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Developing a simple and efficient strategy for the scalable production of closed-loop recyclable polymers

from abundant and low-cost feedstocks remains highly desirable. Here, we present a facile

“polycondensation—depolymerization” approach for the large-scale synthesis of cyclic 1,2-alkylene

oxalates, which undergo controlled ring-opening polymerization to yield high-molecular-weight

polyoxalates. The influence of alkyl substituents on the polymerization kinetics, thermodynamics, and
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Accepted 19th December 2025 material properties was systematically investigated. Remarkably, these polyoxalates can be chemically
recycled to their pristine monomers with high purity and yield using sodium glycolate as a catalyst.

DOI: 10.1039/d55c08361c Furthermore, the polyoxalates exhibit excellent marine degradability, providing a promising strategy to
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Introduction

The rapid development of synthetic polymers has enabled their
widespread applications in almost every area owing to their
lightweight, mechanical robustness, low cost, and durability.
However, the prevailing “production-use-disposal” paradigm of
the linear plastic economy has led to escalating environmental
and resource crises. These challenges have stimulated intensive
efforts toward a more sustainable circular plastic economy.'”
Besides physical recycling, chemical recycling has been
a cutting-edge research frontier in both academic and industrial
contexts. In particular, polymers with a “monomer-polymer-
monomer” closed-loop lifecycle have emerged as a particularly
promising solution to address the end-of-life problem of plas-
tics. Such systems allow on-demand depolymerization under
mild, energy-efficient conditions to regenerate pristine mono-
mers that can be re-polymerized into polymers of virgin
quality.*® Significant progress has been achieved in recent
decades in designing polymers with intrinsic closed-loop recy-
clability, including  polyesters,”**  polycarbonates,>>*
polythioesters,**-** polyacetals,**** and polyamides.*** Despite
these advances, most reported systems rely on tailor-made
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tailor the seawater degradation behavior of polyesters through copolymerization.

cyclic monomers that require elaborate, costly, and multistep
syntheses, presenting a substantial barrier to broader develop-
ment. This limitation highlights the urgent need for efficient,
conceptually simple strategies to access suitable cyclic mono-
mers from abundant and inexpensive feedstocks.

Among these, a particularly attractive approach is the
controlled depolymerization of prepolymers, which can directly
furnish cyclic monomers in high purity. A classic example is the
depolymerization of low molecular weight (MW) polylactide
(PLA), typically obtained from lactic acid polycondensation, to
yield cyclic lactide in the presence of appropriate catalysts.****
Inspired by this paradigm, we envisioned a tandem poly-
condensation-depolymerization strategy to transform readily
available oxalates into cyclic alkyl oxalates with diverse
substituents. These monomers can undergo ring-opening
polymerization (ROP) to produce polyoxalates with intrinsic
closed-loop recyclability.

Polyoxalates represent a particularly promising yet under-
explored class of sustainable polymers. Their feedstock, oxalic
acid or oxalate, can be obtained on a large scale at low cost via
carbohydrate oxidation or electrochemical CO, reduction.** In
fact, massive oxalic acid/oxalate is already available from
industrial processes, warranting various value-added applica-
tions. Beyond their accessibility, polyoxalates are especially
attractive due to their unique marine degradability, in sharp
contrast to widely used biodegradable polymers such as poly-
lactide (PLA) and poly(butylene adipate terephthalate) (PBAT),
which degrade extremely slow in seawater.**™*

