg of PPNCl were combined and dissolved in
approximately 5 mL CH,Cl, and injected into a pressure vessel (under nitrogen).
The CH,Cl, was then removed via vacuum and 5.80 g CHO was injected with
stirring (such that CHO : PPNCI : BPh; was 200 : 1: 1). The vessel was pressurized
to 40 bar CO, and heated to 60 °C for 24 h. The vessel was then cooled, and the
mixture dissolved in CH,Cl, and the polymer precipitated out with cold acidified
methanol (5% HCI), and the polymer was characterized by "H NMR spectroscopy
(Fig. s2t) and GPC.

Typical BCF catalyzed depolymerization experiment

~500 mg of polymer was added to a 100 mL multi-necked round-bottomed flask
equipped with an FTIR dip probe under an N, flush. An appropriate volume of dry
toluene was added to the flask and the mixture was heated and stirred until the
polymer was fully dissolved. Once the desired temperature was achieved, an
appropriate amount of standard BCF solution (~60 mg per mL BCF in toluene,
from a total volume of 20 mL) was taken from the glovebox and added to the flask
via syringe under N, flush and monitoring via in situ FTIR spectroscopy was
started. Aliquots were taken (under N, flush) at 15, 30, 60, 90, and 120 min,
quenched with a drop of acidified methanol, and analyzed by "H NMR spec-
troscopy (e.g. Fig. S31) and GPC.

Results and discussion
Depolymerization of poly(propylene carbonate)

The CDP of poly(propylene carbonate) (PPC) is a relatively understudied area.
There exist few metal-based examples to degrade PPC into its cyclic counterpart,
propylene carbonate (PC). ZnEt,-based catalyst systems were reported by Kuran
et al. to promote cyclization of PPC in moderate yields.>*** In 2012, Darensbourg
and coworkers studied an anion assisted depolymerization with a (salen)CrCl
catalyst.** Recently, both Enthaler et al. and Gallin et al. studied different ZnCl,-
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Table 1 Cyclodepolymerization of PPC under varying catalyst loading and temperature
conditions®
o 0]
L /} 2.5-10 mol% BCF //(
(0]
oo n 75-105°C, 2 h )\/O
toluene

Entry BCF (mol%) T (°C) M," (kDa) p % PC yield™?
1 5 75 40.3 7.12 34
2 5 85 24.1 5.08 61
3 5 90 13.6% 2.40 72
4 5 95 16.2 5.79 81
5 5 105 11.64 3.21 92
6 10 105 10.8¢ 4.10 96
7 2.5 105 12.2¢ 3.60 49

“ Conditions: starting PPC molecular weight (M,,) was measured to be 51.4 kDa (D = 3.93),
catalyst loadings were determined with respect to the repeat unit molar mass of the polymer.
All reactions performed in 20 mL toluene for 2 h under nitrogen. * Molecular weights of
aliquots determined by GPC in THF as the eluent. M,, and P were calculated using the
Wyatt ASTRA software with d,,/d. values acquired via off-line analysis (P = M,/M,). Values
listed are after 2 h of reaction time. © Total % conversion to cyclic carbonate observed via
"H NMR spectroscopy after 2 h. Integration of methine signal peak areas for PPC (br,
~5.00 ppm) and PC (m, ~4.85 ppm) were used to determine % conversion. 'H NMR
spectra were collected in CDCl; at 298 K. ¢ Calibrated using polystyrene standards (d,/
d.=0.185mLg ).

based systems,**** and Fieser et al. saw full conversions to PC using a pyridine
diimine cobalt catalyst system.** In most of these cases, high temperatures (up to
160 °C) and long-time scales (>20 h) were needed for high conversions to PC.
In the current work, depolymerization of PPC was performed using commer-
cially available samples of PPC (~50 kDa, = 3.93) under relatively mild condi-
tions (75 °C = T =< 105 °C, 2.5-10 mol% catalyst) using tris(pentafluorophenyl)
borane (BCF) as a catalyst in toluene. Selective formation of PC was observed, and
results are summarized in Table 1. A preliminary PPC depolymerization study was

