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Chemical upcycling of end-of-life poly(lactide) plastics to lactide, lactate ester and new poly(lactide)
has been achieved by using magnesium bis[bis(trimethylsilyl)amide] [Mg(HMDS),] as promoter.
Mg(HMDS), showed high efficiency in L-lactide polymerization and poly(lactide) depolymerization.
Mg(HMDS),/Ph,CHOH catalytic system displayed high ring-opening selectivity and the characteris-
tic of immortal polymerization. Taking advantage of transesterification, depolymerizations of end-of-

Keywords: life poly(lactide) plastics to lactate ester (polymer to value-added chemicals) and lactide (polymer to
Upcycling monomer) were achieved with high yields. Besides, a new “depolymerization-repolymerization” strategy
Poly(lactide) was proposed to directly transform poly(lactide) into new poly(lactide). This work provides a theoretical
Mg(HMDS), basis for the design of polymerization and depolymerization catalysts and promotes the development of
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The widespread use of unsustainable and nondegradable
petroleum-based plastics, such as polypropylene, polyethylene,
and polystyrene, has brought serious environmental crisis [1-3].
To solve this issue, design and synthesis of green alternatives
for petroleum-based materials that can be recycled to its ini-
tial monomer or value-added chemicals becomes a crucial topic
[4-9]. It is worth noting that several significant advances have
been made in this emerging field (Scheme 1) [10-37]. For exam-
ple, in 2015, for the traditionally “non-polymerizable” monomer
y -butyrolactone, ring-opening polymerization (ROP) at low tem-
perature was successfully achieved by Chen and Hong [12]. Due
to the inherently low ceiling temperature, it was easily depoly-
merized back to the initial monomer. Afterwards, to address ma-
terial depolymerizability and performance trade-off, an ingenious
strategy of introducing fused-ring was implemented by the same
group [13]. The bicyclic fused y-butyrolactone monomer 3,4-T6GBL
could be polymerized steadily at room temperature. Meanwhile,
the obtained polyester exhibited good mechanical properties, while
maintaining high degradability. In 2021, Tao prepared a series of
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dithiolactone monomers derived from abundant feedstock «v-amino
acids. Noting that the resulting polythioesters after ROP exhib-
ited high crystallinity, structural diversity as well as outstanding
chemical recyclability [30]. Ring-closing depolymerizations could
be achieved in dilute solution at 25°C with quantitative yields
of recovered monomers. Recently, a kind of novel polyolefin-like
aromatic polyester materials with functionalizable molecules were
synthesized by Zhu. While heating to 120°C, these materials could
be thermally recycled back to their original monomers [32].
Despite the above breakthroughs, none of these cases is
of practical value. Currently, only few polyesters, such as
poly(lactide) (PLA), poly(e-caprolactone) (PCL) and polyhydrox-
yalkanoates (PHA), are gaining practical applications [38,39].
Hence, the recycling of these kinds of polymers should also pay
significant attention. For example, PLLA, derived from lactic acid, is
already commercially available and widely used in packaging, tex-
tile and biomedical application areas [40-44]. While, biodegrada-
tion process of PLLA occurs only under certain environmental con-
ditions [45]. If not handled properly, PLLA still might be a source
of environmental pollution. On the other hand, chemical recycling
of end-of-life PLA plastics has many benefits. First, it helps to mit-
igate possible environmental pollution and achieve the secondary
utilization of waste resources. Second, it improves the recycling ef-
ficiency of PLA plastics. Third, it saves a lot of land, energy and
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Scheme 1. The polymerization-depolymerization cycle of representative monomers.

time to reproduce lactic acid. Therefore, it is very significant to
achieve the chemical recycling of PLA.

Considerable effort has been exerted on chemical recycling of
PLA in recent years [46]. However, chemical recycling of PLA poly-
mer to recover L-LA monomer remains a key challenge. Typically,
in the process of high temperature thermal degradation, a variety
of degradation products are produced, such as LA diastereomers
(L-LA, D-LA and meso-LA), cyclic oligomers, CO,, CO, CH3CHO and
CH,=CHCOOH [47,48]. The recovery of lactide with high selectiv-
ity is of great significance [49]. On the other hand, the alcoholysis
is an alternative strategy to transform PLA into high value-added
lactate ester which can be used as an environmentally friendly sol-
vent [50]. Alcoholysis of PLA has been studied extensively [51-60],
but there are still some problems that have not been well solved,
such as highly efficient depolymerization under mild conditions.
Therefore, there exists great development space and vast prospec-
tive in chemical recycling of PLLA.

