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ABSTRACT: The vast usage of conventionally nondegradable petrochemical-
based plastics and their improper disposal have posed depletion of energy,
shortage of resources, and some environmental concerns, which impels to
develop new eco-compatible and sustainable alternatives with considerable
performances and economic benefits. Herein, we report a class of novel
degradable and chemically recyclable copolyesters with desired and controlled
properties. These copolyesters with a near-random sequence structure are
rationally designed and controllably synthesized by one-pot bulk ring-opening
polymerization (ROP) of p-dioxanone and δ-hexanolactone (HL) using a
commercial organic catalyst. The effect of the random sequence on the
properties of copolyesters is investigated systematically. It is found that the
introduction of a small amount of HL monomer to make a slight degree of
random in copolyesters can effectively balance their comprehensive performance.
Significantly, a good trade-off of tensile strength and elongation-at-break of the copolyesters, being comparable to general plastics
and those of most widely used degradable plastics, is realized. In addition, the copolyesters posess excellent thermal stability (a
decomposing temperature of approximately 300 °C) and delayed hydrolytic degradability that meets the demands of melt-processing
and practical applications. Moreover, not only is direct thermal depolymerization of the copolyesters to comonomers achieved with a
yield of exceed 95% and purity of up to 99.7% but also the repolymerization of recycled comonomers to prepare the regenerative
copolyesters with nearly identical structures and properties to the initial copolyesters is successfully implemented, solidly
demonstrating the chemically closed-loop recycling of this copolyester for the first time.

■ INTRODUCTION
Plastics derived from finite fossil feedstocks have been widely
used in all aspects of daily lives, such as packaging,
construction, electronics, and vehicle, because of their low
cost, lightweight, good processability, as well as versatile
mechanical properties. However, due to high chemical stability
of most of them (for example, polyolefin and aromatic
polyester), it is predicted that 11 billion metric tons of plastics
after service life will accumulate in the environment and
landfills by 2025,1 and worse still, their degradation would take
hundreds or even thousands of years,2 causing severe
environmental and health concerns.3−5

To address these issues, great efforts have been made
including the development of eco-compatible alternatives
(such as biodegradable polymers) or the mechanical/chemical
recycling of conventionally nondegradable plastics.6−10 How-
ever, most biodegradable polymers with applicable properties,
such as polylactide (PLA) and poly(3-hydroxybutyrate)
(PHB), which are from the polymerization of expensive
monomers, not only decompose to low-value products (e.g.,
carbon dioxide and water, which are difficult to use directly as
chemical raw materials) in artificial environments (such as

compost), resulting in waste of resources, but also do not
undergo efficient degradation in natural environments (such as
seawater), which bring potential environmental risk.11 On the
other hand, mechanical recycling of conventional non-
degradable plastics frequently leads to obtain the non-
degradable recycled products with severely deteriorative
performance and typically results in substantial loss of quality
accompanying with emission of potentially harmful fragments
(so-called microplastics), which is unsustainable and down-
graded approach.12 Therefore, it is highly desirable to develop
an ideal plastic with both degradability and chemical
recyclability that can not only completely degrade when
discarded into various natural environments but also
depolymerize into its constituent monomers for repolymeriza-
tion after collection.13,14 This ideal plastic is both sustainable,
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helping to preserve finite natural resources, and eco-
compatible, addressing end-of-life issues.
It is essential for developing the degradable and chemically

recyclable plastic to design and synthesize polymer. Recently
some degradable and chemically recyclable polymers have
been exploited, such as ring-opening metathesis-based
polymers,15 polycarbonates,16−18 and aliphatic polyesters.19−26

Although these reported polymer systems have presented
significant merits, the development of more advanced
degradable and chemically recyclable plastics with easily
accessible monomers and applicable comprehensive properties
(e.g., thermal stability and mechanical property) that can be
efficiently prepared by controlled polymerization, completely
degraded in natural environments, and facilely depolymerized
to initial monomers with high yield and purity under mild
conditions is still a great challenge.27−29

To meet this challenge, researchers need to analyze the
balance between polymerization and degradation in terms of
the thermodynamic properties of polymers. In the description
of equilibrium thermodynamics by Dainton’s equation, there is
a critical temperature in ring-opening polymerization (ROP) at
which the polymerization is at equilibrium, namely the so-
called ceiling temperature (Tc).

30 Tc can be used to estimate
the reaction tendency of the equilibrium reaction between
ROP and ring-closing depolymerization.31 Polymers with a
high Tc, typically, such as PLA and PCL, are easy to polymerize
but hard to depolymerize. They usually present low
depolymerization selectivity, which is mainly manifested in
the complex products obtained by the depolymerization of
PCL and the existence of oligomers and dimers, whereas PLA
is easy to racemize during the depolymerization.14 Poly(γ-
butyrolactone) (γ-BL) is a typical example of low Tc, its
depolymerization occurs easily under mild conditions, but its
polymerization usually needs to be conducted at harsh
conditions, such as low temperature, high pressure, or
expensive catalysts, which is not conducive to an implementa-
tion of industrialization.32 In comparison, poly(p-dioxanone)
(PPDO) with a moderate Tc is easily synthesized by ROP of p-
dioxanone (PDO) and has satisfactory mechanical properties,

good biodegradability and biocompatibility, as well as high-
efficiency depolymerization to PDO monomer.33,34 Therefore,
the development of PPDO-based aliphatic copolyesters with
tunable performance or diverse functionality not only has the
potential to expand their applications35−40 but it is also of great
significance to solve the problems caused by plastics.
In this work, a biosourced lactone monomer with a

