
Polymer Journal (2025) 57:1083–1094
https://doi.org/10.1038/s41428-025-01069-x

FOCUS REVIEW

Degradation technologies for condensation polymers mediated by
organic catalysts

Kazuki Fukushima 1,2

Received: 14 March 2025 / Revised: 16 May 2025 / Accepted: 24 May 2025 / Published online: 18 June 2025
© The Author(s) 2025. This article is published with open access

Abstract
Polymers and plastics pose environmental challenges, including marine pollution from waste and CO2 emissions from
incineration. Recycling and upcycling are crucial strategies for conserving petroleum resources and reducing waste
discharge. Additionally, developing sustainable polymers is essential for achieving a circular economy. Polymer degradation
is a key process in both recycling and sustainable polymer development. This review examines the degradation of
condensation polymers, such as polyesters and polycarbonates, when organic catalysts are used to enhance
transesterification. Organic bases exhibit high catalytic efficiency in polymer degradation, whereas others facilitate the
controlled polymerization of substituted cyclic esters and carbonates. Notably, 1,5,7-triazabicyclo[4.4.0]dec-7-ene has
exceptional efficiency in degrading various condensation polymers, including aliphatic polycarbonates and liquid-crystalline
wholly aromatic polyesters, via a dual hydrogen-bonding activation mechanism. The functionalization of aliphatic
polycarbonates via side-chain modifications is a promising approach for producing functionalized degradable polymers,
supported by efficient monomer synthesis and established ring-opening polymerization (ROP) techniques using organic
catalysts. Precise polymer synthesis enhances mechanical and thermal properties by incorporating rigid moieties while
enabling degradation control. These advancements contribute to the development of sustainable materials within a future
circular economy.

Introduction

The reliance on petroleum feedstock and post-use incin-
eration contributes to greenhouse gas emissions and envir-
onmental pollution globally (Fig. 1), resulting in
environmental concerns that necessitate a shift in plastic
production and waste management. In a future circular
economy of plastics, recycling and upcycling will be critical
for reducing plastic waste and preserving petroleum-derived
materials that are already in circulation. A scenario where
fossil feedstocks become entirely unavailable is also a
possibility. Thermal recycling should be avoided, as it does
not effectively recycle plastics as a resource and leads to
CO2 emissions. The European Union has mandated that

plastics used in automobiles contain at least 25% recycled
material [1], a trend likely to extend to other industries.
Polyolefins, including polyethylene, polypropylene, poly-
styrene, and poly(vinyl chloride), account for more than half
of the global plastic produced [2]. Although less abundant,
poly(ethylene terephthalate) (PET) has been extensively
studied for recycling, with material recycling serving as the
dominant approach for bottle-to-bottle PET reuse owing to
its cost advantages [2, 3]. However, repeated recycling
degrades polymer properties, limiting plastic circularity.
Maintaining polymer performance and molecular weight
remains a significant challenge in material recycling. Che-
mical recycling has gained increasing attention for its ability
to recover high-purity plastic precursors, such as monomers.
Condensation polymers, including polyesters and poly-
carbonates (Fig. 2), are more amenable to controlled
degradation into repolymerizable monomers than are poly-
olefins, as ester bond cleavage is energetically more
favorable than is C–C bond cleavage. However, reducing
costs is essential for making chemical recycling commer-
cially viable. Catalytic degradation enables efficient che-
mical recycling and upcycling, potentially offering
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economic advantages. Consequently, numerous transester-
ification catalysts have been investigated for PET and other
condensation polymers, such as bisphenol-A polycarbonate
(BPA-PC) [4–6]. Organic catalysts may offer the benefit of
a metal-free process for polymer degradation as a more
environmentally friendly option. Since the first report by
Nederberg in 2001 [7], organocatalysis in polymer chem-
istry (Fig. 3) has focused primarily on the ring-opening
polymerization (ROP) of cyclic esters and carbonates [8, 9].
Advances in transesterification organocatalysts have led to
the discovery of highly efficient catalysts with high turnover
frequencies, enabling the ROP of lactide within seconds
[10, 11]. This progress has encouraged researchers to
explore transesterification organocatalysts for the degrada-
tion of aromatic polyesters and polycarbonates [12].

