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Thermoplastic polymer materials include both plastics

and elastomers. Elastomers stand out as a crucial class of materials o\)uu S
because of their wide-ranging applications. Polymers that can Oouu B omer Copolymer %00000
depolymerize back to their original monomers present a hopeful @g @ I
avenue to tackle the problems associated with polymer sustainability. In TPE

recent years, a great deal of research has been centered on the chemical

recycling of monomers of polymers, and there are numerous reviews on

this topic. Nevertheless, these reviews typically classify materials

according to polymerization methods or polymer types, seldom taking

q g q q q Product

into account the functional classification of the products. This method g@ ‘

of categorization creates difficulties for those interested in material @ %

application scenarios, as they find it hard to obtain relevant

information. Hence, this perspective takes a function-oriented

approach, offering solutions for recyclable thermoplastic elastomers (TPEs) by classifying them into polyurethanes, copolyesters,
and polyolefins with specific sequence control (e.g., homo, random, alternating, triblock, pseudotriblock, and multiblock). We offer
an overview of the synthesis methods of various polymers and the properties of the constructed TPEs, making comparisons with
those of conventional TPEs. Special attention is given to the depolymerization process, including the necessary conditions and
recovery efficiency of the constituent monomers. Finally, we put forward future directions for the chemical recycling of TPEs,
highlighting the critical issue of “monomer reuse and performance degradation over successive recycling cycles” that has been
overlooked. This perspective seeks to promote more in-depth, cross-disciplinary research involving both academic and industrial
partners to develop next-generation TPEs with improved sustainability.

thermoplastic elastomer, depolymerization, closed-loop recycling, sustainable polymer, polyurethane, copolyester, polyolefin

serious concern, directly leading to significant accumulation,

Thermoplastic polymers comprise plastics and elastomers. A disposal issues, and exacerbated environmental challenges.

thermoplastic elastomer is a noncross-linked rubber that TPEs can withstand multiple mechanical recycling cycles, but

combines the high elasticity of rubber with the reprocessability
of thermoplastic materials. It has a wide range of applications
in fields such as automotive, building and construction,
electrical and electronics, medical, consumer goods, and
others." The TPE market witnessed significant growth over
the recent years and will continue to grow up to 5.55 million
tonnes by 2026.>°

The extensive production and consumption of thermoplastic
elastomers have led to a significant portion of TPE waste being
either landfilled or subjected to thermal treatment. Currently,
only 25% of global TPE waste is being recycled, with
mechanical recycling accounting for nearly all of this recovered
material across all conventional TPE types,* driven by
advancements in sorting and reprocessing technologies,
reducing overall waste, and supporting a circular economy.
The slow progress in TPE recycling technology has become a
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irreversible thermal/mechanical degradation during each cycle
progressively degrades material properties, ultimately com-
promising end-product quality and preventing extensive
recycling while maintaining performance.”® Alternative
recycling strategies that preserve the material properties are
necessary. Among them, chemical recycling therefore offers an
effective depolymerization strategy for monomer recovery.7’8
This approach enables a circular economy by ensuring infinite
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Figure 1. Schematic illustration of the TPE’s structure.
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Figure 2. Synthesis and depolymerization strategies used in the TPEs. ROP: ring-opening polymerization. RCD: ring-closing depolymerization.

material recyclability without quality degradation, thereby
creating a closed-loop lifecycle.”™ "'

In recent years, a great deal of research has been centered on
the chemical recycling of polymers, and there are numerous
reviews on this topic. Nevertheless, these reviews typically
classify materials according to polymerization methods,">"*
depolymerization methods,'*"® polymer types,'°™** or mono-
mer structures,”>">° seldom taking into account the functional
classification of the products. This way of categorization
creates difficulties for those interested in material application
scenarios, as they find it hard to obtain relevant information.
To the best of our knowledge, there has been no review
focused on the depolymerization recycling of TPE materials.
The absence of effective guidance poses a challenge for
industries seeking potential solutions for chemically circular
TPEs. Therefore, this perspective aims to provide a function-
oriented overview of the design strategies, depolymerization
methods, and performance evaluation of TPEs. Finally, we put
forward future directions for the chemical recycling of TPEs.
Degradable TPEs but nonrecyclable to polymerizable mono-
mers will not be included in this perspective. This perspective
seeks to offer new perspectives and directions for the potential
replacement of conventional TPEs with chemically recyclable

TPEs.

The characteristic of thermoplastic elastomers lies in the
presence of soft and hard segments in their phase-separated
domains (Figure 1). Among them, the soft segments with low
glass transition temperature (Tg) endow the material with
high-elasticity characteristics, while the hard segments that
form solid crystallites or glassy regions act as “physical cross-
linking points” that restrict the viscous flow of the soft segment
chains. The formation of microphase-separated structures
imparts elastic and tough properties to TPEs. From a
microscopic perspective, this microphase separation is
governed by the chemical architecture of the polymer chains,
necessitating that TPEs are typically composed of multiple
chemically distinct segments. This stands in stark contrast to
conventional plastics, which are predominantly single-compo-
nent materials synthesized via homopolymerization. In
contrast, the fabrication of TPEs generally requires multi-
component copolymerization, underscoring the inherent
synthetic complexity of these materials. Specifically, copoly-
merization can be achieved through step-growth or chain-
growth polymerization. Step-growth polymerization involves
the precise stoichiometric control of difunctional monomers,
such as the A, /B, type. Chain-growth copolymerization, on the
other hand, can be realized through “one-pot” copolymeriza-
tion or stepwise copolymerization. In “one-pot” copolymeriza-
tion, the sequence distribution of monomers along the polymer
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Figure 3. Types of chemically recyclable TPEs and the depolymerization strategy.

