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The use of a simple, cheap and effective organocatalyst, tetra-
methylammonium methyl carbonate, has been exploited for the
transesterification of a range of commercial polymer samples. PLA,
PCL, PC and PET have been successfully broken down into useful
products, with the repolymerisation of DMT to PET demonstrated,
highlighting a truly circular economy approach.

Plastics have had numerous societal benefits, contributing to
energy saving and material conservation," largely due to their
versatile and lightweight properties. However, with demand
predicted to increase, there are two urgent challenges that
need to be addressed in relation to current usage: (A) Plastics
are largely derived from petrochemical feedstocks, which is
unsustainable when considering the growing plastic demand
and the decreasing reliance placed on these feedstocks.”” In
response to this there has been a resurgence into research into
bio-derived materials including poly(lactic acid) (PLA) and poly
(ethylene furanoate) (PEF) among others.”** (B) The second
issue relates to the extended lifetime of plastics and end-of-life
mismanagement causing leaking and persistence in the
environment leading to land and sea pollution.”*™"® While bio-
degradable materials are being sought to reduce this issue,"”
compostable materials are not compatible with the circular
economy as immediate value is lost from the life-cycle and
some plastic applications require robust properties.'®*°
Therefore, there is a great need for plastic recycling processes
in which useful products are the result of the polymer end-of-
life.>*>* Mechanical recycling is useful for some materials and
can prolong the life time or usage; however, the polymer pro-
perties or quality can be impaired and the material down-
graded to less demanding uses.””> Chemical recycling offers
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greater benefits, with polymers being broken down into com-
ponent parts which could be directly repolymerised, to a
material with equivalent physical properties, or to useful
chemical platforms.*' For example, by transesterification, PLA
can be degraded into lactic acid or alkyl lactate (A-La), the
former being a platform chemical and the latter having uses
as solvent.>**” Both degradation products can also be trans-
formed to lactide, which is the first step towards polymer
synthesis.”®° For some polymers, chemical recycling can be
achieved thermally by pyrolysis, depolymerising the material
directly back to monomers.’’ Pyrolysis of PLA can access
lactide directly, however this requires high-temperatures and
can increase the amount of by-products formed.*>® Poly
(ethylene terephthalate) (PET) can be chemically depoly-
merised into ethylene glycol (EG) and either bis(2-hydro-
xyethyl)terephthalate (BHET) or dimethyl terephthalate (DMT)
by glycolysis or methanolysis respectively.’”** The recovery of
these monomers can allow for direct repolymerisation to PET
of the same quality.>*** PET can also be degraded by amino-
lysis yielding a range of amides which can be used as additives
to other plastics.*> Chemical recycling of polyesters is typically
achieved by a transesterification reaction performed by metal
complexes or oxide catalysts.>”*®*° This can lead to toxic resi-
dues that may be difficult to remove from the degradation
product as well as discolouration. Potentially more benign is
the use of organocatalysts which represent a simpler, low cost
alternative to metal catalysis which is in alignment with the
twelve principles of green chemistry. Examples of organocata-
lysis applied to polymer degradation has recently been
reviewed;’® specific examples of organocatalytic polyester
degradation include TBD (for PLA and PET)*“*>°%** and
DMAP (for PLA),*® and ionic liquids (for PLA and PET).*%>*7>¢
Herein, we report the use of a simple onium transesterification
catalyst, first reported for monomeric substrates by Ishihara
et al.,”” for the mild and selective degradation of a range of
polyesters, including PLA and PET.

The organocatalyst, [NMe,][OCO,Me]”, 1, was prepared
according to literature methods from tetramethyl ammonium
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hydroxide and dimethyl carbonate (DMC).>” The synthesis of
this catalyst (Fig. 1) was also scaled up from the reported
method. This catalyst was then applied to the degradation of
various polymers. The initial step of the transesterification is
the in situ generation of the active catalyst by breakdown of the
initial carbonate anion, to form CO, and methanol (MeOH).
With the addition of alcohol, the carbonate anion is replaced
by an alkoxide which can then perform transesterification with
the assistance of the methyl hydrogen atoms acting as
Bronsted acids to activate the carbonyl group (Scheme S17).%”
The ability of these hydrogen atoms to hydrogen bond has pre-
viously been demonstrated, and is achieved through delocali-
sation of the positive charge.’®*®® For PLA, degradation was
initially performed at 50 °C in line with previous studies,*®®"
using 4 wt% of 1 (2.0 mol% with respect to ester linkages;
Table 1, entry 1). The reaction was monitored by "H NMR spec-
troscopy through consideration of the methine units whereby
internal methine units ([Int]) react with alcohol to form chain
end methine units ([CE]) which can react further to form alkyl
lactate ([A-La]) (Scheme S27). Selectivity (Sara) and yield (Ya.ra)
relate to amount of alkyl lactate relative to [CE] and the conver-
sion of [Int] (see ESI} for equations). Using MeOH/THF, a com-
mercial PLA sample (PLA cup) was degraded into methyl
lactate (Me-La) exclusively within 1 h (Xine = Yamera = 100%).
The reaction mixture remained colourless throughout. Due to
the rapidity of the reaction under these conditions, the catalyst
loading could be reduced to 1 wt% (0.5 mol%; Table 1,
entry 2) with reasonable activity and selectivity still being
achieved (Xinc = 100%, Ypera = 83%). This result is competitive
with degradation via Zn(u) complexes previously reported.®!
Kinetic analysis of the degradation under these conditions was
performed in accordance with previous methods.*®®*"% The
reaction profile conforms to a two-step consecutive reaction
model with kinetic constants (k; = 0.103 min™, k, =
0.037 min~") evaluated based on this mechanism (Fig. 2 and
Scheme S21). For the degradation of PLA towards Me-La,