Our research group is committed to seeking some multi-
functional catalysts in polymer synthesis and degradation [54].
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The characteristics of abundant, biocompatible and environ-
mentally benign make magnesium-based catalysts an attrac-
tive catalyst. In our polymerization exploration of magnesium
bis[bis(trimethylsilyl)amide] [Mg(HMDS),], the presence of trans-
esterification and chain transfer were revealed. Due to rapid and
reversible chain transfer, the polymerizations exhibited control-
lable as well as immortal features. Taking advantage of trans-
esterification, we investigated three different strategies to con-
vert end-of-life poly(lactide) into lactate ester, lactide, and new
poly(lactide) using Mg(HMDS), as a promoter (Scheme 2). The first
strategy was to transform poly(lactide) into high value-added lac-
tate ester by alcoholysis under mild conditions. The second strat-
egy was the most direct “polymerization-depolymerization” cy-
cle. In this part, closed-loop recycling from polylactide to lactide
monomer was achieved. In addition, based on random depolymer-
ization and controllable polymerization, a new “depolymerization-
repolymerization” strategy was explored to transform poly(lactide)
into new poly(lactide). This work provides an environmentally be-
nign, versatile catalyst system for polymer synthesis and degrada-
tion. These degradation strategies greatly increase the recycling ef-
ficiency of the poly(lactide) materials.

The catalytic performance of Mg(HMDS), in the ROP of L-LA
was first investigated in DCM at room temperature. The ROP
results were summarized in Table 1. When Mg(HMDS), was em-
ployed alone to initiate the polymerization, the reaction proceeded
slowly and only 10% monomer conversion could be detected after
3h, demonstrating the Mg-N species initiation was inefficient
(entry 1). It has been reported that metal alkoxide generally
shows better initiation efficiency and controllability in ROP than
its amide analogues [12]. The 'H NMR spectrum showed that
when Mg(HMDS), and alcohol were mixed, HN(SiMe3 ), appeared
and the magnesium alkoxide species formed (Fig. S1 in Support-
ing information). Therefore, in situ alcoholysis of benzyl alcohol
(BnOH) with Mg(HMDS), was manipulated to generate the Mg
alkoxide species. When the [Cat.]o/[OH]y ratio was 1/1, the molec-
ular weight of the produced PLA was much higher than that of
theoretical molecular weight (Table S1 in Supporting information,
14.0kg/mol versus 27.4kg/mol), coupled with broad dispersity
(P=1.63). Increasing the amount of alcohol to 2 equivalents, the
ROP process became more controllable. After 8 h of reaction, al-
most complete conversion was achieved and the molecular weight
was consistent with the theoretical value (entry 2, 7.1kg/mol
versus 8.9kg/mol), accompanied by a narrow dispersity (P =1.22).
This result illustrated that 2 equiv. of alcohol was necessary to
completely replace the amino group and magnesium alkoxide was
the real active species. Previous studies suggested that alcohol and
metal may form clusters thereby affecting the reaction [61], for this
reason, diphenyl methanol with large steric hindrance was taken
into account. Surprisingly, an excellent polymerization activity
was highlighted by the fact that 99% conversion could be realized
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Scheme 2. Three pathways to recycle poly(lactide).
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Table 1

Results for ROP of L-LA catalyzed by Mg(HMDS),.
Entry? Initiator [M]o/[Cat.]o/[OH]o Time Conv.” (%) M theo® (kg/mol) My cped (kg/mol) pd
1 / 100:1:0 3h 10 / / /
2 BnOH 100:1:2 8 h 98 7.1 8.9 1.22
3 Ph,CHOH 100:1:2 1 min 99 7.3 8.7 143
4 Ph,CHOH 100:1:4 1 min 98 3.7 39 1.24
5 Ph,CHOH 100:1:6 1 min 99 2.5 2.5 1.25
6 Ph,CHOH 200:1:6 1 min 97 4.8 5.7 1.15
7 Ph,CHOH 600:1:6 2 min 91 14.0 15.7 1.13
8¢ Ph,CHOH 2000:1:6 13 h 20 43.8 47.3 1.12

2 Polymerization conditions: [L-LA]o =2 mol/L, temperature: 25°C, DCM as solvent, in argon atmosphere.

b Monomer conversion was determined and calculated by "H NMR spectrum of the
¢ Mptheo = ([L-LAlo/[OH]p) x 144.14 x conv. (%) + My, initiator-

crude product in CDCls.