chain should be elaborately controlled to achieve the desired
elastomeric functionality, necessitating precise regulation of the
reactivity ratio (r;/r,). In terms of stepwise chain-growth
polymerization, exemplified by triblock copolymers, living
polymerization characteristics are required to ensure high
fidelity of end groups, thereby facilitating the subsequent
growth of additional blocks. The depolymerization strategy of
TPEs presents complexities similar to those encountered
during synthesis. The multicomponent repeating units within
the polymer backbone may require different methods for
depolymerization, followed by the separation and recovery of
two or more monomer types, necessitating multistep
depolymerization and purification processes. These monomer
components are then purified and reused for the synthesis of
second-generation TPEs, illustrating the complexity of the
recycling process. In contrast, plastics based on homopolymers
typically require only a single step for depolymerization and
purification. In summary, the processes of polymerization and
depolymerization for TPEs, aimed at achieving closed-loop
recycling, are significantly more challenging than those for
plastics. Consequently, research on the chemical recycling of
TPEs is considerably less extensive than that on plastics.

Chemical recycling of TPEs to monomers can be
categorized into two scenarios (Figure 2). For TPEs prepared
via polycondensation, the process typically involves selectively
cleaving the labile bonds in the main chain through hydrolysis
or alcoholysis to yield difunctional monomers. On the other
hand, for polymers obtained through chain polymerization,
ring-closing depolymerization (RCD) is governed by the
thermodynamic equilibrium between the monomer and
polymer. The temperature at which the entropy loss offsets
the enthalpy gain is defined as the ceiling temperature (T.) of a
polymerization system. Polymerization is favored when the
temperature is below the T, value, whereas depolymerization is
favored when the temperature exceeds the T. value. The
efficiency of depolymerization is directly regulated by the
relative value of the system temperature to T, providing a
thermodynamic basis for designing controlled depolymeriza-
tion processes.

Given the diversity of TPE types and their varied applications,
this perspective categorizes the reported recyclable TPEs into
several types (Figure 3), including polyurethanes, copolyesters,
and polyolefins, along with their structural characteristics in
relation to recycling potential. Table 1 then provides concrete
examples detailing representative polymer structures, molec-

ular weight parameters, and recovered monomer structures.
Building on this foundation, Table S1 (Supporting Informa-
tion) offers a comprehensive comparative analysis evaluating
these TPE systems across multiple dimensions: polymer
structural features, key material properties, processing require-
ments, and depolymerization efficiency (including yield data).

Thermoplastic polyurethane is a major class of TPEs,
synthesized via the polycondensation of diisocyanates with
diols or polyols. While various chemical recycling methods for
polyurethanes have been developed—including hydrolysis,
acidolysis, glycolysis, aminolysis, ammonolysis, and phosphor-
olysis—glycolysis currently stands as the most widely adopted
approach due to its mild reaction conditions and the high
reproducibility of recycled polyols.”® A key challenge in
polyurethane chemical recycling is the difficulty in recovering
isocyanates; instead, the primary depolymerization products
are recycled polyols, which can replace virgin polyols in the
production of new polyurethane. Notably, polyurethane
elastomers and conventional polyurethane plastics share the
same chemical composition, differing only in the soft segment
content. Consequently, the chemical recycling strategies for
polyurethane-based TPEs are identical to those for polyur-
ethane plastics.”” Given the extensive coverage of polyurethane
chemical recycling in existing reviews,'”*" this topic will not be
discussed further here. Despite limited industrial-scale
implementation, several European companies are now
commercializing glycolysis-based recycling technologies for
their waste streams, signaling progress toward broader
adoption.*

From a sustainability standpoint, the recovered polyols from
polyurethanes still face challenges, including their non-
degradable nature, excessive solvent use, tedious purification
processes, and low efficiency.”” However, if the polyols are
derived from the ring-opening polymerization (ROP) of
lactones, then depolymerization to recover small lactone
monomers can be highly efficient through thermolysis followed
by simple vacuum distillation. While both conventional
polyurethane-based TPEs (via glycolysis) and lactone-derived
systems typically require similar depolymerization temper-
atures (~200 °C), the latter offers distinct advantages in that
lactone-based systems directly yield distillable monomers,
whereas polyurethane systems necessitate complex separation
and purification steps to recover polyols. This streamlined
process grants lactone-derived TPEs superior economic
viability. For instance, the Hillmyer group reported the
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Table 1. Summary of the Polymer Structure, Molecular Weight, and Recycled Products for Representative Chemically
Recyclable TPEs
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Figure 4. Depolymerization pathways in triblock copolymers: recycling scenario dependence on T, of monomers A (khaki solid circle) and B

(green solid circle). Case A: No depolymerization occurs when

T a>T > T_p. Case B: Nonselective depolymerization occurs when T > T ,>T_p.