Table 1 Degradation of PLA in various solvents

Entry Solvent Time/h Xint SA-La YA La
1° THF 1 100 100 100
2P THF 1 100 83 83
3be THF 1 99 70 67
454 THF 1 85 24 21
5? EtOAc 1 100 75 75
6° 2-MeTHF 1 93 69 64
7° DMC 1 88 41 36
8P Acetone 1 62 19 12
9? ACN 1 24 13 3
100/ — 0.17 100 100 100
11708 — 0.5 100 100 100

Conditions: 50 °C, solvent/MeOH = 4 : 1, Nyeom : Hester = 7 ¢ 1; internal
methine group conversion (Xi,), A-La selectivity (Sa.ra) and A-La yield
(Ya1a) measured by '"H NMR spectroscopy. “4 wt% loading of 1,
2.0 mol% relative to ester linkages. 1 wt% loading of 1, 0.5 mol%
relative to ester linkages. ‘MeOH, mNyeom: Mester = 1:1. 4 EtOH,
Netor  Nester = 7 2 1. ©100 °C solvent-free. ! MeOH, nyteor : Hester = 14 1 1.
S EtOH, N0 : Nester = 141 1.
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excess MeOH (7 equivalents per ester unit) was initially added
to drive the reaction towards the product. However, the degra-
dation was also successful on addition of 1 equivalent of
alcohol per ester unit, with only a slight decrease in selectivity
(Table 1, entry 3). The addition of a stoichiometric amount of
MeOH can be beneficial as this limits the reformation of the
linear dimer on removal of the excess alcohol. The addition of
3 equivalents of MeOH relative to polymer chains, rather than
ester linkages, was performed to reduce the molecular weight
by a factor of four in a predictable manner. A reasonable agree-
ment is achieved between predicted and measured molecular
weight (M theo = 11 200; M;, = 8450, D = 1.61; Fig. S51). Despite
the use of 4 wt% catalyst loading, the polymer degradation was
much slower (~24 h) compared to previous experiments with
ester-stoichiometric or — excess MeOH amounts. This is likely
related to the lower concentration of transesterification alcohol
functional groups, which are now secondary alcohol groups of
polymeric chains, which would necessarily be hindered
towards reaction. Furthermore, as chain scission is suggested
to be random, extensive transesterification reactions would be
required to reduce the polymer to a consistent weight.
Compared to other degradation reactions, with sub-stoichio-
metric amounts of alcohol, the solution appears turbid, likely
due to the formation of [NMe,]'[O-Poly]~ The apparent insolu-
bility of this species could also contribute to the extended reac-
tion time. In comparison, Hedrick and co-workers have
demonstrated the use of DMAP and 4-pyrrolidinopyridine for
the controlled reduction of PLA.®* With relatively high loading
(7.6 wt%), reactions required 3-4 days at 38 °C.

The organocatalyst, 1, is also active with ethanol (EtOH)
rather than MeOH as transesterification agent. After 1 h,
reasonable conversion of Int groups are observed but selecti-
vity towards ethyl lactate (Et-La) remains low (Table 1, entry 4).
Increased selectivity is achieved with extended reaction time
(3 h, Sgrra = 75%) suggesting EtOH to be less active in the
transesterification, in agreement with previous results.*®%"%

The solvent scope was expanded to include more benign
solvents to further improve the green credentials of the
process, at the reduced catalyst loading (Fig. 3, Table 1, entries
5-9). Under these conditions, the choice of solvent is limited
by the need to dissolve the polymer, however the high activity
of 1 reduces this limitation. Ethyl acetate (EtOAc), 2-methyl
tetrahydrofuran (2-MeTHF), acetone, acetonitrile (ACN), DMC
and cyclopentyl methyl ether (CPME) were selected as
“greener” alternatives to THF.®®°