Alternative approaches to addressing current plastic-
related challenges include the adoption of biobased and
biodegradable polymers. Biobased materials are expected to
reduce greenhouse gas emissions by eliminating the reliance
on fossil resources. Compared with petroleum-based poly-
mers, natural polymers such as cellulose, silk, and poly-
saccharides are both biobased and biodegradable, resulting
in a lower environmental impact. However, challenges
related to molecular weight control, processing, and limited
modification options hinder their broader application. In
contrast, synthetic polymers derived from biobased mono-
mers have advanced significantly over recent decades [13,
14]. Improvements in biofuel production and C1 chemistry
have enabled the biobased synthesis of olefin monomers
and acrylic acid [15]. While biobased polyolefins and

polyacrylates contribute to CO2 reduction, their waste
management remains a concern, as they are nondegradable
and persist in the environment. Synthetic (bio)degradable
polymers offer greater potential owing to their reduced
ecological impact and broader scope for modification and
functionalization. Aliphatic polyesters and polycarbonates
fall into this category, with their in vivo and enzymatic
degradation widely studied, as exemplified by polylactides
(PLAs) [16] and poly(trimethylene carbonate) (PTMC)
[17, 18]. Furthermore, derivatives with diverse side chain
functionalities have been developed as degradable func-
tional polymers [17–19]. Organocatalysis has also con-
tributed to this progress, enabling the selective and
controlled polymerization of cyclic carbonates and esters
with a carbonyl-containing substituent. Although most ali-
phatic polycarbonates (APCs) produced by the above
polymerization are designed for biomedical applications,
their underlying platforms could be adapted for envir-
onmentally friendly materials. However, the environmental
impact of the degradation of synthetic (bio)degradable
polymers remains insufficiently explored, and some are
derived from petroleum-based chemicals. Biobased non-
degradable polymers and nonbiobased degradable polymers
could be viable alternatives if they can be efficiently recy-
cled. Synthetic biobased, degradable polymers are particu-
larly favorable as substitutes for conventional petroleum-
based nondegradable polymers, provided that they offer
comparable performance and economic feasibility. Cur-
rently, only a few such polymers meet these criteria and
have been commercialized, highlighting the need for further
development.

Organocatalysis for the degradation of
polyesters and polycarbonates

Organocatalysis has emerged as an innovative approach in
organic chemistry, as recognized by the 2021 Nobel Prize in
Chemistry. Shortly after the pioneering works of List and
MacMillan [20, 21], the first example of the organocata-
lyzed ROP of lactide using N,N-dimethyl-4-aminopyridine
(DMAP) (Fig. 3) was reported [6]. The metal-free produc-
tion of polymeric materials has been desired for semi-
conducting materials and biomaterial applications [22].
Hedrick and Waymouth explored a range of organocatalysts
for transesterification-based ROP, including N-heterocyclic
carbenes (NHCs), thioureas, and superbases [8, 9]. Organic
bases play crucial roles in these catalytic systems. In con-
trast, Satoh and Bourissou independently developed acidic
organocatalysts for ROP [23, 24], and then Hedrick and
Sardon reported binary acid‒base complexes (Fig. 3)
[25, 26]. ROP catalysts can be categorized into potent cat-
alysts and controlling catalysts. Potent catalysts enable the
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rapid polymerization of lactide within seconds, while con-
trolling catalysts moderate the reaction, producing polymers
with narrow dispersity in a controlled manner at room
temperature [8, 9]. The high turnover frequency of potent
catalysts suggests their potential application in the degra-
dation of polyesters and polycarbonates. The first example
of the organocatalyzed degradation of PET was reported in
2010 using an NHC [11]. The following year, a guanidine
superbase, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), was
demonstrated to be an effective catalyst for the glycolysis of
PET, which was conducted for 8 min (10 mol%) and 3.5 h
(1 mol%) at 190 °C, to provide bis(hydroxyethyl)ter-
ephthalate (BHET) (Fig. 4A, B) [27]. TBD is commercially
available and bench-stable, whereas NHC requires in situ
formation under an inert atmosphere. Computational