Case C: Selective depolymerization occurs when T z>T > T.,. Case D: Nonselective depolymerization occurs when T > T p>T_,. Case E:
Selective depolymerization occurs when T 4> T 5. Case F: Pentablock copolymers were obtained from unseparated depolymerization products.
Case G: Triblock copolymers were obtained from unseparated depolymerization products.

synthesis of telechelic poly(f-methyl-5-valerolactone) diol
oligomers via ROP, which served as well-defined soft segments
(Tg = —60 °C) for polyurethane TPEs (Table 1, entry 1).*°
After purification, these oligomers were polycondensed with
diphenylmethane diisocyanate to yield tough TPEs (oy, = 37
MPa, &, = 1000%). Depolymerization at 220—250 °C for 10 h
in the presence of Sn(Oct), catalyst recovered f-methyl-5-
valerolactone monomer in >95% yield.*® Nevertheless, the
biobased polyol required purification prior to polycondensa-
tion, and milder, more efficient depolymerization conditions
remain to be explored. In a similar approach, the Li group
employed renewable, degradable hydroxy-telechelic poly(5-
caprolactone) (PSCL) as soft segments (T, = —40 °C) to
replace petroleum-derived polyols.”’ This system enabled a
one-pot, solvent-free cascade step-growth polymerization with
diisocyanate, producing TPEs with 96% elastic recovery, o, ~
10 MPa, and &, &~ 1000%. Remarkably, these polyurethanes
could be chemically recycled to recover 6CL via thermolysis
under milder conditions (180 °C, 2 h, Sn(Oct),), achieving
~99% vield after distillation (Table 1, entry 2). Likewise, -
butyrolactone was used to generate soft oligomer precursors
(T = =50 °C) via ROP. Polycondensation with diphenyl-
methane diisocyanate yielded TPEs with superior mechanical
properties (0, = 31.8 MPa, &, = 1254%), which could also be
quantitatively depolymerized to recover y-butyrolactone
(Table 1, entry 3).>” The recovered lactones can be
repolymerized into their original polyols, establishing a
closed-loop recycling system.

3.2.1. Triblock Copolyesters. ABA-type triblock copoly-
mers, composed of rigid terminal blocks A (either semicrystal-
line thermoplastics with T, above ambient conditions or
amorphous thermoplastics with T, exceeding room temper-
ature and a central elastomeric block B (a soft, flexible
amorphous polymer exhibiting T, below room temperature),
demonstrate significant promise as recyclable TPEs. These
materials are particularly attractive due to their inherent
biodegradability and the feasibility of their synthesis via
efficient ROP of cyclic esters or lactones.”” The thermody-
namics of RCD in such triblock TPEs is primarily governed by
the T. of the constituent comonomers relative to each other
and to the processing temperature. This relationship can be
systematically classified into four distinct scenarios (Figure 4,
cases A—D).

When T., > T.p, repeating unit A functions as an end-
capping agent, inhibiting the unzipping of block B via RCD
even at operating temperatures above T g (Figure 4, case A).
To circumvent this limitation, alternative depolymerization
strategies can be employed. For instance, the Shen group
synthesized a triblock TPE comprising poly(L-lactide) (PLLA)
end blocks and a poly(8-caprolactone) (P6CL, T3 = 42 °C,
1.0 M) midblock.” Direct heating of this TPE in Sn(Oct),
proves insufficient to recover pristine SCL monomers (Table
1, entry 4).° Instead, the terminal blocks were selectively
depolymerized via ethanol alcoholysis, yielding ethyl lactate
(92% recovery by distillation at 45 °C under reduced
pressure). The remaining PSCL midblock subsequently
underwent RCD at 140 °C under a vacuum, quantitatively

E https://doi.org/10.1021/acspolymersau.5c00033
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recovering S-caprolactone (95% yield, case E). This approach
can be generalized to other polymer systems. For example, in
polyester-b-polyether-b-polyester TPEs (e.g., PLLA-b-pol-
yTHE-b-PLLA, developed by the Matson group, Table 1,
entry S), sequential depolymerization can be achieved: (1)
FeCl;-catalyzed cleavage of the polyTHF midblock releases
THF (78% recovery by distillation), followed by (2) ZnCl,/
PEG-catalyzed reactive distillation of the residual PLLA to
recover lactide (80% yield).”* When the operating temperature
exceeds T, the entire copolyester may undergo RCD,
producing a mixture of monomers A and B in a nonselective
manner (Figure 4, case B). The selection of an appropriate
separation method primarily depends on the isolation yield and
efficiency. From an industrial perspective, energy consumption
must also be carefully considered. On a laboratory scale,
chromatographic separation is often feasible, achieving
satisfactory yields of both monomers. However, this approach
requires substantial solvent usage, leading to an increased cost
for solvent recovery, making it less practical for large-scale
applications. In contrast, distillation offers a more industrially
viable solution. Despite its higher thermal energy requirements,
distillation provides superior process efficiency and scalability,
making it the preferred method for commercial implementa-
tion. The feasibility of this approach (Figure 4, case B)
depends critically on the separation efficiency of the resulting
monomers. If A and B exhibit sufficiently distinct volatilities or
chemical properties, they can be effectively isolated and
purified via straightforward techniques, such as fractional
distillation. A representative example is the PLLA-b-polyTHE-
b-PLLA TPE system developed by the Matson group.”* During
reactive distillation, this system enables the sequential recovery
of both monomer types. This demonstrates how thermody-
namic parameters and separation methodologies jointly govern
the practical recyclability of triblock TPEs.