4 Apparent number-average molar weight (M,) and dispersity () values were determined by GPC in THF at 40 °C using polystyrene standards for calibration, and corrected

using the factor 0.58 for polylactide.
¢ [L-LA]o =4 mol/L.
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Fig. 1. (a) GPC analysis of ROP of L-LA at different DPs (Table 1, entries 3-5). (b) Plot of DP ([M]o/[I]o) versus M, and P (Table 1, entries 5-8, R =0.999). (c, d) MALDI-TOF

analysis of the obtained PLLA catalyzed by Mg(HMDS),.

within 1 min (entry 3). This result indicting that the aggregation of
the metal may be broken in this condition thus promoting the in-
teraction of the monomer with the metal center. Moreover, when
the amount of alcohol was further increased to 4 or 6 equivalents,
the molecular weights were found to be closer to the theoretical
values (entry 4, 3.7 kg/mol versus 3.9kg/mol; entry 5, 2.5kg/mol
versus 2.5kg/mol), along with a decrease in dispersity (Fig. 1a,
1.43 versus 1.24). The phenomenon proved that Mg(HMDS), could
mediate the immortal ROP, benefited from the chain transfer,
which was the rapid and reversible exchange reaction between
the active species and alcohol [62]. Besides, increasing the ratio
of [L-LA]o/[I]o from 100/6 to 200/6, 600/6 and 2000/6, all the
polymerizations performed efficiently (entries 6-8), the molecular
weight had a linear relationship with the degree of polymerization
(Fig. 1b), exhibiting the characteristics of controllable and living
polymerization [63]. In addition, the backbone structure of the
polymer was analyzed by MALDI-TOF mass spectroscopy. As shown
in Figs. 1c and d, the poly(lactide) was composed of the Ph,CHOH
moiety at the initiating terminal and an intact hydroxyl end-group

at the capping terminal. High chain end fidelity confirmed that
polymerization was indeed initiated by Ph,CHOH. However, it
was worth noting that the interval between two adjacent m/z
peaks was 72, which indicated that a transesterification reaction
occurred [64]. Due to the rapid chain transfer, the adverse effect
of transesterification on polymerization was inhibited.

After the discovery of Mg(HMDS),/alcohol catalyzed transesteri-
fication, a supposition was raised whether transesterification could
be used in the degradation process of PLA. Taking advantage of
transesterification, the Mg alkoxide species could coordinate with
PLA to initiate chain scission. Then, three possible routes to achieve
the transformation of poly(lactide) were proposed as shown in
Scheme 3. For the first pathway, Mg alkoxide species further at-
tacks the carbonyl group, if there is enough alcohol, the polymer
chain eventually degrades to lactate ester. For the second path-
way, Mg alkoxide further attacks the vicinal carbonyl group via a
backbiting reaction and the polymer chain then depolymerizes into
the corresponding monomer lactide. In the third route, adding new
monomer (lactide) to the reaction system, Mg alkoxide might un-
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Scheme 3. Possible degradation pathway of PLLA.

Table 2
Methanolysis of different PLLA materials catalyzed by Mg(HMDS),.
Entry? PLLA sample b (kg/mol) pb t (h) Xint€ (%) She-1a¢ (%) Yue-1a€ (%)
1 Cup (100 wt% PLLA) 74.2 1.68 2 98 85 83
2 Lid (88 wt% PLLA) 43.5 2.05 2 > 99 91 91
3 Straw (45 wt% PLLA) 78.3 1.41 2 > 99 > 99 > 99

@ Reaction conditions: 288 mg of PLLA materials, temperature 25 °C, Vpcem:Vimeon = 1:1, Vsoent =4 mL, [Cat.] =1 mol% relative to ester linkage, Nyeon :Nester = 12.7:1.
b Apparent number-average molar weight (M,) and dispersity (P) values were determined by GPC in THF at 40°C using polystyrene standards for calibration, and

corrected using the factor 0.58 for polylactide.