and spectroscopic studies have elucidated the catalytic
mechanisms, revealing that TBD promotes the activation of
ester carbonyl and hydroxyl groups through dual hydrogen
bonding—the Lewis acidic N–H group activates the car-
bonyl group, whereas the Lewis basic imine activates the
hydroxyl group of an alcohol (Fig. 4A) [27]. The catalytic
activity of organocatalysts in ROP generally correlates with
their basicity and acidity (pKa values). Further studies
revealed that ethylene glycol (EG), which acts as a
nucleophile, serves as a hydrogen bond activator for the
ester carbonyl group of PET in bidentate form [27, 28].
Notably, under glycolysis conditions, 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) (Fig. 3) facilitates PET
degradation more efficiently than TBD does, completing it
in 2 h with 1 mol% DBU at 190 °C [29]. This enhanced
activity is attributed to the push‒pull theory, where the dual
activation of TBD is less effective in the presence of EG, as
the Lewis acidic N–H group mitigates the activation of O–H
[27]. TBD, however, exhibits greater catalytic activity for
PET degradation when other diols and monoalcohols are
used as nucleophiles, highlighting the specificity of the
interaction between EG and the catalyst [29].

The TBD-catalyzed degradation of PET has been
extended to its upcycling [30], utilizing various amines as
nucleophiles to generate terephthalamides, which serve as
valuable building blocks (Fig. 4B) [31]. Amines exhibit
greater nucleophilicity than alcohols do, enabling non-
catalytic aminolysis of PET [32]. For example, 60% of PET
is degraded by benzylamine in 2 h at 150 °C without a
catalyst. TBD significantly enhances the reaction efficiency
by reducing the reaction time (~1 h for 99% degradation at
150 °C with 5 mol% TBD) and lowering the required tem-
perature (120 °C) [31]. When diamines are used, small
amounts of oligomers often form due to equilibrium con-
straints, but the presence of TBD helps minimize the oli-
gomer content in the final product [27, 31]. The basicity of
aryl amines, such as aniline, is comparable to or even lower
than that of alcohols. Additionally, their high melting and
boiling points increase the melting points of the ter-
ephthalamides derived from them, making solvent-free
PET degradation more challenging. TBD effectively
facilitates the aminolysis of PET with aryl amines,
enabling the synthesis of high-melting-point aromatic ter-
ephthalamides [31].

Another advantage of the dual hydrogen bond activation
of TBD was identified in benzazole formation via the
intramolecular cyclization of ortho-substituted phenyl ter-
ephthalamides, which are generated through the aminolysis
of PET with ortho-substituted anilines (Fig. 4B), conducted
at 190 °C [33]. TBD further activates these intermediates by
dual hydrogen bonding, interacting with both the amide
carbonyl group and ortho substituents, such as OH and NH2

groups. Benzazole rings typically form under acidic
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conditions [34]. However, the TBD-catalyzed reaction
mechanism follows a nucleophilic attack pathway, which
has a high energy barrier, suggesting its exceptional cata-
lytic activity [33]. This study reported the formation of
nonsubstituted bis(benzimidazolyl)benzene and bis(ben-
zoxazolyl)benzene (Fig. 4B), both of which may serve as
precursors and intermediates for organic emitters and
pharmaceutical compounds. Additionally, functionalized
1,2-diaminobenzenes and 2-aminophenols could be used to
generate substituted derivatives with tailored properties.