When the separation of monomers A and B incurs
prohibitive energy costs, an alternative strategy is to directly
repurpose the depolymerized mixture for synthesizing next-
generation TPEs without purification, as demonstrated by the
Xu group in their work on fully biobased triblock TPEs derived
from &-valerolactone (SVL) and its a-methyl-substituted
(a™VL) derivative (Table 1, entry 6).>> ZnCl,-catalyzed
RCD at 100 °C for 2 h yielded a quantitative (99%) monomer
mixture of 5VL and a™*VL, which could either be separated via
column chromatography (6VL: 89% yield; a™°VL: 83% yield)
at the expense of monomer loss and added energy expenditure
or directly reused by supplementing with additional 6VL to
adjust the monomer ratio (6VL-dominant). This adjusted
mixture was polymerized via 1,5,7-triazabicyclo[4.4.0]dec-S-
ene (TBD)-catalyzed ROP in toluene at 25 °C to form a
telechelic macroinitiator, followed by sequential addition of
a™*VL and SVL to synthesize a pentablock copolymer TPE
(Figure 4, case F) with mechanical properties comparable to
the parent TPE (o, = 15 MPa, ¢, = 1000%).* Similarly, the
Shen and Li group modified the midblock chemistry by
replacing polya*VL with poly™°VL (while retaining poly6VL
end blocks), achieving a triblock TPE with exceptional
mechanical performance (6, = 48.2 MPa, &, = 2007%) but
reduced heat resistance (T, = 32—45 °C, Table 1, entry 7).
Complete bulk depolymerization using Sn(Oct), at 130 °C
under vacuum yielded a mixture of fM*VL and VL, which was
directly repolymerized via a one-pot, two-step ROP: first
synthesizing a random copolymer soft block (T, = —57.8 °C)
from the pMVL/SVL mixture, followed by SVL addition to

form triblock copolymers (case G), thereby circumventing
comonomer separation entirely.”

When T_, < T_p, this approach also enables sequential
depolymerization, where the end blocks (A) undergo RCD
under mild conditions while the midblock (B) remains intact
(Figure 4, case C). The resulting monomer A can be separated,
and the conditions can then be adjusted to depolymerize block
B to monomer B. A notable example is the poly(2,2-
diethyltrimethylene carbonate)-b-poly(e-decalactone)-b-poly-
(2,2-diethyltrimethylene carbonate) triblock copolymer TPE
developed by the Odelius group (Table 1, entry 8).”” The
terminal blocks selectively depolymerize in the presence of
TBD at 110 °C for 1 h with 87% conversion, while the
midblock can be isolated by precipitation in cold methanol,
albeit with minor chain scission due to partial trans-
esterification.”” Similarly, the Williams group designed fully
renewable poly(limonene carbonate)-b-poly(e-decalactone)-b-
poly(limonene carbonate) ABA triblock TPEs (Table 1, entry
9), where the high-T, polycarbonate (A) and low-T| polyester
(B) blocks exhibit distinct depolymerization behaviors.*”
These materials, though mechanically soft (¢, = 0.32—1.1
MPa, &, = 2563—3962%), allow quantitative recovery of
limonene oxide via dizinc $-diiminate complex-catalyzed RCD
in toluene at 80 °C for 6 h, leaving the poly(e-decalactone)
midblock intact for subsequent acid hydrolysis.”® It should be
noted that while Case D (Figure 4) is theoretically plausible,
such a system has not yet been experimentally observed.

3.2.2. Pseudotriblock Copolyesters. While triblock
TPEs exhibit excellent phase separation and good mechanical
properties, their synthesis typically requires complex stepwise
chain extensions. A more attractive alternative is the one-pot
copolymerization approach, which offers synthetic simplicity
and reduced energy costs, achievable through pseudotriblock
copolymer strategies. Recently, the Zhu Group developed a
novel a-spiro-cyclohexyl-propiolactone (SHPL) monomer
capable of forming a high-melting crystalline polymer (T,, =
272 °C).” The spiro-substitution not only enhances RCD
efficiency (86% monomer recovery using NaOH at 265 °C)
but also enables the one-pot synthesis of gradient copolymers
when copolymerized with e-caprolactone (¢CL), yielding
poly(eCL-grad-SHPL) with near-quantitative conversion
(Table 1, entry 10). This gradient copolymer mimics a
triblock architecture, featuring two crystalline hard blocks
(PCL: T,, = 46 °C; polySHPL: T, = 266 °C) and a chemically
irregular middle block with a low T, that imparts elastomeric
behavior. Remarkably, this pseudotriblock TPE achieves
unprecedented mechanical performance, including exceptional
toughness (600 MJ/m?*), high elastic recovery (>90%), and a
record-breaking tensile strength (o, = $9.8 MPa) among
chemically recyclable TPEs, while maintaining full depolymer-
izability.

