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A combined computational and experimental investigation has
revealed a new pathway for the degradation of PET using cholinium-
based ionic liquid catalysis, which led to a reappraisal of the role of
the cholinium unit in catalysis and the development of more effica-
cious related systems.

Petroleum-derived plastics are a central feature of modern life.
The burgeoning generation™ and disposal of these products are
contributors to the current climatological and ecological
emergency. For instance, it has been estimated that there will be
greater mass of plastic than fish in the oceans by 2050. Poly-
ethylene terephthalate (PET, 1) is a fossil fuel-derived constit-
uent of beverage bottles, fibres, and food packaging, which in
2021 represented ca. 45% of single-serve small drink packages
in the United States, and 12% of global solid waste.*

PET waste has characteristics distinct from virgin polymer
due to degradation and absorption of chemicals, which
complicates mechanical/physical recycling processes (which
dominate the commercial recycling landscape and can further
degrade the PET) challenged with producing recycled PET of
appropriate purity for a variety of applications.*” As a result,
recycled PET in consumer products is often a blend comprising
virgin polymer and recycled material; which further drives
demand for fossil fuel-derived virgin PET.®

Chemical recycling by catalytic depolymerisation to a mono-
meric species which can be purified and repolymerised to
generate material with properties identical to virgin polymer is
considerably less often applied, yet holds potential (if efficient)
to obviate the need for either downcycling or blending recycled
with virgin PET polymer in the recycled plastic.® Various
modalities exist by which depolymerisation can be
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There is a growing interest in utilising choline derivatives as ionic liquid
catalysts for the glycolysis-based recycling of polyethylene terephthalate.
This study employs DFT methods to reveal that the cholinium ion's role in
the reaction mechanism has been previously overstated in the literature.
Building on this mechanistic understanding, we have developed more
efficient ionic liquid catalysts for plastic recycling that do not contain the
cholinium component. These novel catalysts deliver higher yields with
reduced loading, aligning perfectly with the objectives of ‘UN SDG 12:
ensure sustainable consumption and production patterns.’ This research
underscores the importance of considering the impact of biodegradable
catalyst units on activity when designing environmentally friendly cata-
lysts for plastic recycling.

accomplished, e.g. aminolysis, hydrolysis (including bio-
catalytic variants), alcoholysis and glycolysis;® the latter meth-
odology holding particular promise due to its amenability to
reaction at atmospheric pressure and the generation of bis(2-
hydroxyethyl) terephthalate (BHET 2) - which can be readily
repolymerised to 1 (Fig. 1A). An array of catalysts have emerged
including metal salts,” metal complexes,’® heterogeneous
materials,"” nanocatalysts'> organocatalysts,’* deep eutectic
solvents' and ionic liquids (ILs)."**® In an attempt to design IL-
based catalysts of lower concern from an environmental toxicity
perspective,” several studies have recently disclosed the use of
cholinium-based metal-free ILs 3-5 in the degradation of PET
(Fig. 1B)." Excellent activity and selectivity have been reported.

Where mechanistic details have been proposed based on
calculation/spectroscopic evidence,'®*” a bifunctional catalysis
mode of action has been advanced (i.e. 5a, Fig. 1b) in which the
cholinium jon stabilises developing negative charge (through
either the cation or the hydroxyl unit) in the addition step
transition state while the anion acts as a general base. Similar
modes of catalysis have been advanced using another IL-based
catalysis for PET-recycling.'*"192¢

While this mode of action is an intuitive concept, it raises
questions regarding the ability of the cholinium moiety to sta-
bilise developing negative charge in the face of competition
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Catalytic glycolysis of polyethylene terephthalate
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Fig. 1 Catalytic glycolysis of PET.

from ethylene glycol - a hydrophilic strong H-bond donor -
solvent. In order to better understand the modes by which
cholinium cations can participate in these reactions and to
understand the role of the glycol and base, with a view to
guiding the course of future catalyst design, we studied the
glycolysis of 1 by explicit inclusion of solvent molecules medi-
ated by cholinium glycinate (5)'* at 180 °C using DFT.