Traditionally, polyoxalates have been synthesized via step-
growth polycondensation of oxalic acid or oxalates with diols.
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For example, Miller and Garcia reported a series of polyoxalates
from dimethyl oxalate and linear diols using p-toluenesulfonic
acid catalysis.” Wei and co-workers demonstrated kilogram-
scale synthesis of poly(ethylene oxalate) (PEOx) by carefully
tuning the stoichiometry and reaction conditions.** While
effective, the polycondensation route demands stringent stoi-
chiometric control, high temperature, and vacuum conditions
to achieve high MWs. In contrast, ROP of cyclic monomers
offers superior atom economy, excellent control over MW and
dispersity (P), and well-defined chain-end fidelity. Although
ROP has been extensively exploited to prepare polyesters,
polythioesters, and polycarbonates, yet cyclic oxalates remain
largely unexplored. Earliest work by Carothers described the
spontaneous polymerization of ethylene oxalate, albeit without
systematic characterization.”® More recently, Melik-Nubarov
and co-workers reported the ROP of cyclic propylene oxalate
toyield poly(propylene oxalate) with MW up to 30 kDa.*® Despite
these isolated efforts, a systematic exploration of cyclic 1,2-
oxalates as ROP monomers as well as the resulting poly(1,2-
oxalate)s’ structure-property relationships remains lacking. A
key barrier is the facile and versatile synthesis of cyclic oxalates
with diverse substituents.

Herein, we demonstrate that a tandem polycondensation-
depolymerization strategy enables the efficient synthesis of
a family of six-membered cyclic 1,2-oxalates directly from
commodity oxalates and diols. Low MW poly(1,2-oxalate)s were
first prepared by step-growth polycondensation of dimethyl
oxalate with 1,2-alkyl diols, followed by selective depolymer-
ization to afford cyclic oxalates. These monomers then under-
went ROP to produce high MW poly(1,2-oxalate)s. The
polymerization kinetics, thermodynamics, and thermal prop-
erties of the resulting materials were systematically investi-
gated. Importantly, the polyoxalates could be selectively
depolymerized back into their cyclic monomers in high yield,
thereby completing a fully closed-loop “monomer-polymer-
monomer” lifecycle. This work introduces a generalizable
strategy to access closed-loop recyclable polymers from
commodity oxalates and establishes poly(1,2-oxalate)s as a new
platform for sustainable polymer design.

Results and discussion

As illustrated in Scheme 1, the step-growth polycondensation of
dimethyl oxalate (DMO) and 1,2-propylene diol was conducted
using tetrabutyl titanate (TBT) as the catalyst (Fig. S1).
Following reported protocol,> the reaction was firstly per-
formed at 80 °C for 1 hour under a nitrogen atmosphere.
Subsequently, the temperature was raised step-wisely to 110 °C
for 1 hour, 140 °C for 2 hours, and 150 °C for 1 hour. The system
pressure was then gradually reduced to 50 Pa at 150 °C and
maintained for 1-2 hours to remove methanol and excess 1,2-
propanediol, driving the reaction equilibrium toward polymer-
ization. Poly(propylene oxlate) (PPOx) with a M,, = 4.1 kDa and
96% yield can easily prepared as prepolymer. Then, the ob-
tained PPOx prepolymer was directly used for depolymerization
without further purification. The depolymerization and mono-
mer isolation was combined together by stirring the low MW
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Scheme 1 The preparation of high MW poly(1,2-oxalate)s via a “poly-
condensation—depolymerization” strategy.

PPOx with catalyst at prescribed temperature under reduced
pressure, so the POx monomer was directly collected before
being subjected to yield and purity measurements. A series of
catalysts was then screened for the depolymerization of PPOX,
and the results were summarized in Table S1. When 1 wt%
stannous octoate (Sn(Oct),) was used as the catalyst, the depo-
lymerization conducted at 180 °C (~50 Pa) produced POx
monomer with 82.9% purity and 63.4% yield. In contrast, both
ZnCl, and p-toluenesulfonic acid did not work well as they gave
even lower yield and purity (Table S1, runs 2 and 3). When
sodium acetate and sodium glycolate were used as the catalyst,
the corresponding purity and yield of POx were 83.5%, 87.4%
and 86.2%, 90.7%, respectively. We then used strong base KOH
as the depolymerization catalyst, and obtained POx monomer
with unexpected high purity (93%) and yield (90.2%). We also
tried organobase 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as
the catalyst and found both purity and yield of POx was lower
than that of KOH (Table S1, run 7). Apparently, the KOH
exhibited best activity and selectivity for the depolymerization
of PPOx towards POx monomer. The depolymerization product
analyzed by '"H NMR spectrum confirmed the presence of 1,2-
propanediol, oligomers and minor unidentified impurities
(Fig. S2). After the first round of workout, the crude product was
further purified by rectification to afford high-purity POx suit-
able for ROP with an overall yield of 80%. The molecular
structure was unambiguously verified by NMR and electrospray
ionization mass spectroscopy (ESI-MS) techniques (Fig. 1a, S2
and S3). It was worth pointing out that the “polycondensation-
depolymerization” strategy can be easily scaled up to produce
500 g POx in one batch in the lab, which demonstrated the
feasibility of such strategy to make large quantity monomer and
also paved a possible roadmap for large scale production of
such cyclic monomers.