(a PPC PC
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Fig. 1 (a) Stacked H NMR spectra of aliquots taken for Table 1, entry 1 showing the
formation of PC over time and (b) 3D FT-IR spectrum showing the formation of the cyclic
carbonate peak (~1816 cm™) and disappearance of the polycarbonate peak (~1750 cm™3)
for Table 1, entry 6.
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Fig. 2 Aliquot analysis by GPC of CDP of PPC (Table 1, entry 2) showing a linear decrease
in M,, over time. Error bars are calculated from the Wyatt ASTRA Software report.

performed by Andrea et al. at 130 °C for 3 h with 5 mol% BCF in CH,Cl,."
Building on this work, toluene was chosen as the reaction solvent due to its higher
boiling point and it being a relatively ‘greener’ solvent.*>** It should be noted that
recently the US EPA has determined CH,Cl, to be an unreasonable risk to human
health and therefore alternatives should be sought. The depolymerization of PPC
at 5 mol% BCF at 105 °C (Table 1, entry 5) was tested and monitored via "H NMR
spectroscopy and in situ FTIR spectroscopy (Fig. 1a and b, respectively), and gel
permeation chromatography (GPC). To test if the solvent is necessary in this
system, a solvent-free depolymerization was performed via ball mill grinding.
After 1 h and 5 mol% BCF, no PC was observed via "H NMR spectroscopy. Simi-
larly, liquid-assisted grinding (LAG) was attempted with 1 mL of toluene added to
the grinding vessel. Again, no PC was observed via "H NMR spectroscopy indi-
cating the necessity of polymer dissolution in a reaction solvent. Other
researchers have successfully performed efficient depolymerizations of poly-
methacrylates,? poly(a-methyl styrene),*® and PET,* in ball mills under solvent-
free or LAG conditions. As expected, lowering the reaction temperature yields
lower conversions of PPC to PC (Table 1, entries 1-5), as does lowering the catalyst
loading (Table 1, entries 5-7). Analyses of aliquots via GPC shows a consistent
decrease in molecular weights during the reaction, as seen in Fig. 2 for CDP with
5 mol% BCF at 95 °C (Table 1, entry 4).

The depolymerization of PPC was also tested with various impurities present to
determine the behaviour of the system under non-ideal conditions. When using
BCF that had been exposed to an ambient, lab atmosphere (air), "H NMR spec-
troscopic analysis evidenced no conversion to PC, indicating that BCF is too air
and/or moisture sensitive be an active depolymerization catalyst. Similarly, the
reaction was tested with a large presence of CO, (40 bar). It was seen that the
depolymerization was greatly hindered; only 15% conversion to PC was observed.
This is likely due to CO, forming an adduct with BCF,** and reducing the number
of active sites available for depolymerization. If an equal amount of PC (to PPC) is
added to the system, PC formation is also hindered, yielding only a 70%
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conversion (compared to a 92% conversion under the same conditions with no PC
added) likely due to formation of Lewis-acid base complexes between PC and BCF
(Fig. S6-S97). Lastly, the depolymerization of a commercial polycarbonate diol
was attempted to see the effect of the diol end-groups on the system. After 2 h,
there was no conversion to PC seen by 'H NMR spectroscopy, indicating the protic
nature of the diol groups deactivates the BCF catalyst (Fig. S107).