The investigation began with an examination of the litera-
ture mechanism for PET glycolysis using cholinium-based
catalysts. This mode of activation involves the interaction of
the cholinium cation with the PET carbonyl moiety via
hydrogen bonding to stabilise the charge aggregation in the
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addition step transition state (Fig. 2, pathway I). Since the
reaction occurs in ethylene glycol solvent, 3 explicit glycol
molecules (in addition to the glycol which serves as the
attacking nucleophile) were included in the computational
scenario. An alternative mechanism was considered in which
glycol molecules (and not cholinium ion) stabilise developing
charge by H-bonding to the ester carbonyl unit, while the
cholinium cation interacts primarily with the glycinate anion as
the carboxylate group associated with the latter acts as a general
base in the addition step (Fig. 2, pathway II). To ensure valid
comparison between the literature and newly proposed path-
ways, the same number of explicit stabilising solvent molecules
were considered for both calculations. The conformational
space was thoroughly examined; in addition, calculations were
performed to investigate the possibility of the amino moiety
acting as the base (Fig. 2, pathway III). In the interests of brevity,
only lower energy orientations will be discussed in detail here.
The remaining are provided in the ESI (Fig. S1).1

The free energy profiles of both activation modes (Fig. 2),
pathway I and II, indicate that both TS,qdition and TSelimination
are energetically accessible in the literature- and newly-
proposed modes of action. The elimination step appears to be
marginally rate determining, and it is clear that while choli-
nium ion H-bonding is a viable activation mode, the difference
between it and simple solvolytic stabilisation of developing
charge is within the margin of error - even with the inclusion of
only three glycol molecules to represent the solvent contribu-
tion to transition state stabilisation.

Analysis of the non-covalent interactions (Fig. S27) of the two
mechanisms by QTAIM (Quantum Theory of Atoms in Mole-
cules) allowed the identification of a web of interactions
established upon complexation which underpin the proposed
solvolytic hydrogen bond-assisted catalysis (i.e. pathway II).

An interesting discrepancy between pathways I and II relates
to the mobility of the cholinium ion. In pathway I this plays
a key role (vide supra) in developing charge stabilisation, hence
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Fig. 2 Free energy profile of PET glycolysis for pathway | (orange), pathway Il (light blue) in which OH of cholinium ion acts as a base, and
pathway lll, in which amine associated with the glycinate ion acts as a base (dark blue).
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is it perhaps unsurprising that along the reaction coordinate it's
position relative to the other reacting partners changes as the
reaction progresses through the addition and elimination steps
- with the cation moving from the ‘back’ to the ‘front’ faces of
PET as it is cleaved (shown in Fig. S3(b)}). Meanwhile, solvent-
mediated charge stabilisation in pathway II does not necessitate
such a flexible system wherein bulky catalyst fragments migrate
between different faces of the ester - the extent of physical
reorganisation here is comparatively small (Fig. S3(b)T).

General base catalysis involving the secondary amine moiety
(Fig. 2 pathway III) was calculated to be marginally more ener-
getically favourable than either pathway I or II. This mechanism
appears to have been neglected in the literature despite the
known ability of amines to catalyse the process.*

The interest in cholinium-based ILs as catalysts in these
reactions stems from a desire to use ‘greener’ catalysts which
also can actively participate in accelerating the reaction. While
the green credentials associated with cholinium-based amino
acid catalysts are not in question here, the almost isoenergetic
nature of solvolytic stabilisation raises questions regarding the
consequences of using cholinium ions from catalyst activity/
efficacy perspectives. With this in mind, subsequent calcula-
tions involving a hypothetical mechanism with the cation
removed from the system (Fig. S41) revealed that its exclusion
from the system lowers the energy of TS,dditiony INtietrahedral and
Tselimination-

The mechanism in the absence of cholinium ion mimics that
associated with pathway II; a glycol molecule stabilises the
charge accumulation on the PET carbonyl moiety in the addi-
tion step (Fig. S5(b)t). It was also found that the presence of the
choline introduces another potential mechanistic complication
- L.e. the cation's hydroxyl group acting as the proton donor;
with the deprotonation of choline by glycinate being potentially
competitive with deprotonation of glycol (Fig. S6t). This is
supported by literature pK, (H,O) values associated with choline
and ethylene glycol of 13.9 (ref. 21a) and 15.1 (ref. 21b)
respectively.