The upcycled terephthalamides formed via the TBD-
catalyzed aminolysis of PET possess bisfunctional struc-
tures, including diamines, diols, dienes, and diynes, making
them suitable as monomers for condensation reactions and
reactive building blocks [31]. One notable application of
these upcycled terephthalamides is their use in supramole-
cular cationic nanoassemblies (Fig. 4B), which increases
their antimicrobial activity [35, 36]. Terephthalamides can
be converted into rigid hydrogen-bonding units by incor-
porating aromatic bisurea groups. This modification directs
the anisotropic self-assembly of cationic block copolymers
and small molecules into nanocylinders and nanofibers in
aqueous environments. Moreover, cationic nanoassemblies,
characterized by their high aspect ratio, demonstrate shape-
dependent antimicrobial effects, highlighting their potential

in biomedical and antimicrobial applications. This result
motivated us to work on anisotropic polymer assemblies
formed by block copolymers of poly(ethylene glycol) and
PLA with similar rigid hydrogen-bonding units, which
demonstrated a shape-dependent effect on cell growth [37].

The chemical recycling of PET has evolved into a
maturing research field, with efforts focused on developing
effective and robust catalyst systems, such as a thermally
stable salt catalyst comprising TBD and methanesulfonic
acid [38]. Organocatalysts facilitate transesterification,
expanding their applicability to a broader range of carbonyl-
containing condensation polymers, including poly-
carbonates and polyurethanes [39, 40]. BPA-PC is a widely
used aromatic polycarbonate and a common engineering
plastic found in applications ranging from windshields in
transportation to housing materials for oxygenators. Com-
pared with commodity plastics, engineering plastics possess
greater physical and thermal stability, making them more
challenging to recycle and reprocess. However, achieving a
zero-waste future necessitates the recycling of these poorly
degradable polymers, even through chemical methods.
Sardon et al. explored the organocatalytic chemical recy-
cling and upcycling of polyurethanes and BPA-PC [41, 42].
Their work revealed a unique alcoholysis mechanism for
BPA-PC using diols with varying methylene spacers
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(Fig. 4C) [42, 43]. When diols with two to four methylene
units act as nucleophiles, cyclic carbonates are preferably
formed. In contrast, longer diols favor the formation of
linear carbonate diols. The resulting six- and seven-
membered cyclic carbonates undergo ROP, whereas linear
carbonate diols undergo transesterification and poly-
condensation, producing APCs [42, 44]. The upcycled
APCs demonstrate promising efficiency as polymer elec-
trolytes for lithium-ion secondary batteries, highlighting
their potential for sustainable material development.

APCs exhibit potential biodegradability, as exemplified
by PTMC, which has been utilized in sutures because of its
biodegradation in vivo and in the presence of enzymes
[45, 46]. However, PTMC is not readily degraded in non-
catalytic aqueous environments and remains highly resistant
to decomposition, even under alkaline conditions [47]. The
mass of a PTMC (Mn 69 kg mol–1) disc with a diameter of
10 mm was reduced by 26% in a lipase solution for
20 weeks at 37 °C, whereas it was unchanged in alkaline
solutions at pH 10 and 13 after 8 weeks at 37 °C [45].
Consequently, APC materials may require catalytic chemi-
cal recycling strategies, particularly if they are applied as
sustainable green materials. To explore this possibility, we
investigated the catalytic solvolysis of PTMC (Mn