Since the (de)polymerization thermodynamics and polymer
properties can be tailored by introducing suitable substituents
on the six-membered ring, we herein synthesized a series of
cyclic 1,2-alkylene oxalates, including ethylene oxalate (EOx),
1,2-propylene oxalate (POx), 1,2-butylene oxalate (BOx) and 1,2-
hexylene oxalate (HOx) (Scheme 1). By doing so, the impacts of
the alkyl length on the properties of resulting poly(1,2-oxalate)s

© 2026 The Author(s). Published by the Royal Society of Chemistry
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can be systematically investigated. Several studies have
attempted the depolymerization of low MW PEOX but the purity
and yield of obtained EOx were not ideal for controlled ROP. On
the other hand, the depolymerization of other poly(1,2-oxalate)s
was scarcely reported. As such, the preparation of cyclic oxalates
via the tandem “polycondensation-depolymerization” strategy
was first investigated by screening the catalysts and optimizing
the conditions (Table S2). BOx and HOx were successfully
prepared via the similar procedure of POx using corresponding
diols as the starting reagents (Table S2, runs 1 and 2).

Three cyclic 1,2-alkylene oxalates were obtained as colorless
oil. In contrast, EOx is obtained as a white crystal with a high
melting temperature of 144 °C. As such, the depolymerization of
PEOx was conducted in a sublimation apparatus at a higher
temperature of 210 °C. In such case, when the strong base KOH
was used as the depolymerization catalyst, no EOx monomer was
collected (Table S2, run 3). When the weaker base sodium gly-
colate was used as the catalyst, the depolymerization of PEOx
afforded EOx with satisfactory yield (60.5%) and purity (85.7%)
(Table S2, run 4). The crude EOx was further purified by recrys-
tallization in tetrahydrofuran (THF) to produce high-purity
monomer suitable for ROP. The chemical structures of purified
cyclic oxalates were verified by NMR and ESI-MS (Fig. S5-S10).

The ROP of the obtained POx was then investigated using
a series of catalysts in the presence of benzyl alcohol (BnOH) as
the initiator at an initial monomer concentration of 4 mol L™ ",
The ROP of POx was first attempted using an organophospha-
zene base tBu-P, as the catalyst at 25 °C with a feeding molar ratio
of [POx]/[C)/[BnOH] = 300/1/1, which achieved a high monomer
conversion of 97% within 2 min but produced PPOx with
a moderate molecular weight distribution of = 1.54 (Table
S3,run 1). The weaker base tBu-P; and DBU also exhibited high
catalytic activity but moderate control over the polymerization as
supported by the moderate dispersities (Table S3, runs 2 and 3).
The typical commercial AlMe; and TBT showed much lower
catalytic activity compared to organobase, achieving low mono-
mer conversion of ~30% at a much longer time of 24 h (Table
S3,runs 4 and 5). The rare-earth metal catalyst La[N(Si(CHz)3),]3
demonstrated extremely high activity, reaching 96% monomer
conversion within 1 min and producing PPOx with a M, grc of
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29.6 kDa (Table S3, run 6). However, the SEC curve of obtained
PPOx displayed a shoulder peak (Fig. S11). Additionally, ZnEt,
and MeAl[salen] demonstrated moderate catalytic activity and
controllability (Table S3, runs 7-9). For example, the ROP of POx
catalyzed by MeAl[salen] reached 95% monomer conversion
within 2 h and produced PPOx with a M, of 32.9 kDa and
a moderate D of 1.59.