¢ Internal methine group conversion (Xj,), Me-La selectivity (Sye.ra), and Me-La yield (Yye.ra) were determined by 'H NMR spectrum.

dergo further polymerization to produce a new polymer chain. In
order to verify the possibility of three strategies, the corresponding
experiments were conducted next.

First, transformation of poly(lactide) to high value-added lactate
ester by alcoholysis was performed. The alcoholysis reactions were
performed using 1 mol% catalyst with respect to the ester linkages
of PLLA, and MeOH as alcoholysis reagent. The PLLA commodities
with different PLLA contents were purchased, such as cup (100 wt%
PLLA), lid (88 wt% PLLA), and straw (45 wt% PLLA) (Table 2, en-
tries 1-3). The molecular weights of all materials were character-
ized by GPC (Figs. S12-S14 in Supporting information). The polymer
materials were sheared into fragments and reacted directly with-
out other treatments. To our delight, depolymerizations of all three
commodities efficiently proceeded at room temperature within 2 h,
yielding the corresponding methyl lactate (Me-La) in high yields
(83%—99%) and selectivities (85%—99%). These results showed that
the purity and molecular weight of the PLLA commodities have
few effects on the alcoholysis reaction, which also manifested the
robustness and efficiency of this catalyst.

To clarify the mechanism of the depolymerization process,
concentration changes of different components during depolymer-
ization was investigated. According to the integration of different
methines (Fig. S2 in Supporting information), internal, chain end,
Me-La), their contents were calculated respectively. It could be ob-
served that at the beginning of the reaction, the internal methine
groups rapidly converted to chain end methine, indicating that
the polymer underwent rapid fracture. After that, methyl lactate
was gradually formed (Fig. S3 in Supporting information). This
phenomenon implied that the depolymerization process was based
on the mechanism of random degradation rather than unzipping
degradation.

Encouraged by the above result, a gram-scale reaction was car-
ried out. When 16.32 g commercial PLLA materials were used, de-
polymerization process could still be achieved at room tempera-

ture within 2 h. After simple filtration and concentration, 20.84 g of
pure Me-La was separated with a yield of 90% (Fig. 2 and Fig. S6 in
Supporting information). In addition, the optical purity of methyl
lactate obtained from depolymerization of PLLA was detected by
HPLC analysis. The content of L-configuration methyl lactate was
demonstrated as 99% (Fig. S5 in Supporting information). The high
optical purity proved that the racemization reaction during de-
polymerization could be ignored. The above experimental results
showed that depolymerization strategy 1 promoted by Mg(HMDS),
has been successfully implemented.

As far as we known, the ring-opening polymerization of
LA is enthalpy favourable (AH < 0) and entropy unfavorable
(AS < 0). Based on the formula AG=AH - TAS, there is a
ceiling temperature (T.) at which AG is equal to zero and
polymerization-depolymerization is at equilibrium. When the
temperature is higher than T, the depolymerization of polymer
is favorable [65]. However, for LA, a high T. (in bulk) of 914K
was reported [66]. While, we believe that timely removal of LA
from the depolymerization system by distillation will disturb the
equilibrium of the reaction and promote the depolymerization.
Therefore, the reaction conditions of high temperature and low
pressure are suitable. On the other hand, the addition of metal
catalysts is necessary to promote the backbiting reaction of in-
tramolecular transesterification. Chemical recycling of the high
molecular weight PLLA, especially after-use PLLA goods, to recover
L-LA remains a significant challenge. Hence, there is a strong
drive for us to explore the chemical recycling of high molecular
weight end-of-life PLLA plastic waste back to lactide monomer by
using Mg(HMDS), (Scheme 4). Strikingly, employing 100g PLLA
cup with molecular weight of 74.2kg/mol as raw material, the
depolymerization process catalyzed by Mg(HMDS), was smoothly
achieved under 200°C and 0.3 mbar conditions, resulting in 96 g
crude lactide. Even the crude product was detected with high pu-
rity by TH NMR (Fig. S7 in Supporting information), Moreover, the
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[Cat.] =1 mol% relative to ester linkage, Nyeop:Nester = 12.7:1. The yield of Me-La was 90%).
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analysis of purified lactide (L-LA:D-LA=99.7:0.3).