45 kg mol–1) as a model reaction (Fig. 4D) [48]. Hydrolysis
was initially considered owing to the environmentally
benign properties of water. Several organic acids and bases
were tested, but no complete PTMC hydrolysis was
achieved under ambient conditions (20–25 °C). Among the
catalysts screened, the phosphazene base P2-tBu exhibited
the highest catalytic activity, yielding 40% conversion,
followed by TBD and DBU. The hydrolysis of poly-
carbonates generates carbonic acid, which mitigates the
effectiveness of basic catalysts. Although acidic catalysts
are expected to perform well, they also have insufficient
catalytic efficiency. At elevated temperatures (100 °C),
basic organocatalysts significantly enhanced hydrolysis,
achieving more than 90% conversion [48]. A recent report
by Yu demonstrated that PTMC was successfully degraded
by DPP-catalyzed hydrolysis at 160 °C [49]. Alcoholysis is
a more frequently employed method for the degradation of
PET and BPA-PC, particularly when basic organocatalysts
are used [29, 39]. Unlike hydrolysis, alcoholysis avoids the
formation of acidic degradation products. Methanol, now
regarded as a green solvent owing to advancements in C1
chemistry and CO2 transformation [50], was selected to
evaluate the organocatalytic methanolysis of PTMC.
Because PTMC is insoluble in methanol, the reaction occurs
heterogeneously. Among the tested catalysts, TBD
demonstrated the highest catalytic efficiency, completing
PTMC degradation within 3 h at room temperature. The
reaction rate depended strongly on the catalyst concentra-
tion: with 0.01M TBD, degradation required 36 h, whereas

increasing the concentration to 0.1 M TBD reduced the
reaction time to 2.5 h, maintaining the same PTMC-to-
catalyst ratio (10:1). Under identical conditions, other cat-
alysts, including P2-tBu and DBU, achieved only 20%
degradation [48]. The TBD-catalyzed methanolysis of
BPA-PC under similar conditions (BPA-PC: 0.5 mmol,
TBD: 0.01 mmol, methanol: 1 mL) achieved 30% degra-
dation in 12 h at room temperature [51]. The superior cat-
alytic activity of TBD can be attributed to its dual hydrogen
bonding activation (Fig. 4A), which has been demonstrated
to function effectively in solvents with high dielectric
constants [27]. This mechanistic advantage explains its
prominent catalytic performance in PTMC methanolysis.

PTMC analogs with side chain functionalities exhibit
biodegradability in the presence of enzymes [52, 53].
Recent studies have explored the enhancement of the phy-
sical properties of PTMC analogs by incorporating liquid-
crystalline (LC) aromatic triad esters, which enables the
formation of multiblock structures (Fig. 5A) [54]. The LC
moieties self-assemble, inducing nanosegregation, which
leads to enhanced elasticity and an increased modulus.
However, these self-assembled nanostructures also improve
the degradation resistance. The TBD-catalyzed methano-
lysis of the PTMC analog (APC) was complete within a few
hours, whereas the multiblock form containing LC moieties
degraded significantly more slowly, requiring ~200 h. This
finding suggests that the degradation of the PTMC main
chain is influenced by self-assembly and rigid aromatic
structures, demonstrating the impact of molecular organi-
zation on polymer stability.

The aforementioned study also revealed that the rigid
aromatic triad ester underwent degradation under the tested
conditions, an unexpected result that expanded the scope of
degradation to wholly aromatic polyesters, including LC
polyesters. These materials, classified as super engineering
plastics, are known for their exceptional thermal and
mechanical properties, making their recycling and degra-
dation significantly more challenging than those of PET and
BPA-PC because of their superior physical stability. How-
ever, achieving effective recycling and degradation of these
high-performance plastics, which are widely used in elec-
tronic devices, aerospace materials, and medical devices, is
essential for advancing a circular plastic economy. To
address this challenge, the organocatalytic degradation of
LC polyesters was examined via Vectra®, a poly(4-hydro-
xybenzoate-co-9-hydroxynaphthoate) copolymer [55]. TBD
demonstrated superior catalytic activity compared with all
the other tested organic acids and bases, efficiently pro-
moting the methanolysis of Vectra® at 73 °C. Unlike PET
degradation, which proceeds with catalytic amounts of
TBD, the complete degradation of Vectra® requires an
equimolar ratio of TBD to ester bonds. Additionally, a
relatively long reaction time (~100 h) is necessary to

Degradation technologies for condensation polymers mediated by organic catalysts 1087



achieve full degradation (Fig. 5B). These specific results are
explained by degradation products containing acidic phenol
moieties mitigating TBD and the self-assembled structure of
the LC polymer, which compromises the access of methanol
molecules to ester bonds. Nonetheless, compared with other
catalytic systems, TBD is highly efficient at degrading super
engineering plastics, which typically require excess cata-
lyst loading and severe heating above 100 °C [56, 57].