Compared with solution polymerization, solvent-free bulk
ROP is more environmentally friendly and suitable for indus-
trial production. Therefore, we then investigated the ROP of POx
under bulk condition at 130 °C. The organobases, including
{Bu-P,, tBu-P,, and DBU, still exhibited high catalytic activity,
achieving almost quantitative monomer conversion within
2 min. However, significant yellow discoloration of the product
was observed, indicating possible side reactions (Table S4, runs
1-3). TBT exhibited much lower catalytic activity and produced
PPOx with a much lower M,, compared to the theoretical value
(Table S4, run 4). In contrast, ZnEt,, MeAl[salen] and Sn(Oct),
demonstrated high catalytic activity and good controllability
toward the ROP of PPOx (Table S4, runs 5-6 and Table 1, run 1).
When Sn(Oct), was used as the catalyst, the ROP of POx ach-
ieved a monomer conversion of 95% within 20 min. The ob-
tained PPOx had a M,, of 32.3 kDa and a moderate D of 1.54 from
SEC characterization (Table 1, run 1). Considering its low cost,
easy handle and good stability to oxygen and moisture, Sn(Oct),
was selected as the catalyst for further investigation.

It was found that either decreasing the polymerization
temperature to 100 °C or the catalyst loading to [POx]/[Sn(Oct),]/
[BnOH] = 300/0.3/1 did not change the MW and P of obtained
PPOx, but resulted in a slightly reduced polymerization rate
(Table 1, runs 2 and 3). Note that Sn(Oct), also exhibited
excellent catalytic activity toward the ROP of BOx and HOx,
achieving ~94% monomer conversion within 20 min at 130 °C.
For example, ROP of BOx conducted at a feeding molar ratio of
[BOXx]/[Sn(Oct),]/[BnOH] = 300/1/1 produced PBOx with a M,, =
41.0 kDa and P = 1.57 (Table 1, run 4). The resultant PHOx was
characterized by SEC to give a M;,, = 45.2 kDa and P = 1.58
(Table 1, run 5). The measured M,s agreed well with the theo-
retical values calculated from the feeding molar ratio and
monomer conversion, and the SEC curves were unimodal.

Table 1 Results of ROP of cyclic oxalates catalyzed by Sn(Oct), in bulk “

Run Monomer MJ/[c)1] Temp. (°C) Time (min) Conv.” (%) M theo’ (kDa) My, s (kDa) p?

1 POx 300/1/1 130 20 95 37.1 32.3 1.54
2 POx 300/1/1 100 30 92 36.0 32.1 1.56
3 POx 300/0.3/1 130 30 94 36.7 32.2 1.57
4 BOx 300/1/1 130 20 94 40.4 41.0 1.57
5 HOx 300/1/1 130 20 94 48.6 45.2 1.58
6 EOx 300/1/1 180 20 n.d n.d n.d —

7 POx 400/1/1 130 25 95 49.3 37.2 1.60
8 BOx 700/1/1 130 40 93 94.1 71.1 1.59
9 HOx 1000/1/1 130 60 94 162.5 106.6 1.62
10 EOx 1000/1/1 180 60 n.d n.d n.d —

¢ Conditions: 0.02 mmol Sn(Oct), was used as the catalyst and benzyl alcohol (BnOH) was used as the initiator. n.d. = not determined due to the
poor solubility. ” Determined by 'H NMR spectra. ¢ Theoretical molecular weight was calculated from the feeding molar ratio and monomer
conversion as My, theo = [M]/[I] X conv.(M) x MW(M) + MW(Initiator). ¢ Determined by SEC in THF relative to PS standards.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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These results indicated that ROP of cyclic 1,2-alkylene oxalates
catalyzed by Sn(Oct), exhibited some controlled chain-growth
characteristics (Fig. S12). Note all obtained poly(1,2-alkylene
oxalate)s were observed as viscous oil at room temperature,
indicating their amorphous characteristic and irregular main
chain structures. Among these monomers, an exception is EOx.
The ROP of EOx was conducted at 180 °C due to the high
melting temperature of PEOx (T, = 172-182 °C). In contrast to
the poly(1,2-alkylene oxalate)s that exhibited good solubility in
THF, the obtained PEOx was not soluble in common solvents.
As an alternative to the SEC characterization, the intrinsic
viscosity (IV) of the obtained PEOx was measured using an
Ubbelohde viscometer in hexafluoroisopropanol (HFIP) to give
a value of 0.80 dL g~ (Table 1, run 6).