3.2.3. Random Copolyesters. One-pot ring-opening
copolymerization of mixed cyclic monomers (A and B)
represents a conceptually elegant and operationally simple
strategy for synthesizing copolymers without laborious
stepwise monomer feeding. For random copolyesters to exhibit
TPE properties, they must achieve a delicate balance of
semicrystalline characteristics—low crystallinity, high T, and
low T,—despite their inherent chemical irregularity that
typically inhibits crystallization. This can be addressed through
two design principles: (1) incorporating long, flexible poly-
ethylene-like or polyethylene glycol-like oligomer segments to
enable efficient chain folding, or (2) introducing controlled
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monomer sequences (e.g., “AAAA”/“BBBB” homosequences)
to preserve crystallinity while maintaining statistical distribu-
4o% However, such structures inherently limit lamellar
thickness, resulting in thin crystalline domains with depressed
T,."” Intriguingly, these finely dispersed small crystals often
outperform larger crystals at equivalent crystallinity in
mechanical performance,” as demonstrated by the Tang
group’s semicrystalline statistical copolyester poly[CL,g-stat-
(4™-BL)s,] (T, = 3 °C, T,, = 74 °C, Table 1, entry 11).**
Synthesized via coordinating solvent-assisted transesterification
of 4-phenyl-2-oxabicyclo[2.1.1]hexan-3-one (4™-BL) and
eCL, this system achieved good properties (6, = 34.5 MPa,
&, = 812%, > 99.3% elastic recovery) at M,, = 383 kDa. A slight
variation in the monomer ratio of the resulting copolymer
results in a large difference in T, and T}, making the adjustable
composition range window for optimizing TPE properties
rather small. Considering that these statistical copolyesters still
show semicrystalline characteristics, it is expected that the low
degree of randomness (28%) still leaves a certain extent of
multiblock domains on the backbone. Y-(CH,SiMe,),(THF),
was demonstrated to catalyze efficient depolymerization (98%
4PhBL, 94% £CL recovery at 250 °C/1 h), and the feasibility
of closed-loop recycling via repolymerization remains unex-
plored for this mixed-monomer system.

Yagihara and Matsumura developed an enzymatic route to
synthesize semicrystalline polyester TPEs through lipase-
catalyzed copolymerization of macrocyclic diol with succinate
and alkylthiosuccinate monomers.”> By strategically incorpo-
rating branched alkylthio groups as soft segments along the
poly(alkylene succinate) backbone, they achieved tunable
mechanical properties (6, = 2.6—4.4 MPa, ¢, = 10—338%,
Table 1, entry 12) that correlated with the alkyl side chain
incorporation ratio. This biocatalytic approach demonstrated
enzyme recyclability: the copolymers underwent enzymatic
degradation back to cyclic oligomers, which were subsequently
repolymerized to regenerate polymers with molecular weights
comparable to those of the original materials. The closed-loop
system highlights the potential of enzyme-catalyzed processes
for sustainable TPE production and recycling, although the
relatively modest mechanical properties suggest opportunities
for further optimization of the monomer design and polymer-
ization conditions.

3.2.4. Multiblock Copolyesters. The strategic combina-
tion of “hard” and “soft” polymeric blocks also enables the
rational design of TPEs. The Ren group developed a versatile
synthetic approach for sulfur-rich polytrithiocarbonates
through transesterification and polycondensation of dithiols
with dimethyl trithiocarbonate, yielding heterotelechelic
macromonomers.*® This strategy creates a dual-component
system where crystalline macromonomers with long methylene
alkyl chains serve as hard blocks, while oxygen-embedded alkyl
chain macromonomers function as soft segments. Random
copolymerization of these components under alkali hydride
catalysis (120 °C for 2 h) produces semicrystalline TPEs with
tunable thermal properties (T, = —46 °C, T,, = 38.1-78.7 °C,
Table 1, entry 13) by adjusting feed ratios. The optimal
composition achieved notable mechanical performance (o, =
14.3 MPa, &, = 320%). While TPE depolymerization remains
unverified, the research team demonstrated quantitative
chemical recycling (>96% vyield) of homopolymeric poly-
trithiocarbonates via alkali hydroxide-catalyzed reverse trans-
esterification in methyl mercaptan (S0 °C, 24 h), cleaving at
the in-chain functional groups to regenerate pure dimethyl

trithiocarbonate and dithiols after recrystallization. This
suggests potential TPE recyclability, though separation
challenges may arise from mixed dithiol products.

Polyolefin TPEs derive their unique properties from a
semicrystalline architecture combining low crystallinity, high
T, crystalline domains, and low T, amorphous segments.'
This structural design creates an elastomeric network where
the high-T,, crystallites serve as physical cross-links, while the
low-T, amorphous regions provide elasticity.”” However,
conventional polyolefins face significant depolymerization
challenges due to their chemically inert carbon—carbon
backbones.***’ Recent advances demonstrate that strategic
incorporation of labile functional groups (e.g., ester, acetal,
amide, silyl ether, or thioester linkages) along the polymer
backbone can enable controlled deconstruction while preserv-
ing the essential crystalline characteristics and mechanical
performance.”®™> This approach maintains the beneficial
polyolefin-like properties while introducing cleavable bonds
that facilitate chemical recycling under mild conditions, %~
offering a promising pathway toward sustainable polyolefin
TPEs.