The efficient separation and recovery of degradation
products are important for industrial feasibility. A 2011
report demonstrated that the TBD-catalyzed glycolysis of
PET results in high-purity BHET from the reaction mixture
upon cooling [27]. TBD dissolves in EG, and thus, a
crystallized form of BHET is recovered in a straightforward
manner by simple filtration. The TBD-containing EG can be
reused for the glycolysis of PET several times, although the
catalytic activity is reduced [27]. Alternatively, TBD is
removed by ion-exchange resins to clean EG. Ter-
ephthalamides produced by the aminolysis of PET (Fig. 4B)
are also readily separated from the reaction mixture [31].
They often solidify after the reaction and do not dissolve in
common solvents, including water. Thus, solvents are used
to remove the unreacted amines and TBD to recover the
product, terephthalamides, with trituration. Methanolysates
of an LC polyester (Fig. 5B) can also be cleaned by ion-
exchange resins [55]. No side products are formed during

methanolysis. Thus, high-purity monomers are obtained
after the evaporation of methanol as the reaction medium.
Alkaline reagents such as NaOH are economically feasible
for degrading polyesters and polycarbonates [32, 51].
However, the approach used to recover the degradation
products may not be as straightforward as organocatalytic
approaches are [58, 59]. This is another advantage of using
organocatalysts in chemical recycling and upcycling.

Aliphatic polycarbonates and polyesters
with side-chain-promoted degradability

Aliphatic polyesters and polycarbonates with side-chain
functionalities have been extensively developed for func-
tional degradable biomaterial applications [60, 61]. Func-
tionalized APCs with diverse side groups derived from 2,2-
bis(hydroxymethyl)propionic acid (bisMPA) have attracted
significant attention owing to their well-established synth-
esis and controlled polymerization of cyclic carbonates
with a substituent linked via an ester bond [18, 61]. The
use of organocatalysts has facilitated their controlled poly-
merization under mild conditions, effectively minimizing
side reactions [8, 9, 62]. Since the pendant ester bond is
potentially active for transesterification, inappropriate
polymerization conditions and catalysts induce chain
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transfer, resulting in cross-linking and a branched structure
[63]. Thus, the APCs and polyesters with carbonyl-
containing side groups presented hereinafter could not
have been developed without organocatalysts. Efficient
monomer synthesis is crucial for ensuring economic feasi-
bility in polymer production. Conventional methods, which
involve protection and deprotection steps, require four to
five synthetic steps to obtain the target functionalized
monomers, MPA-CCs [64]. A breakthrough in cyclic car-
bonate synthesis was achieved with bis(pentafluorophenyl)
carbonate (PFC), which enabled the two-step synthesis of
MPA-CCs directly from bisMPA (Fig. 6A) [65]. However,
PFC-based synthesis has limitations, including high cost
and the formation of the toxic byproduct pentafluorophenol,
necessitating alternative approaches. A notable advance-
ment in monomer synthesis involved the development of
the ammonium carboxylate form of bisMPA-based cyclic
carbonate (MPA-CCTEA). This approach enables one-step
synthesis of cyclic carbonate monomers from bisMPA
while also serving as a universal precursor for MPA-CCs
via SN2-type esterification with alkyl bromides [66]. The
availability of multiple synthetic pathways for cyclic car-
bonate monomers expands access to a wide range of side-
chain functionalities in APCs. Consequently, bisMPA-
based APCs (MPA-PCs) have been widely developed and
utilized as functionalized degradable biomaterials.