The obtained poly(1,2-alkylene oxalate)s were carefully exam-
ined with NMR and matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF MS) techniques
(Fig. S13-S19). For example, Fig. 1b gives the representative 'H
NMR spectrum of PPOx. The characteristic methine (signal b),
methylene (signal d), and methyl (signal c) of the repeating units
appears at 5.34, 4.43, and 1.42 ppm, respectively. The multiplet
observed at 7.38 ppm can be assigned to the phenyl group of
BnOH. The molecular weight M,, xwr calculated from the relative
integral ratio of repeating units (signal b) to the chain-end group
(signal a) is 13.2 kDa, which is well consistent with the theoretical
value and the measured M,, ggc by SEC (Table S8, run 1). The *C
NMR spectrum shown in Fig. S13 also agrees well with the

(a) o, 0
o:a o)
>b C
(o]
POx
b
a
CDCI, L
8 17 6 S5 4 3 2 1
3 (ppm)

a O b
o H
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b d

a “ H A AJL

8 7 6 5 4 3 2 1
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Fig. 1 'H NMR spectra measured in CDCls of (a) POx and (b) PPOXx
obtained at [POx]/[Sn(Oct),]/[BNnOH] = 100/1/1.
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chemical structure of PPOx. Fig. S17 gives the MALDI-TOF mass
spectrum of a PPOx sample (M, = 7.1 kDa, D = 1.57) before
subjecting to precipitation into methanol. As expected, a major
group of molecular ion peaks with a separation of 130.1 Da can be
assigned to the linear PPOx initiated by BnOH. Cyclic PPOx is
observed in the low MW region due to the intramolecular trans-
esterification or back-biting (Scheme S2, pathway A). In addition,
the third group of molecular ion peaks is tentatively assigned to a,
w-phenylmethoxyl capped PPOx while the final group is assigned
to 2-hydroxyl-propanoxyl terminated PPOx, which are attributed to
the intermolecular transesterification (Scheme S2, pathway B).**
The MALDI-TOF mass spectra of PBOx and PHOXx also exhibit
similar four groups of molecular ion peaks due to inter- and
intramolecular transesterification (Fig. S18 and S19).

The ROP kinetics of POx, BOx, and HOx were investigated at
the molar ratio of [M]o/[Sn(Oct),]/[BnOH] = 300/1/1 in bulk at
130 °C (Fig. 2). The monomer conversions and the M,s of
resultant polyoxalates were monitored by withdrawing aliquots
of polymerization mixtures at certain time intervals and
measured with 'H NMR and SEC, respectively. The linear
correlation of In([M]y/[M],) versus time for ROP of POx suggested
a first-order kinetic behavior relative to the monomer concen-
tration in the presence of Sn(Oct), as the catalyst. The apparent
kinetic constant calculated from the slope was ki, =
0.48 min~'. The ROP of POx exhibited some controlled poly-
merization characteristics as supported by the good linear
dependence of measured M,s of PPOx as a function of mono-
mer conversions as well as the unimodal SEC traces despite
with moderate dispersities (Fig. 2b). Moreover, a series of PPOx
with various MWs can be easily prepared by changing the
feeding molar ratio of [M],/[BnOH]. For example, as the targeted
degree of polymerization (DP) increased from 100 to 300, the
measured M, s of PPOx linearly increased from 13.2 to 32.2 kDa
(Fig. 3). The ROPs of BOx and HOx also exhibited first-order
kinetic behaviors, giving a slightly higher k., value of 0.50
and 0.59 min~ " compared to that of POx, respectively. Similarly,
the controlled polymerization of BOx and HOx catalyzed by
Sn(Oct), was supported by the linear correlation of measured
M,s of polyoxalates with the monomer conversion (Fig. 2¢c and
d). The M,s of PBOx and PHOx increased linearly within the
range of 500 DP and 700 DP to obtain polyoxalates with M,, up to
60.6 kDa and 94.0 kDa, respectively (Fig. S20 and S21). Note that
the minor deviations between M, e, and M, sgc were attrib-
uted to the transesterification and back-biting side reactions.