3.3.1. Multiblock Polyolefins. For polyolefin TPEs, ester
groups represent the most commonly incorporated functional
groups, with their controlled placement along the polyolefin
backbone achieved through telechelic macromonomers instead
of small monomers.'® The introduction of branches to an
otherwise linear polyethylene backbone can enable the
synthesis of TPE.”' The Miyake group pioneered this approach
through pincer-catalyst-mediated dehydrogenative polymer-
ization of hydroxyl-terminated oligomers (A, type), which not
only eliminates the need for stoichiometric matching of
coupling partners but also enables the production of diverse
TPE materials by adjusting the feed ratio of building
blocks.*”~®" In their initial study, they synthesized a multiblock
TPE via ruthenium-catalyzed dehydrogenative copolymeriza-
tion of telechelic hydroxyl-capped polyethylene-like oligomers
prepared by ring-opening metathesis polymerization (ROMP),
where linear polyethylene oligomers (A, type, M, = 1.9 kDa)
served as crystalline hard blocks while hexyl-branched
polyethylene oligomers (A, type, M, = 1.8 kDa) with low T,
functioned as soft blocks, with elastic properties emerging
when the hard block incorporation ratio was below 40%. The
optimal composition containing 40% soft block exhibited 17%
crystallinity (Table 1, entry 14), a T, of =50.6 °C and T, of
109 °C, delivering TPE mechanical properties (6, = 12 MPa,
&, = 1030%), while also allowing quantitative depolymerization
(>99% conversion) through hydrogenation at 150—160 °C for
24—72 h, with 91.7% recovery of hard and soft macro-
monomers via selective solvent isolation.”" This methodology
was subsequently extended to unsaturated polynorbornene
oligomers with telechelic hydroxyl groups, where linear and
branched A,-type polynorbornene macromonomers underwent
dehydrogenative coupling to form TPEs that could be
depolymerized at 120 °C using Ru-MACHO catalyst (Table
1, entry 15).° Further advancing this platform, the Miyake
group later developed plant oil-derived TPEs from linear and
sulfur-hexyl-branched 1,18-octadecanediols (both A, type)
using cost-effective manganese catalysts, where the linear Cq
diol formed high-T,, crystalline domains, while the branched
analog created amorphous soft domains.””~" This elastomer
shows low crystallinity (7.6%) and a T, of 41 °C, endowing it
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Figure 5. Comparative performance metrics: conventional vs chemically recyclable TPEs in tensile strength-elongation space. (a) Plotted by

backbone chemistry. (b) Plotted by recycling strategy.

with good mechanical properties (6, = 17 MPa, ¢, = 1610%,
Table 1, entry 16). These materials could be depolymerized
back to monomers through hydrogenation at 140 °C for 48 h
and were separable with a monomer recovery of up to >90%,
with linear 1,18-octadecanediols recrystallized and filtered
from the solution, and branched 1,18-octadecanediols remain
in the filtrate for further purification.>

Similar to A, + A, systems in polycondensation, AB
heterotelechelic building blocks likewise circumvent the
requirement for precise stoichiometric control, thereby
enabling the modular Lego-like assembly of tailored polyolefin
TPEs. The Gao and Tang group synthesized a series of well-
defined AB-type heterotelechelic polyethylene-like macro-
monomers via coordination copolymerization of ethylene and
a-octene.”” These macromonomers exhibit tunable crystal-
linity through systematic variation of the a-octene incorpo-
ration ratio. Subsequent homopolycondensation of these
building blocks using a conventional Ti(OBu), catalyst at
190 °C under high vacuum for 24 h yields robust multiblock
TPEs, with optimal mechanical properties (e.g, o, = 17.83
MPa, &, = 2333%, Table 1, entry 17) achieved at a-octene
incorporation ratios between 8.9—14.8%. Alternatively, these
macromonomers can be employed in the random copoly-
merization of soft-block macromonomers (high a-octene
content) with hard-block macromonomers (low a-octene
content) to produce multiblock copolymer TPEs. The
resulting homopolymers undergo efficient closed-loop chem-
ical recycling via methanolysis-mediated transesterification at
150 °C for 24 h, with the macromonomers readily recovered
through simple filtration. For copolymer systems, selective n-
hexane extraction followed by filtration achieves an impressive
96% isolation yield of the constituent telechelic building
blocks. Notably, after two consecutive depolymerization cycles,
the regenerated TPEs retain thermal properties comparable to
those of the first-generation materials, demonstrating the
robustness of this approach.

3.3.2. Homopolymer-Based Polyolefins. Beyond poly-
condensation approaches, ROMP offers an alternative route to
synthesize polyolefins, where the residual backbone unsatura-
tion enables catalyst-mediated depolymerization.”*~®’ The Sha
group designed a fully biomass-derived, strainless macrocyclic
olefin (26-membered ring) from starch and castor oil
precursors.”’ This judiciously engineered monomer undergoes