The biological functions of MPA-PCs have been
extensively evaluated; however, the impact of side chain
modifications on their degradability remains largely unex-
plored. Recent studies have highlighted the importance of
hydration at the biointerface in the design of biomaterials
with enhanced blood compatibility [67, 68]. Inspired by
poly(2-methoxyethyl acrylate), a clinically applied blood-
compatible polymer [69], several ether-functionalized
MPA-PCs were synthesized (Fig. 6A) [52, 66]. Com-
pared with PTMC, these materials exhibit reduced platelet
adhesion, a property attributed to surface hydration, as
supported by water contact angle measurements and the
thermal properties of hydrated polymers. Additionally,
ether-functionalized MPA-PC (ME) demonstrated lower
enzymatic susceptibility to lipase-mediated degradation
than PTMC did because of its hydrated surface, which
hindered enzyme recognition (Fig. 6B) [52]. This result
inspired the possible control of the hydrolysis of APCs by
side-chain hydration. Other ether-functionalized polymers,
including polycarbonate (PMDO) and polyester
(PMAcDX) derived from glycerol, a renewable biomass
resource, were also originally designed to exhibit high
biocompatibility, facilitated by side-chain hydration
(Fig. 6C). Additionally, they showed high susceptibility to
hydrolysis [70, 71]. Notably, all these polymers remain
non-water soluble. Therefore, these results suggest that
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hydration enhanced by the ether side groups at the polymer
interface sufficiently promotes the hydrolysis of aliphatic
polymers (Fig. 6D).

The potential for controlling aliphatic condensation
polymer degradation through side-chain engineering was
subsequently investigated. BisMPA-based APCs featuring
different ether side chains were developed through post-
functionalization of a common APC precursor with a con-
sistent degree of polymerization (DP) (Fig. 7) [72]. The
side-chain exchange reaction proceeded quantitatively via
amidation of an activated ester, specifically penta-
fluorophenyl ester, although the reaction rate was influenced
by amine bulkiness and nucleophilicity. The hydrophilicity
of the side chains was directly correlated with the hydration
properties and wettability of MPA-PCs, which in turn
affected their hydrolytic susceptibility. Notably, MPA-PCs
with highly hydrated surfaces degraded within 1 month
under neutral conditions (pH 7.4 in phosphate saline buffer,
37 °C; inset table in Fig. 7). Additionally, the amide linker
in the MPA-PC side chains possibly functioned as a cata-
lyst, promoting hydrolytic degradation of the aliphatic car-
bonate backbone [73]. Under alkaline conditions (0.1 M
NaOD, 37 °C; inset table in Fig. 7), MPA-PCs containing
amide linkers underwent complete degradation, regardless
of their side group structure, whereas MPA-PCs with ester
linkers (ME, Fig. 6B) and PMDO (Fig. 6C) degraded with
an efficiency of less than 30%, and PTMC remained largely
intact. While amide groups increase hydration, the sig-
nificantly greater hydrolyzability of MEA than that of ME

can be attributed to the catalytic contribution of the amide
linker (Fig. 7).