Depolymerization of poly(cyclohexene carbonate)

To date, most ROCOP systems for CO,/epoxide conversion test cyclohexene oxide
(CHO) as a ‘proof of concept’ epoxide to form poly(cyclohexene carbonate) (PCHC)
and to compare catalyst reactivities.!>*1720-234947 When studying the CDP of
PCHC, three potential products can be formed; cis-cyclohexene carbonate (cis-
CHC), trans-cyclohexene carbonate (trans-CHC), and CHO (plus CO,). PCHC is not
available commercially and so it was prepared in our lab using BPh; with PPNCI,
as described above. To achieve a fully circular chemical recycling to monomers
(CRM), CHO and CO, are the desired products that can then re-enter the poly-
merization cycle and form new polymer. However, depending on the system, the
energy barrier to CHO formation may be higher than CHC products."*"*
Recently, Williams and coworkers have reported a di-Mg" catalyst that efficiently
depolymerizes PCHC into CHO and CO, at 120 °C in 24 h,* and Yu et al. found
a bimetallic Cr'™™ system that produces CHO and CO, from PCHC, at 110 or 150 °C
in 1-24 h.® While the formation of CHO is ideal for CRM, there are potential uses
for CHC products.

Table 2 Cyclodepolymerization of PCHC after varying catalyst loading and temperature®

o)
_ o,
o\n/o 2.5-10 mol% BCF O%
o)
(0] 75-105°C, 2 h
n toluene
Entry BCF (mol%) T (°C) M, (kDa)’® P % CHC yield®
1 5 75 5.4 1.10 <1
2 5 85 4.2 1.05 <5
3 5 90 3.9 1.04 20
4 5 95 2.3 1.22 26
54 5 105 5.8 5.29 61
6 10 105 2.9 3.98 91
7 2.5 105 3.1 1.86 22

“ Conditions (unless otherwise stated): initial PCHC molecular weight (M,,) was measured to
be 6.5 kDa (P = 1.09). Catalyst loadings were determined with respect to the repeat unit
molar mass of the polymer. All reactions performed in 20 mL toluene for 2 h under
nitrogen. ” Molecular weights of aliquots determined by GPC in THF as the eluent. M,
and b were calculated using the Wyatt ASTRA software with d,/d. values acquired via off-
line analysis (B = M,/M,)). © Total % conversion to cyclic carbonate observed via "H NMR
spectroscopy after 2 h. Integration of methine signal peak areas for PCHC (br, ~4.65
ppm) and CHC (m, ~4.54 ppm) were used to determine % conversion. "H NMR spectra
were collected in CDCI, at 298 K. ¢ Starting M,, was measured to be 8.3 kDa (P = 1.09).
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Table 3 Depolymerization of terpolymers and polymer mixtures containing varying ratios
of PCHC and PPC linkages”

Entry CHO: PO % Conv. PCHC? % Conv. PPC?
1 4:1 98 >99
2 1:2 >99 >99
3¢ 4:1 70 70
4° 1:1 62 59

4 All depolymerizations performed at 5 mol% BCF catalyst with respect to the repeat unit
molar mass of PCHC. Performed in 20 mL toluene, at 105 °C for 2 h, under nitrogen.
b Total % conversion to cyclic carbonate observed via 'H NMR spectroscopy after 2 h.
Integration of methine signal intensity for polycarbonate and cyclic carbonate was used
to determine % conversion. '"H NMR spectra were collected in CDCl; at 298 K.
¢ Depolymerizations performed using mixtures of polycarbonates (PPC and PCHC) rather
than terpolymers prepared from a mixture of PO, CHO, and CO,.

CHC can be formed either directly from CHO and CO,, or via CDP, dependent
on conditions. Buchard et al. reported a bimetallic Fe™/PPNCI ROCOP system
that selectively produced cis-CHC from CHO and CO,.*” Darensbourg and
coworkers observed that a metal-based (salen)CrCl catalyst could depolymerize
PCHC to yield trans-CHC at 110 °C very slowly (full conversion after 170 h).**
Similar to the studies presented above with PPC, we report the CDP of PCHC using
a BCF catalyst system, which selectively forms cis-CHC. These results are
summarized in Table 2.