From an analysis of the computational data, a mechanistic
advantage associated with the use of cholinium ions was diffi-
cult to discern. To further probe the influence of both the
cholinium and glycinate components on catalysis, an experi-
mental study was carried out involving glycolysis of 1 to 2 under
conditions used in the DFT calculations (vide supra) using
a variety of known and novel IL-based catalysts 4b, 5 and 6-9. To
facilitate comparisons, a low catalyst loading of 2 mol% was
initially utilised (Table 1). The literature cholinium glycinate
catalyst 5 (ref. 18¢) exhibited significant efficacy; mediating the
formation of 2 with appreciable conversion and yield (entry 1).
The difference between the two is ascribable to the formation of
partially glycolysed oligomers. The corresponding acetate 4b*?
was more active (entry 2), indicating that while the amino acid-
derived component is useful from a biodegradability stand-
point, it does not add value catalytically relative to a simple
carboxylate species. A novel analogue of 5 incorporating a con-
formationally restricted (and presumably less prone to elimi-
native degradation) cation (i.e. 6, entry 3) proved superior to 5
yet did not outperform the simple cholinium acetate system 4b,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Glycolysis of PET promoted by IL-based catalysts

130 A

PET (1)

fonic catalyst

ethylene glycol
180°C,4h

0, o]
o O

BHET (2)

[} + 7 + 8 + 9
[/borié J\G/NHZ psug j\/NHz 0 \F’/E;i4,\‘H2 PBu% i
Entry Catalyst Loading (mol%) Conv.” (%) Yield®? (%)
1 5 2 59 49
2 1b 2 75 63
3 6 2 67 56
4 7 2 94 77
5 8 2 72 61
6 9 2 93 74
7 7 1 63 54
8 9 1 73 63

¢ Conditions: PET (1.00 g), catalyst (1-2 mol%), ethylene glycol (3.6 mL).
Conversion based on residual 2. Results determined from an average of
2 experiments within 5% agreement. ° Isolated yield after precipitation.

indicating - in agreement with the DFT studies outlined above -
that the contribution of the cholinium cation to catalysis may
have been previously overestimated in literature.'® This was
confirmed when catalyst 7 — a glycinate system with a more
lipophilic phosphonium cation** - promoted glycolysis with
outstanding conversion and significantly improved yield (entry
4).

To probe the possibility of the computationally identified
amine-mediated catalysis (pathway III) while retaining an IL
system we prepared and evaluated a phosphonium taurinate
variant (i.e. 8, entry 5) devoid of the basic carboxylate unit.*
This proved to be a superior catalyst to the parent cholinium
glycinate species 5 yet inferior to its phosphonium glycinate
analogue 7. While this demonstrates that catalysis by the amine
the certainly possible, the origins of the experimental superi-
ority of 7 over 8 are unclear at this point and could be related to
either solvation or catalyst stability issues at 180 °C. Finally, the
simpler phosphonium acetate 9 (incorporating the most
advantageous anion and cation combination among those
evaluated) was anticipated to therefore serve as an outstanding
catalyst (entry 6). Conversion and yield were comparable to
those associated with the use of the corresponding glycinate 7 at
2 mol% catalyst loading - however, at 1 mol% level, the
enhanced efficacy is more clearly discernible (entries 7-8).

In summary, it has been found that while the use of
cholinium-based catalysts in the glycolytic deploymerisation of
PET has been of interest from a sustainable chemistry
perspective, the mechanistic advantages purportedly associated
with this cation could not be identified in either DFT or
experimental studies. Competitive stabilisation of developing
negative charge by solvent glycol molecules is possible with as
little as three explicit molecules in the transition state, and
catalysts devoid of the cholinium ion outperformed their
choline-based analogues experimentally. When designing
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amino acid-based carboxylate anions for catalysis of these
reactions, general base catalysis by the amine needs to be
considered from a mechanistic standpoint. Removal of the
cholinium ion and amino acid unit gave rise to a highly active
phosphonium acetate catalyst 9. Further investigations
regarding the influence of the solvent, cation and anion on
catalyst activity are underway.
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