Poly(ε-caprolactone) (PCL) is recognized as a marine-
degradable polymer [74, 75], and its functionalized deri-
vatives hold promise for sustainable and biomedical appli-
cations [76]. Ether-functionalized PCL analogs are also
expected to show biocompatibility and hydrolyzability dri-
ven by side chain hydration. Thus, an ε-caprolactone (CL)
analog with an ether pendant group (CL1) was synthesized,
and its ROP was investigated (Fig. 8) [77]. The ring-
opening of CL1 proceeded efficiently in the presence of
multiple catalysts, including organic bases, acids, and
organometallic compounds. However, the resulting pro-
ducts did not consist predominantly of polymeric com-
pounds with high DPs. Detailed experimental and
computational analyses revealed that the reaction yielded
five-membered lactones (GBL(Ax) and GBL1) via internal
transesterification of the ring-opened species (CL1-O). This
occurs when the terminal OH group preferentially attacks
the side ester bond located four bonds away from the OH
group over the lactone ester group of another monomer
(Fig. 8A). The formation of five-membered lactones is
thermodynamically driven, as they exhibit high stability and
are generally nonpolymerizable, except in rare cases [78].
Comparative studies have shown that basic and organo-
metallic catalysts slightly enhance intramolecular cycliza-
tion relative to acidic catalysts, suggesting that terminal OH
group activation plays a more critical role than carbonyl
activation does (Fig. 8B–D). A similar preference was
observed in the ring-opening reaction of an amide-
substituted CL analog of CL1 [77], deviating from Lang’s
findings [76], where bulky substituents inhibited intramo-
lecular cyclization, forming PCL derivatives. This is
exceptional for ester formation from amide compounds,
which is thermodynamically unfavorable. Finally, copoly-
merization with CL provided linear polymers with Mn

values of 4–6 kg mol–1 [77]. These results demonstrate that
specific side chain configurations thermodynamically favor
depolymerization by backbiting reactions. In contrast, these
substituted CLs may expand to a degradation system pro-
moted by side chains, placing less hindered pendant groups
with ester and amide linkers at the γ-position.

Degradable polymers should be designed for the efficient
recovery of monomers and degradation products to con-
tribute to the future circular economy of polymers. ArE/
APC-MBP (Fig. 5A) is degraded by TBD-catalyzed
methanolysis. However, the degradates contain several
components because the polymer comprises multiple units
with different cleavable bonds [54]. MPA-PCs with an ester
linker (Fig. 6A, B) may also not be suitable for the facile
recovery of the degradation products because more than two
components are formed, including oligomers. In contrast,
those with an amide linker (Fig. 7), which were completely
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degraded by alkaline hydrolysis in 1 month, provided
almost a single degradation product, maintaining the amide-
linked pendant group [72]. The recovery of cyclic carbonate
monomers from the degradates should be possible. Thus,
this platform is promising for polymer circulation, although
actual trials have not been conducted. The polydioxanone
derivative PMAcDX is depolymerizable via a backbiting
reaction, forming the corresponding cyclic monomers,
owing to the ring-chain equilibrium at a relatively low
temperature range [71]. These analogs may serve as
recyclable polymers. Similarly, P(CL1) may be regarded as
an upcyclable polymer, provided that effective applications
of GBL1 are found (Fig. 8A).

Conclusion

The recycling and upcycling of plastics, along with the
development of degradable functionalized polymers, play
critical roles in achieving net-zero emissions. Carbonyl-
containing condensation polymers, such as polyesters and
polycarbonates, are particularly suitable targets for chemi-
cal recycling and upcycling, as their degradation via
transesterification is relatively facile. These processes
enable the recovery of high-purity monomers and deriva-
tives, enhancing the circularity of polymer materials. Super
engineering plastics are essential in advanced technologies,
including communication devices and aerospace applica-
tions; however, their recycling remains a significant chal-
lenge. The use of organic catalysts offers a promising

approach to improve the efficiency of degradation pro-
cesses for these high-performance materials, as well as the
recovery of degradation products. Moreover, aliphatic
polyesters and polycarbonates serve as ideal platforms for
degradable functional polymers. Significant advancements
have been made in monomer synthesis and selective and
controlled polymerization via organocatalysis; however,
further progress is needed to develop greener synthetic
methods and increase the utilization of renewable resources
as starting materials. Additionally, the degradation beha-
vior of these polymers, including the environmental impact
of degradation products, must be thoroughly investigated to
ensure their long-term sustainability and circularity. The
macromolecular design should also consider how effi-
ciently the monomers and degradation products can be
recovered for reuse. The observed transesterification
behavior using the organic catalysts may be exploited to
develop other sustainable and recyclable materials, such as
vitrimers.
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