Compared to PPC, the depolymerization of PCHC was significantly slower, and
did not form cis-CHC at temperatures lower than 85 °C, which aligns with the

0.__0O.
BCF + i/\( ?ol/‘} 4.36 ppm

1.87 ppm

37.7 ppm

Fig.3 B NMR spectra (160 MHz, CDCls) of BCF alone (top, purple) and in the presence of
PPC (second, blue), PC (third, green), or PBPAC (bottom, red).
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Schemel Representation of possible interactions between BCF and carbonate groups for
the depolymerization of PBPAC and PPC mixture explaining slower CDP rates in the
presence of two polycarbonates.

formation of a more thermodynamically strained bi-cyclic ring-containing
product. When catalyst loadings are decreased, so is the conversion of PCHC to
cis-CHC. Furthermore, the dispersities of PCHC during CDP show minimal
broadening which implies a controlled mechanism is active. This will be dis-
cussed in more detail below. Interestingly, a lower molecular weight is seen by
GPC in aliquots from reactions performed at 75 °C and 85 °C even when no cyclic
carbonate formation is discernible via '"H NMR spectroscopy. This implies that
the polymer is slowly shortening in chain length even though the amount of cyclic
carbonate is less than the detection limit of "H NMR spectroscopy.

Lastly, similar to the studies with PPC, the robustness of the system was tested
with a 1 mol% water impurity present. After 2 h at 105 °C, <1% conversion of the
polycarbonate was observed (Fig. S81).

Terpolymer and polymer mixture depolymerizations

Previously, block terpolymers consisting of polyester and polycarbonate blocks
were studied in the presence of BCF. It was seen that BCF selectively degraded the
polycarbonate block and left the polyester block intact.® Drawing upon this work,
the depolymerizations of PPC and PCHC terpolymers were performed using the
same conditions as the PPC or PCHC copolymer depolymerizations. These results
are summarized in Table 3, entries 1 and 2. To compare, mixtures of poly-
carbonates (PPC and PCHC) containing similar ratios of the propylene carbonate
and cyclohexene carbonate moieties to the terpolymers studied (Table 3, entries 3
and 4) were also investigated. Observations by "H NMR spectroscopy imply that
the rate of CDP for PPC is slightly faster than PCHC when in a terpolymer,
aligning with the FTIR spectroscopy studies presented herein. Comparing this to

Chain-end backbiting Random chain scission
i

0O OOOOO0Oe. 000
J *® Ore
Q0 00000 o0

Fig. 4 Schematic of two possible CDP pathways presented in this work 3150
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Fig. 5 Aliquot analysis by GPC of PPC (Table 1, entry 4) showing a linear decrease in M,,
(red, squares) and minimal variation in £ (blue, triangles). Error bars are calculated from the
Wyatt ASTRA Software report.

a mixture of polycarbonates, the rate of cyclic carbonate formation seems to be
slightly slower (by "H NMR spectroscopy). A possible explanation for this result
may be the competition between the separate PCHC and PPC polymers to coor-
dinate to the borane compared to the single chain block terpolymer.

Similarly, and inspired by work performed by Fieser and coworkers,* the
depolymerization of an equal mixture of poly(bisphenol A) carbonate (PBPAC)

®5 mol% (75 °C)
A5 mol% (85 °C)

5 mol% (90 °C)
®5 mol% (95 °C)
5 mol% (105 °C)

10 mol% (105 °C)
%X2.5 mol% (105 °C) .

Time (s)

Fig. 6 Initial rates of cyclic carbonate formation taken from FTIR spectra around
1816 cm . kopp values listed in Table 4 are taken from the slopes of the linear trendlines. R?
values for all trends are >0.99.
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Table 4 Initial Kapparent Values for cyclodepolymerization of PPC using BCF