With the exception of DMC, 2-MeTHF and toluene, solvents
were not treated or stored under inert anhydrous conditions,
demonstrating the tolerance of this catalyst to residual moist-
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o
N o” o~

1

Fig. 1 Structure of organocatalyst, 1.
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Fig. 2 Kinetic profile for PLA degradation with 1 and MeOH at 50 °C.
Lines represent kinetic model.
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Fig. 3 Degradation of PLA with 1, conversion of Int (X;;) and selectivity
towards alkyl lactate (Sa-..) with various solvents. Error bars represent
one standard deviation based on three repeats.

ure. Except for CPME, for which the PLA did not dissolve
within the 1 h reaction time, 1 was active in the additional sol-
vents. While THF afforded the highest selectivity, potentially
due to the excellent polymer solubility and ion stabilisation,
EtOAc and 2-MeTHF are shown to be credible replacements.
ACN was less selective, and this is in contrast to the solvent
performance when used with Zn(u) complexes for which a
comparable selectivity to THF was observed.’’ This could be
an indication of an incompatibility between the organocatalyst
and ACN. It is noted that ACN has the highest dielectric con-
stant and dipole moment of the solvents used and we tenta-
tively suggest there is extensive hydrogen bonding between
this solvent and the cation, inhibiting the activation of the car-
bonyl group. This hypothesis is potentially supported by com-
putational literature studies, in which this interaction is sup-
pressed by water but remains competitive with less polar sol-
vents such as THF and toluene.®® While these initial results
are promising for the application of 1 for PLA degradation
under mild conditions, they are currently inferior to what is
achievable with TBD, which shows exceptional activity at room
temperature (1 mol%, 2 min).>"

Degradation was also viable in the absence of solvent at
higher temperatures (100 °C). In MeOH (2 mL, yeom © Rester =
14:1; Table 1, entry 10), complete conversion and high selecti-

This journal is © The Royal Society of Chemistry 2020
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vity were achievable within 10 min. The production of Et-La at
the same temperature is also feasible (30 min, 7gwoom : Mester =
14 :1; Table 1, entry 11). For comparison, Liu and co-workers
have demonstrated high temperature methanolysis mediated
by ionic liquids.>* At 100 °C, [Bmim][OAc] (5 wt%) required
more than 3 h to achieve a high yield of Me-La, however, it is
worth noting less equivalents of methanol were used
(MMmeon : Mester = 6:1). Liu and co-workers have also demon-
strated DBU based ionic liquids, with which improved, more
competitive, results could be achieved (1 h, 70 °C).”“”?
Enthaler and co-workers have recently demonstrated the
methanolysis of PLA by DMAP, DBU and TBD at high tempera-
tures, achieving high yields within 10 min.>®> However, reac-
tions were performed at 180 °C, with high catalyst loading
(5 mol%) and equivalents of MeOH (23.1), highlighting the
mild conditions for the results achieved with 1.

The organocatalyst was also able to facilitate the ring-
opening polymerisation of lactide (LA). For the polymerisation
of rac-LA, while reasonable conversion is achieved within 2 h
(LAJ:[1]:[BnOH] = 100:1: 1, 79%, toluene, 80 °C), there is evi-
dence of backbiting, with meso-LA being observed in the crude
'"H NMR spectrum (see ESIf). Accordingly, atactic PLA was
observed (P, = 0.50). The molecular weight of the polymer was
lower than anticipated based on the amount of co-initiator,
benzyl alcohol (M, theo = 11500 g mol™", M,, = 7400 g mol ",
D = 1.17). This reduced molecular weight can be attributed to
the activation of the catalyst, which produces a stoichiometric
amount of MeOH which can act as a chain transfer agent,
halving the expected molecular weight. Indeed, MeOH and
potential methoxy end group resonances are visible in the
crude NMR spectrum. MALDI-ToF analysis of polymer derived
from 1 shows a polymer distribution centred on 5900 g mol™*
and this molecular weight is consistent with methoxy and
benzoxy initiation. This distribution is asymmetric with a tail
towards low molecular weight. Peak spacing is observed to be
72 g mol™" indicative of extensive transesterification of the
growing chain. End group analysis is inconclusive, with MeOH
or BnOH fitting reasonably well with the residual mass. For
the polymerisation of 1-LA under the same conditions (81%,
M theo = 11750 g mol ™", M,, = 7550 g mol™", P = 1.05), there is
also evidence of epimerisation, with meso-LA again being
observed as well as tetrads other than the expected [iii].
Therefore 1 is not suitable for polymerisation and is also
much less active compared to literature organocatalysts.””*
However, 1 is more relevant to chemical recycling where less
control is required. The polymerisation of e-CL under these
conditions was unsuccessful.