ROMP to yield unsaturated polyolefins (M, = 40—800 kDa)
with controlled crystallinity, forming a unique homopolymer
TPE system containing self-assembled crystalline “hard”
domains and amorphous “soft” regions. Through optimization
of chain entanglement and crystallinity, exceptional mechanical
properties (6, = 31.5 MPa, g, = 1495%, Table 1, entry 18)
were achieved. The material exhibits efficient depolymerization
via ruthenium-carbene-catalyzed ring-closing metathesis, lever-
aging the ring—chain equilibrium to recover pristine
monomers or macrocyclic mixtures for direct repolymerization,
all while maintaining original thermomechanical properties.
This elegant single-component system eliminates the need for
complex comonomer separation processes.71 This strategy
leverages the integration of multicomponent functional motifs
into a single monomer with a built-in sequence.”””’* Although
the initial monomer synthesis may be intricate, it significantly
simplifies the subsequent polymerization and depolymerization
processes. Notably, this advantage becomes increasingly
pronounced with repeated recycling iterations, effectively
embodying a “one-time effort, long-term benefit” principle.
3.3.3. Alternating Polyolefins. Despite variability in cycle
size, the key design consideration for depolymerization of
cycloolefin is ensuring the low ring strain of the monomer. For
instance, cyclohexene, a strain-free small ring, demonstrates a
strong thermodynamic depolymerization driving force. The Xia
group developed semicrystalline polycyclohexene TPEs via
radical alternating copolymerization of butadiene/methacry-
late, which completely depolymerizes at ambient temperature
with Grubbs’ catalyst (Table 1, entry 19).”” However, unlike
the biomass-derived system, the inability to repolymerize the
cyclohexene monomer back to the original TPE underscores
the critical role of finely balanced polymerization-depolymeri-
zation thermodynamics in achieving truly closed-loop recycla-

bility.

With the increasing depletion of fossil resources and the
environmental challenges posed by end-of-life polymer
materials, there is an urgent need to develop novel synthesis-
depolymerization methodologies to achieve closed-loop
polymer recycling. This paradigm shift not only addresses
the ecological impacts of waste incineration and environmental
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leakage but also reduces fossil resource consumption in
polymer production and mitigates carbon emissions through-
out the material lifecycle. Such sustainable strategies are also
crucial for resolving the sustainability dilemma of conventional
TPEs, thereby reducing the carbon footprint. Here, we have
offered mechanistic considerations for the design, synthesis,
and depolymerization strategy of TPE libraries to enhance
structure—property understanding and accelerate circular TPE
design. Chemically recyclable TPEs primarily include polyur-
ethanes, copolyesters, and polyolefins. Their chemical recycling
pathways can be categorized into two distinct mechanisms:
depolymerization into macromolecular monomers and small-
molecule monomers. TPEs synthesized via step-growth
polymerization typically undergo depolymerization through
hydrolysis or alcoholysis to recover macromolecular building
blocks. In contrast, TPEs produced through chain-growth
polymerization generally exhibit thermal depolymerization at
temperatures above their T, yielding small-molecule mono-
mers. Table S1 summarizes the structural characteristics,
material properties, and depolymerization performance of
representative chemically recyclable polymers reported in the
recent literature. The depolymerization conditions (temper-
ature, duration, and catalyst types) in Table S1 provide
valuable insights for potential industrial implementation of
energy requirements for chemical recycling. Owing to
significant advances in chemically recyclable TPEs, many
sustainable TPEs now exhibit mechanical properties that are
comparable to—or even surpass—those of conventional TPEs
(Figure 5).”° While the development of chemically recyclable
TPEs holds great promise for environmental sustainability,
several key challenges remain to be addressed in both research
and industrial applications.

From a design perspective, researchers often synthesize diverse
plastics and elastomers following the development of new
depolymerization methods. However, insufficient optimization
of the copolymer composition frequently results in TPEs with
subpar performance, failing to meet commercial standards.
Future studies should prioritize refining monomer ratios within
depolymerization-compatible polymer systems to enhance the
TPE properties. Structurally, TPEs encompass a wide range of
frameworks including polystyrene, polymethacrylate, polyole-
fin, polyurethane, polyester, and polycarbonate. While
numerous depolymerizable homopolymers have been devel-
oped, their integration into TPE chemical recycling remains
limited, with polyesters being the most extensively studied. For
example, despite established depolymerization routes for
polymethacrylate,”’ =" no chemically recyclable polymethacry-
late-based TPEs have been reported to date. Expanding the use
of homopolymer depolymerization techniques to design TPEs
with tailored compositions could unlock new performance
optimizations. Currently reported chemically recyclable TPEs
predominantly feature linear architectures. However, nonlinear
variants including branched and star-shaped polymers could
provide enhanced or unique material properties while retaining
recyclability. These architectures represent highly promising
targets for future research on chemically recyclable TPEs.

The growing emphasis on sustainability has expanded research
frontiers beyond depolymerization methods, creating sub-
stantial opportunities for biobased TPE development.®
Derived from renewable resources such as plant oils and

biomass, biobased TPEs already captured nearly 10% of the
global TPE market in 2022—a share projected to grow
substantially.* This commercial success reflects their viability in
meeting stringent regulatory demands and consumer prefer-
ences, particularly in automotive interiors and biodegradable
packaging applications. While conventional methods (e.g,
precipitation and filtration) can effectively recover macro-
molecular monomers, concerns persist regarding their environ-
mental persistence and potential microplastic formation.®!
Biobased diols emerge as a strategic solution for developing
closed-loop polymer systems, offering two key advantages: (1)
enabling chemical recycling for circular reprocessing and (2)
providing inherent biodegradability as an environmental
safeguard against plastic accumulation. This dual-functionality
approach uniquely addresses both technical and ecological
challenges in establishing a sustainable plastic economy.’” The
reusability of catalysts during polymer synthesis and
depolymerization should also be considered to improve
catalyst sustainability.