Temperature (K) Kapparent (871 x 1077)
353 2.293
A 358 3.744
363 5.196
. 368 7.784
© 378 9.033

and PPC was studied. First, a control reaction was performed with PBPAC (no
PPC) to determine if BCF was a suitable catalyst for depolymerizing this widely used
polycarbonate. No depolymerization was observed via "H NMR spectroscopy, likely
due to the increased rigidity of this polymer and lack of a corresponding stable, small-
ring cyclic carbonate product. When a 1:1 molar ratio of PBPAC and PPC was
present, BCF selectively depolymerizes PPC into PC, albeit at a slightly slower rate
than when only PPC is present (Fig. S14t). This may be due to interactions between
the carbonate groups in PBPAC and the Lewis acidic boron centre in BCF. Interac-
tions between boron and carbonate groups are evident in ''B NMR spectroscopy
studies as shown in Fig. 3 for PPC, PC, and PBPAC where significant shifts occur for
the peak dependent on the species present. Interactions of the carbonate group of
PBPAC with the boron centre can occur, blocking the active site, but the polymer does
not undergo depolymerization. The PPC can displace the PBPAC at the boron centre
and then enter the depolymerization cycle (Scheme 1).

Mechanistic studies

For the depolymerization to cyclic carbonates, two reaction mechanisms were
considered: (1) chain-end backbiting, where the polymer unzips from the chain
ends or (2) random chain scission, where the polymer is broken up at random to
form shorter chains (Fig. 4).>* To determine which is occurring in our system, the
change in the polycarbonate molecular weight and dispersity were monitored
over time via gel permeation chromatography (GPC) through reaction aliquot
analysis. An exemplar trend of decrease in molecular weight (M,,) and dispersity
(D) of PPC is shown in Fig. 5 (for Table 1, entry 4). A linear decrease in M,, paired
with minimal variation in P points towards a chain-end backbiting depolymer-
ization rather than degradation via random chain scission (Fig. 4), which would
yield much higher P values via GPC.

Table 5 Initial kapparent Values for cyclodepolymerization of PCHC using BCF

Temperature (K) Kapparent (s' x107?)
358 0.5618
X 363 0.7484
® 363 0.8483
. 378 2.645
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Fig.7 Eyring plot of PPC CDP in toluene. y = —6034x + 0.84, R> = 0.9496. Error analysis
performed as reported by Lente et al.>*

Along the same lines, depolymerizations were monitored via in situ FTIR
spectroscopy at varied temperatures and catalyst loadings to obtain reaction
kinetic data. The polycarbonate peak (vco, = 1760 cm™ ') disappearance and cyclic
carbonate (vco, = 1816 cm ') formation were observed. At lower temperatures,
a possible induction period is observed, most likely due to the lower energy of the
system. Apparent initial reaction rates were determined from the two-
dimensional profiles of absorbance vs. time as a function of temperature

5 mol% (85 °C)
%5 mol% (90 °C)
®5 mol% (95 °C)
m5 mol% (105 °C)

10 mol% (105 °C)
©2.5 mol% (105 °C)

3 ..
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.
g, a5
om . ° o
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Fig. 8 Initial rates of cyclic carbonate formation during PCHC CDP taken from FTIR
spectra at ~1816 cm™. kapp Values listed in Table 5 are taken from the slopes of the linear
trendlines. R values for all trends are >0.95.
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Fig. 9 Eyring plot of PCHC CDP in toluene. y = —10045.6x + 1.0, R> = 0.9246. Error
analysis performed as reported by Lente et al.**

(Fig. 6) and are listed in Table 4. From these initial rates, the activation energies
and entropies of the transition state can be calculated from the Eyring plots,
illustrated in Fig. 7. The activation energy of PPC was found to be 50.2 +
6.8 k] mol " while the entropy of the transition state was revealed to be —190.6 +
18.4 ] K™' mol™" (Table 6). When compared to prior analyses, the energy of
activation for PPC degradation (50.2 + 6.8 k] mol ") is lower than that reported
for anion-assisted depolymerization catalyst systems (80.5 + 3.6 k] mol 1).3* A

7.0 2

6.0

WA+ + + m

v '“?““wm“ »

0.4
2.0

Mn (kDa)
>
P
]

0.2

0 20 40 60 80 100 120
Time (min)