Poly(caprolactone) (PCL) is a non-renewable polyester that
has seen a resurgence in recent times, having biomedical
applications (Scheme 1).”> The degradation of PCL (beads,
Sigma Aldrich, M, = 45000 g mol™') was unsuccessful under
the same solvent conditions (THF, 50 °C) applicable to PLA,
despite complete solubilisation of the polymer. This may be
related to an increased -crystallinity and hydrophobicity
making PCL more difficult to degrade. To achieve PCL degra-
dation, it was necessary to increase the reaction temperature to

Green Chem., 2020, 22, 3721-3726 | 3723
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Scheme 1 Further polymers degraded in this study.

PET

100 °C for which toluene is a more appropriate solvent. With
4 wt% of 1 (3.2 mol% relative to polymer repeat unit) high con-
version towards methyl 6-hydroxyhexanoate was observed after
16 hours at this temperature. The degradation of PCL shows
the versatility of this catalyst towards other polyester materials.
While the product is not directly amenable to polymer refor-
mation, it is still a value-added material with a relatively high
market value (Fluorochem, 1 g, £315.00).

Polycarbonates (PC) represent a widely used class of ther-
moplastics with commodity and engineering applications. Poly
(bisphenol A carbonate) (BPA-PC) is the most widely used PC,
and is therefore an important material to be able to recycle
efficiently.’®’® BPA-PC (Sigma Aldrich, M, = 45000 gmol™")
was degraded in either 2-MeTHF or DMC at 75 °C,”” with
1 wt% of 1 (1.4 mol% relative to polymer repeat unit).
Complete conversion of the polymer was observed after 3 h.
Prior to the formation of BPA, mono- and di-carbonate BPA are
formed. With 2Me-THF, selectivity is high towards BPA after
3 h (Sgpa = 83%) whereas for DMC the BPA carbonate inter-
mediates were more pronounced (Sgpy = 42%). After 20 h,
BPA-PC had been fully converted to BPA and DMC (see ESIT).
While promising, and amenable to further optimisation, these
results fall short compared to the application of literature
examples (eg, TBD: 2 mol%, 2 h, 75 °C).”>”778

For poly(ethylene terephthalate) (PET) (Bottle, M, ~
40000 ¢ mol™"),”° degradation is complicated by the general
insolubility of the polymer. However, degradation could be
performed as low as 100 °C with 4 wt% of 1 (5.4 mol%, rela-
tive to polymer repeat unit), relatively mild conditions for
PET methanolysis, in toluene. Despite an extended reaction
time (16 h), PET could be disassembled into dimethyl tere-
phthalate (DMT) and ethylene glycol, with the diester being
isolated by solvent removal and washing with MeOH (72%
yield). PET degradation is typically performed, via glycolysis,
at high temperatures (>120 °C), with high conversion to
BHET generally achieved within 1-12 h,***»3>7%8% and in
exceptional cases within minutes.’>®" Relative to previous
studies, we report milder conditions and, to the best of our
knowledge, the first example of organocatalyzed PET metha-
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Fig. 4 DSC trace of commercial and prepared PET samples.

nolysis. To further demonstrate the applicability of this cata-
lyst to PET recycling, the recovered DMT monomer was repo-
lymerised {with Ti(v) catalyst, see ESI{}. Under these con-
ditions, recovered DMT gave PET with equivalent thermal
properties (measured by DSC, Fig. 4) to that prepared using
commercially available DMT (Sigma Aldrich, 99%). With a
melt temperature of 253 °C, the recycled monomer gave a
material with competitive properties that of the original PET
bottle (T, = 247 °C).

Conclusions

The chemical recycling of plastics is important to mitigate
the pollution caused by these materials and to shift towards a
more sustainable circular economy. We have reported the use
of a simple organocatalyst capable of degrading a range of
polyesters to their component parts, which represent value-
added chemicals or monomers for repolymerisation. For PLA,
we have demonstrated the use of a range of solvents in con-
junction with the organocatalyst and the production of
methyl- and ethyl-lactate. Kinetic data revealed a consecutive
reaction pathway. PCL and PC have also been degraded to
their components requiring higher temperatures to achieve
this. PET has also been degraded by 1, with the di-ester being
recovered and used to reform polymers with comparable
thermal properties to the original material. Further work is
ongoing to optimise the degradation of plastics in the pres-
ence of 1.
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