It is worth pointing out that high MW polyoxalates can be
prepared by further increasing the feeding molar ratio of [M]y/
[BnOH] (Table 1, runs 7-9). For example, when the ROP of POx was
conducted at a feeding molar ratio of [M]y/[Sn(Oct),)/[BnOH] =
400/1/1, the M,, of PPOx further increased to 37.2 kDa (Table 1, run
7). PHOx with a M,, up to 106.6 kDa can be obtained at [M],/
[Sn(Oct),)[BnOH] = 1000/1/1. When the ROP of EOx was con-
ducted at a feeding molar ratio of [M]y/[Sn(Oct),])/[BnOH] = 1000/1/
1, a PEOx sample with a IV = 1.56 was obtained. This value is
much higher than that of PEOx prepared by polycondensation of
DMO and ethylene glycol (IV = 0.78), highlighting the advantage of
ROP strategy in preparing high-molecular-weight polyoxalates.*>

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Kinetic plots of In([M]o/[M]y) versus time at [M]o/[BnOH]/[Sn(Oct),] = 300/1/1. Evolution of M,, and DD of (b) PPOx, (c) PBOx and (d)

PHOX as a function of monomer conversion at [M]o/[BNOH]/[Sn(Oct),] =

300/1/1. Inset: overlay of SEC curves at different monomer conversion

(data shown in Tables S5-S7). The dashed lines indicate the evolution of theoretical molar mass.

We then investigated the polymerization thermodynamics of
three monomers (Fig. S22-524). The ROPs of cyclic 1,2-alkylene
oxlates were conducted at different temperatures to measure
the equilibrium monomer concentration. The polymerization
was considered to reach equilibrium when the monomer
conversion measured by "H NMR remained constant for 30 min.
The dependence of the equilibrium monomer concentration
([M]e) on temperature, that is, the Van't Hoff equation In([M].) =
AHPB/(TR) - ASpf'/R was used to calculate the thermodynamic
parameters, which are summarized in Table 2. For example, the
change of enthalpy (AH,”) and entropy (AS,’) for ROP of POx
was calculated to be —14.1 k] mol™* and —34.3 ] mol ! K,
respectively, which corresponded to a Gibbs free energy change
of AGP'9 = —3.87 k] mol " at 25 °C. The ceiling temperature was
thus calculated to be 138 ©°C at an initial monomer

© 2026 The Author(s). Published by the Royal Society of Chemistry

concentration of 1 mol L™". BOx and HOx possessed compa-
rable thermodynamic parameters (AHp‘9 and ASP”) with those of
POx, which suggested that the length of the alkyl substituents
had a negligible impact on their ROP thermodynamics.

The thermal stability of obtained polyoxalates was then
investigated with thermogravimetric analysis (TGA). All samples
displayed a one-step decomposition profile (Fig. S25).
Compared to PPOx (Tqs5 = 193 °C), PBOx and PHOx with
longer pendent alkyl groups exhibited improved thermal
stability as evidenced by their improved Ty 50, (the temperature
at 5% weight loss) of 250 and 257 °C, respectively. The thermal
behaviors of obtained polyoxalates were further investigated
with differential scanning calorimetry (DSC). No endothermal
peaks were observed for PPOx, PBOx and PHOX at both the first
and second heating scans. The absence of melting transition

Chem. Sci., 2026,17, 3733-3742 | 3737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08361c

Open Access Article. Published on 22 December 2025. Downloaded on 6/14/2026 11:26:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

50 2.0
40 1.9
”
3 -
=30 -12) 2 24 26 2'97 7~3'| 1.8
a Retention time (min)
f—— B | o Q
o =(.10x+3.52
=0} — i 117
0 R?=10.98
104" 11.6
5 . . . . -
100 150 200 250 300
[M]y/[1],