high yield further indicated that there were almost no other side
reactions in this process. The proportions of L-LA, D-LA and meso-
LA in the crude product were 67.3%, 11.6%, 21.1%, respectively,
which was confirmed by 'H NMR spectrum and HPLC analysis
(Figs. 3a and b). Similar to making L-LA from PLLA oligomers in
industrial production, purification processes are needed [67,68].
The meso-LA products were completely removed and the enan-
tiomeric excess (ee) value of L-LA reached > 99% after five times
of recrystallization in toluene as shown in the HPLC analysis
(Fig. 3c, Figs. S8 and S9 in Supporting information). In addition,
the above purified L-LA (Scheme 4) was also performed the ROP
process at room temperature (Table S3 in Supporting information).
These above experiments confirmed that Mg(HMDS), can realize
the “polymerization-depolymerization” cycle of L-LA (strategy 2).
As expected, this polymerization was implemented controllable
as well. This is one of the few examples where a catalyst can
simultaneously achieve “polymerization-depolymerization” cycle.
At last, these unique characteristics of Mg(HMDS), stimulate
us to develop an approach to maximize both its depolymerization
and polymerization abilities. Therefore, a new “depolymerization-
repolymerization” strategy was proposed. First, PLA polymer was
depolymerized into short-chain polymers, utilizing a Mg(HMDS),
catalyzed random methanolysis process. Then, the short-chain
polymers were repolymerized with newly added lactide to form
new PLA materials. As shown in Fig. 4, using 144 mg PLA sample
synthesized in our laboratory as the initial polymer, 48 pmol
MeOH (4 equiv. relative to polymer chain) was added as chain
scission reagent to start the depolymerization process. After 6h,
the molecular weight of the polymer was reduced to 3.2 kg/mol
(a quarter of its original value), which means that the transfor-
mation process of polymer to oligomers occurred (Fig. S11 in

(b) (c)
L-LA L-LA
|
D-LA || DpLa
826% 17.4% 99.7% 0.28%

CDCl3, 298K). (b) HPLC analysis of crude lactide (L-LA:p-LA=82.6:17.4). (c) HPLC

Supporting information). The broad dispersity further illustrated
that this methanolysis process was random. Afterwards, 4 equiv.
rac-LA was added to the reaction mixture, the repolymerization
was successfully begun, yielding the final PLLA with a molecular
weight of 21.3kg/mol and a dispersity of 1.29 (Fig. S10 in Sup-
porting information). Interestingly, a narrowing of dispersity upon
repolymerization could be observed, suggesting that short-chain
polymers propagated faster than long-chain polymers [69]. Despite
this “polymer to new polymer” strategy did not achieve complete
closed-loop chemical recycling, it demonstrates a new concept to
plastics sustainability and maximizes the recovery efficiency of
PLA.

In summary, Mg(HMDS), has successfully promoted the ring-
opening polymerization of lactide and chemical upgrading of
end-of-life poly(lactide) plastics to lactide (polymer to monomer),
lactate ester (polymer to chemical) and new poly(lactide) (polymer
to new polymer). Mg(HMDS), represents a rare example which can
achieve a variety of depolymerization and polymerization strate-
gies. Using Mg(HMDS),/Ph,CHOH as catalytic system, the effective
polymerization of lactide was carried out and a well-defined
poly(lactide) was obtained. Polymerizations were characterized by
being controllable and immortal. Taking advantage of transesteri-
fication discovered during the reaction, the efficient alcoholysis of
16.3 g commercial PLLA materials was achieved at room tempera-
ture, and 20.8 g of pure methyl lactate was gained after filtration
and concentration. On the other hand, depolymerization of 100g
PLLA cup catalyzed by Mg(HMDS), was smoothly achieved under
200°C and 0.3 mbar conditions, resulting in 96g crude lactide.
The purity of L-LA reached > 99% after recrystallization. Moreover,
based on the simultaneous realization of random depolymeriza-
tion and controlled polymerization, a new “depolymerization-
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Mg(HMDS),, room temperature. RE-polymerization conditions: 4 equiv. rac-LA and 4 mL DCM were added, room temperature.

repolymerization” strategy was also carried out to directly convert
poly(lactide) into new poly(lactide) under mild conditions. Despite
this “polymer to new polymer” strategy did not achieve complete
closed-loop chemical recycling, it represents a promising con-
cept that can be deeply explored. These three strategies greatly
improved the recycling efficiency of poly(lactide). Further investi-
gations of this new strategy are in progress in our laboratory.
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