Fig. 10 Exemplar aliquot analysis of PCHC CDP reaction (Table 2, entry 4) by GPC
showing linear decrease in M,, (red, squares) and variation in B (blue, triangles). Error bars
are calculated from the Wyatt ASTRA Software report.
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Table 6 Summary of activation parameters determined for CDP of PPC and PCHC*

AH* (k] mol ™) AST (J K~ mol ™)
PPC 50.2 + 6.8 —190.6 + 18.4
PCHC 83.5 +1.7 —114.7 £ 3.8

“ Values calculated from Eyring plots. Analysis performed via least squares regression. Error
analysis performed as reported by Lente et al.>

transition state with a negative entropy value implies an associative depolymer-
ization mechanism, where the borane centre is coordinated with the polymer
chain. This is consistent with the previously mentioned "B NMR spectroscopy
study and is most likely caused by an anionic polymer chain-end that coordinates
to the borane. It is also important to note that in contrast to earlier research
employing metal-centred complexes in combination with sources of anions (e.g.
PPNN3;), in the current study, addition of such anions inhibits the reaction and
BCF alone is effective in these CDP reactions.

The kinetic studies of PCHC were also performed using in situ FTIR spec-
troscopy (Fig. 8-10), yielding a higher activation energy and entropy of the tran-
sition state (83.5 + 1.7 k] mol " and —114.7 + 3.8 J K" mol ', respectively, Table
6). A higher energy barrier is not surprising, considering the thermodynamic
strain of the bicyclic product forming. Again, the apparent initial rates of reaction
were calculated using the method described above. An induction period was also
observed via in situ FTIR spectroscopy (Fig. S57).

More varied M,, and P trends were observed for the depolymerization of PPC
with higher D values (Fig. 5). This suggests a less controlled and different

o O

Scheme 2 Possible CDP pathways for PCHC to form cis-CHC, trans-CHC, or CHO and
COZ.31'50

410 | Faraday Discuss., 2026, 262, 398-413  This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00050e

Open Access Article. Published on 22 May 2025. Downloaded on 3/11/2026 11:28:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

depolymerization pathway for PPC, potentially with random chain scission
occurring. Interestingly, higher P values were also observed for PCHC when
higher catalyst loadings are employed. This implies a reduced amount of catalytic
control in the system. At this point in the studies, we cannot determine if there
may be two CDP pathways occurring concurrently i.e. chain-end and chain scis-
sion occurring on a single polymer chain.

As mentioned previously, the CDP of PCHC can form multiple products. The
reaction pathways for each product are outlined in Scheme 2.3%* "H NMR spectra
yielding a multiplet at 4.63 ppm and the v, stretching occurring at 1816 em 'in
FTIR spectra indicates the selective formation of cis-CHC. If trans-CHC was
observed, a multiplet would be seen via "H NMR at 3.90 ppm and the FTIR stretch
would be visible around 1830 cm™'.*** Buchard et al. saw cis-CHC as a product
with their bimetallic Fe catalyst system for the addition of CHO and CO,, and
proposed a double inversion of stereochemistry caused by the PPNCI co-catalyst.*®
Since no co-catalyst is used in this system, we propose the double inversion may
occur due to the chloride end groups present on PCHC, which were previously
confirmed by MALDI-TOF mass spectrometry.'

Conclusions

Further studies on the use of the highly Lewis acidic arylborane, BCF, as a cyclo-
depolymerization catalyst for the degradation of CO,-based polycarbonates into
cyclic products without the need for a co-catalyst are reported. Cyclic carbonates
were formed from PPC and PCHC, with good conversions under relatively mild
conditions. From mechanistic studies, the calculated activation energy and
entropy of PPC CDP is lower than what was previously reported. For PCHC CDP,
the energy and entropy of the transition state were calculated to be higher than
that of PPC, but analysis via GPC and '"H NMR spectroscopy implies a chain-end
backbiting mechanism to selectively form cis-CHC. These results emphasize the
potential for metal-free depolymerization catalyst systems that employ ‘greener’
conditions and can provide insight into more sustainable chemical polymer
recycling strategies to useful products.
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