Fig. 3 Evolution of M, and D as a function of [POx]o/[BNOH] ratio.
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evolution of theoretical molar mass.

suggested the amorphous characteristic of poly(1,2-alkylene
oxalate)s, which was probably ascribed to the lack of stereo-
regularity on the polyoxalate backbones. As the pendant alkyl
substituent length increased from C1 to C2 to C4, the glass
transition temperature (7,) of PPOx, PBOx, and PHOXx slightly
decreased from 29.3 to 6.4 to —5.8 °C, respectively (Fig. 4). In
contrast, two melting transition peaks at 172 and 182 °C were
observed in the second heating scan of DSC curve of PEOX,
suggesting that PEOX is a semi-crystalline polyoxalate.

The mechanical properties of obtained PPOx and PEOx were
then investigated using uniaxial tensile testing at an extension
rate of 50 mm min~'. PBOx and PHOx failed to form films due
to their low T,s and amorphous characteristic, so they were not
investigated. Both PPOx and PEOx behaved as brittle plastics
and exhibited low enlongation at break. For example, PPOx with
a M, of 37.2 kDa gave a tensile stress of 31.2 + 1.1 MPa and an
elongation at break of 5.4 £ 1.0% at 20 °C. PEOxwith aIV = 1.56
exhibited even higher tensile strength of 100.5 MPa, which was
30.5 MPa higher compared to that of PEOx obtained via the
polycondensation strategy.> In sharp contrast to the low
degradation rate of PLA and PCL, it is reported that PEOx
exhibited rapid degradation in marine environment. We herein
compared the hydrolytic degradation behaviors of PEOx and

View Article Online

Edge Article
< | PEOX T,=420°C T 112N |
= T,,=182°C
g
s [Pros —\

—_—

o T,=29.3°C
~ g
5
3 \\
o | PBOx
= T,=6.4°C —
- :
[
=

[ pHOY -

T,=-5.8°C
1 1 1 1 1 1 1 1 1 1
-50 0 50 100 150 200

Temperature (°C)

Fig. 4 DSC curves of PEOx, PPOx, PBOx and PHOx sample with
a targeted DP of 300.

PPOx by immersing their square-shape films in water or artifi-
cial seawater. The weigh loss of each sample was monitored by
taken out of the specimen from the solution, washed with
distilled water and then dried to constant weight. As shown in
Fig. 5b, both PEOx and PPOx showed excellent degradability in
water and artificial seawater. Compared to PEOx that only
achieved 39% degradation in water within 30 days, PPOx
demonstrated superior degradability and achieved complete
degradation within 5 days. Fig. S27 gives the SEC curves of the
remaining polymer during the degradation of PPOx in artificial
seawater. As expected, the remaining polymer exhibited a grad-
ually decreased molecular weight but an increased dispersity
(Table S15), which was consistent with the random chain scis-
sion during hydrolysis. The pH value of the final degradation
solution was measured to be 2, suggesting the presence of oxalic
acid. Moreover, the "H NMR spectrum of the solution clearly
displays the proton resonances of 1,2-propanediol (Fig. S28).
Note that the proton resonances of oxalic acid cannot be
observed by "H NMR spectrum. These results support the good
marine degradability of PPOx.

In addition to the low MW polyoxalates, it is supposed that
the obtained poly(1,2-alkylene oxalate)s with high MW are also
capable of depolymerizing back to pristine monomers given
their moderate ceiling temperatures. The depolymerization of
PPOx (M,, = 32.2 kDa) that conducted in a distillation apparatus
in bulk at 170 °C under reduced pressure (~50 Pa) in the

Table 2 Kinetic and thermodynamic parameters of ROP of cyclic 1,2-alkylene oxlates

M Kapp” (min™) AH,? (IJ mol™) AS! (J mol™ k™) AG, (k] mol™) T.” (°C)

POx 0.48 + 0.01 —14.1 + 0.6 —34.3+1.4 —3.87 £ 0.73 411 + 33
BOx 0.50 + 0.01 —-12.9 + 0.4 —-32.0 + 1.1 —3.48 + 0.52 403 + 26
HOx 0.59 + 0.01 —13.5 + 0.6 —31.8 4+ 1.5 —4.02 + 0.75 424 + 38

“ Conditions: the polymerization was conducted at 130 °C in bulk at [M]o/[Sn(Oct),]J/[BnOH] = 300/1/1. ? Calculated at [M], = 1.0 mol L™™.