From the perspective of the performance of chemically
recyclable TPEs, current research primarily focuses on
strength, elongation, and resilience. However, in practical
applications, thermal resistance is also a crucial parameter.
Although some reported chemically recyclable TPEs exhibit
excellent mechanical properties, their limited thermal resist-
ance restricts their application scenarios. To achieve practical
utility, TPEs must possess hard segments with T, or T,
substantially exceeding ambient conditions. When these
thermal transitions surpass 150 °C, the materials exhibit
promising characteristics for heat-resistant applications.*”
Therefore, future research on chemically recyclable TPEs
should systematically provide comprehensive thermal property
parameters, including T, T, and Ty to assess the material’s
thermal resistance and phase separation behavior. In some
cases, the T, of hard segments—particularly in polyurethane
TPEs—cannot be reliably detected by differential scanning
calorimetry (DSC). Therefore, complementary dynamic
mechanical analysis (DMA) measurements are recommended
for future studies to ensure the accurate characterization of
thermal transitions. Furthermore, a systematic evaluation of
thermal processability and environmental factors (e.g.,
moisture and humidity) is essential for the successful industrial
implementation of chemically recyclable TPEs. The TPE
industry urgently needs to establish standardized protocols and
evaluation criteria for assessing both chemical recyclability and
long-term performance retention under service conditions.

From a depolymerization perspective, TPEs present unique
challenges and opportunities compared to homopolymers due
to their multicomponent architecture. The process can yield
two or more distinct monomers through either (1) non-
selective single-pot depolymerization using one catalyst or (2)
sequential depolymerization employing a single catalyst with
controlled conditions or multiple catalysts in staged reactions.
Key considerations in process design include (1) potential
interference between monomers/catalysts in single-pot systems
that may compromise efficiency and (2) separation strategies
that can be implemented either concurrently with depolyme-
rization or as discrete steps. The inherent structural complexity
of TPEs enables multiple thermodynamically favorable
depolymerization pathways. Future investigations should
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systematically evaluate these pathways through technoeco-
nomic analysis and life cycle assessment to identify optimal
pathways that minimize both energy consumption and
processing costs while maintaining high monomer recovery
yields. The development of tailored catalytic systems remains
crucial for establishing sustainable circular economies for
TPEs.

From the perspective of repolymerization using recovered
monomers, the one-pot depolymerization and direct repoly-
merization of TPEs using recovered mixed monomers offers an
energy-efficient recycling approach, yet faces a fundamental
stoichiometric challenge: even with high monomer recovery
rates (>90%), slight variations in individual monomer recovery
(e.g, 97% vs 92%) disrupt the original copolymer stoichiom-
etry, leading to performance degradation in subsequent
generations due to imbalanced comonomer ratios—an effect
amplified over multiple cycles. Current studies rarely exceed
two generations, highlighting the need for precise monomer
ratio adjustment before repolymerization. In contrast, homo-
polymer-based recycling avoids such issues.”'

Additionally, for TPEs derived from macromolecular
monomers, purification is often impractical due to structural
similarities, and nonselective cleavage during service can
deactivate monomers, impairing repolymerization efficiency
and material performance in subsequent generations. Unlike
plastics, elastomers may undergo significant main-chain
degradation in use,®3 787 introducing nonselective bond
scissions that reduce end-group fidelity of macromonomers
over multiple cycles.”*® Since these compromised macro-
monomers cannot be removed during recycling, performance
declines accumulate with each iteration—highlighting the need
to evaluate postservice recyclability to identify degradation
mechanisms of TPE materials. We recommend conducting
systematic tests, for instance, subjecting the elastomer to
tensile failure, followed by an evaluation of its depolymeriza-
tion—repolymerization efficiency. This cyclic process should be
repeated for a minimum of 5—10 iterations to establish
statistically significant circularity performance data. Such
assessments should guide the structural optimization in future
TPE designs. In contrast, small-molecule monomer recovery
relies on purification, which impacts the monomer yield but
not the properties of regenerated materials.

Currently, poly(ethylene terephthalate) (PET) constitutes the
predominant plastic species chemically recycled in industrial
settings, accounting for over 60% of the total volume. While
PET dominates the current recycling infrastructure, emerging
materials like TPEs have been still limited to bench-scale
demonstrations, remaining at the proof-of-concept stage
without industrial-scale validation. As with all recyclable
polymers, significant obstacles for recyclable TPEs persist,
including recycling and depolymerization selectivity as well as
trade-offs between recyclability and performance attributes
such as mechanical strength and thermal stability. The inherent
complexity of TPEs, stemming from their multicomponent
nature, further exacerbates these challenges, particularly due to
the high energy demands associated with both polymer
synthesis/depolymerization processes and comonomer recov-
ery/purification systems. Future research should prioritize the
development of simplified, efficient, and low-energy methods
for these processes. Addressing these challenges will necessitate

substantial research encompassing the design of innovative
monomer and polymer architectures and the development of
more environmentally sustainable processes for TPE synthesis
and recycling. When the energy consumption of chemical
recycling processes decreases to a level that is economically
favorable compared to virgin material production, it is
reasonable to anticipate that chemically recyclable TPEs will
increasingly displace conventional TPEs in diverse applications
through sustained technological innovations within defined
industrial timelines.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.5c00033.
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