3738 | Chem. Sci,, 2026, 17, 3733-3742

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08361c

Open Access Article. Published on 22 December 2025. Downloaded on 6/14/2026 11:26:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

(a)

120
——PEOx
1 ——PPOx
90
= -
s
<601
@
S
E 4
n
30+
0 2 3 6
(b) Strain (%)
120
Il PEOx (water) [l PEOX (artificial seawater)
I pPOX (water) [ PPOX (artificial seawater)
100

=]
=]

Residue Weight (%)
o [=2)
[—] [

N
<

0 1 2 3 4 6 15 30
Degradation Time (day)
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presence of 0.5 wt% Sn(Oct), as the catalyst produced POx with
ayield of 70% within 6 h. The "H NMR spectrum of recycled POx
clearly displayed the signal of Sn(Oct), (Fig. S29). This result
suggested that Sn(Oct), was distilled out from the reaction
mixture at such a high temperature and vacuum, which
accounted for the moderate monomer yield. In contrast, when
0.5 wt% sodium glycolate was used as the catalyst, the depoly-
merization of PPOx produced clean POx with an almost quan-
titative yield of 96% within 4 h under similar conditions. The
high-purity of recovered POx was evidenced by the "H NMR
spectrum (Fig. 6b). Of note, the recovered POx can be further
repolymerized to produce PPOx with almost the same MW and
dispersity as the original monomer (Fig. 6d), thus successfully
establishing the “monomer-polymer-monomer” closed-loop
life cycle. The successful depolymerization of PBOx and PHOx

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to recover the monomers was also achieved using sodium gly-
colate as the catalyst to give a high monomer yield of 90% and
91%, respectively (Fig. S30 and S31).

Conclusions

In summary, we have developed a one-pot “polycondensation—-
depolymerization” strategy to achieve the scalable production
of a series of cyclic 1,2-alkylene oxalate with high yield, which
underwent ROPs to produce closed-loop recyclable polyoxalates
using Sn(Oct), as the catalyst. The ROPs of these cyclic 1,2-
alkylene oxalates in the presence of Sn(Oct), as the catalyst
exhibited first-order kinetic behaviors relative to monomer
concentration. The cyclic 1,2-alkylene oxalates exhibited slightly
higher kinetic constant as the increase of the alkyl substituent
length. On the other hand, the pendant alkyl substituent length
had a negligible effect on their polymerization thermodynamic
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parameters. The ROPs of cyclic 1,2-alkylene oxalates catalyzed
by Sn(Oct), exhibited controlled polymerization characteristics
as supported by the linear correlation of measured M,,s of ob-
tained polyoxalates as a function of monomer conversion and
feeding molar ratio of [M]/[I] despite with moderate dispersities.
Compared to the polycondensation strategy, the ROP of cyclic
oxalate has a significant advantage in preparing high-
molecular-weight polyoxalates. The obtained PPOx, PBOx and
PHOX were amorphous polyoxalates with T, values decreased as
their alkyl length increased. In contrast, the high-molecular-
weight PEOx sample with an IV = 1.56 was a semi-crystalline
polyoxalate and exhibited a high tensile strength of 100.5 MPa
but a low enlongation at break of 2.3%. Remarkably, the high
MW polyoxalates can be chemically recycled back to recover
pristine cyclic oxalates with >90% yield by vacuum distillation at
170 °C in the presence of sodium glycolate as the catalyst.
Compared to PEOx, PPOx exhibited superior degradability in
both water and artificial sea water. Considering the unique
marine degradability of these polyoxalates, it is attractive to
further investigate the copolymerization of cyclic oxalates with
the commercial lactones or lactides, such as e-caprolactone and
t-lactide, to arbitrarily tune the degradability of obtained
copolyesters.
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