moderate Tc, i.e., methyl substituted pentanolactone (δ-
hexanolactone, HL), was introduced in PPDO to obtain the
PPDO-based copolyesters with a near-random sequence
structure through one-pot bulk ring-opening copolymerization.
In order to better maintain the advantages of PPDO, we
rationally designed and controllably synthesized degradable
and chemically recyclable aliphatic copolyesters with a low-
level degree of random in PPDO segments, as potentially
sustainable and eco-compatible plastics with applicable proper-
ties. The copolyesters exhibit good mechanical properties with
a trade-off of tensile strength and elongation-at-break (a tensile
strength at break of 25 MPa and an elongation-at-break of
246%), which are comparable to the two general plastics
poly(ethylene terephthalate) (PET) and low-density poly-
ethylene (LDPE) as well as two most widely used degradable
plastics PLA and poly(3-hydroxybutyrate) (PHB), as shown in
Table S1.38−40 Significantly, the copolyesters possess an
excellent thermal stability (a decomposing temperature of
approximately 300 °C) that meets the demand of melt-
processing, and under the guidance of our in depth pyrolysis
research, they can almost completely depolymerize into the
corresponding comonomers with a yield of over 96% and a
purity of high to 99.7% in the presence of a commercial
catalyst (stannous octanoate, about 1 wt %) at 180 °C under
vacuum pressure for several hours. Moreover, the recovered
comonomers can be repolymerized directly to produce well-
defined copolyesters with almost the same structures and
properties as initial copolyesters, demonstrating that the
closed-loop recycling of this copolyester was realized for the
first time. In addition, the copolyesters show a controlled
hydrolytic degradability, which will balance between degrad-
ability and durability in the water environment.

Figure 1. (a) Copolymerization of PDO with HL monomer. (b) 1H NMR spectrum (left) and 13C NMR spectrum (right) of copolymer PDHL50%.
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■ RESULTS AND DISCUSSION
Synthesis and Microstructural Analysis. The catalysts

with high catalytic activity for both p-dioxanone (PDO) and δ-
hexanolactone (HL) were screened to synthesize copolymers
of PDO and HL (PDHL) with designated composition and
high atomic economy. Stannous octanoate (Sn(Oct)2) as a
metal-based catalyst is the most frequently used catalyst for
ring-opening polymerization (ROP) of PDO;33 meanwhile,
diphenyl phosphate (DPP) as an organic acid catalyst is
reported in ROP of δ-valerolactone (VL) and its deriva-

tives.23,41 Accordingly, the homopolymerization of PDO and
HL as well as their copolymerization catalyzed by either
Sn(Oct)2 or DPP were investigated, and the results are
summarized in Table S2. As a control, PDO and HL were first
homopolymerized using the Sn(Oct)2/DPP-1,4-butanediol
(BDO) catalyst-initiator system. It can be found that Sn(Oct)2
possesses an extremely high catalytic activity for PDO with
99% conversion (sample PPDO-1) but is not applicable for
catalyzing the ROP of HL (sample PHL-1). When the ratio of
monomer to Sn(Oct)2 was 500:1 without an extra initiator

Table 1. Results of Homopolymerization and Copolymerization of PDO with HLa

sample HL content in feedb (%) conv.HL (%) conv.PDO (%) FHL
c (%) Mw (kg/mol) D [η] (dg/L)

PPDO 0 N. A 93.5 N. A 77.3 1.79 1.10
PDHL4.8% 5 91.5 93.3 4.8 65.8 1.77 1.09
PDHL8.9% 10 90.8 94.6 8.9 56.5 1.76 1.09
PDHL13.1% 15 92.7 94.3 13.1 49.8 1.70 1.01
PDHL17.1% 20 92.3 93.1 17.1 48.5 1.74 1.01
PHL 100 90.9 N. A 100 25.2 1.52 N. A

aDPP as catalyst and Ph(CH2OH)2 as initiator, [M]0:Cat:I = 1000:4:1, reaction at 80 °C for 36 h. bMolar percentage of the HL monomer in feed.
cThe amount of HL incorporation of copolymers measured by 1H NMR.

Table 2. Thermal properties of the different copolymers together with PPDO and PHL homopolymers

sample T5% (°C) Tmax (°C) FHL (%) Tm
a (°C) ΔHm

a (J/g) Tg (°C) Tcryst.
b (°C) χc,PPDOe (%) Tm

f (°C) ΔHm
f (J/g)

PPDO 306 385 0 108.9 81.5 −8.4 69.8c 58 109.1 70.9
PDHL4.8% 265 368 4.8 100.4 63.4 −11.7 49.2d 47 99.9 58.0
PDHL8.9% 253 369 8.9 92.8 51.3 −12.8 58.4c 40 93.2 38.5
PDHL13.1% 273 372 13.1 84.3 51.6 −14.7 N. A 42 85.7 1.5
PDHL17.1% 296 364 17.1 77.0 46.3 −15.5 N. A 40 N. A N. A
PHL 250 344 100 53.9 16.6 −36.7 N. A N. A N. A N. A

aRecorded according to the first heating scans of the DSC curves, the samples melt at 120 °C and annealed to room temperature before DSC tests.
bRepresented the crystallization temperature of the sample. cRecorded according to the cooling scan. dRecorded according to the second heating
scans. eDegree of crystallinity of PPDO, χc,PPDO (%) = 100 × ΔHm/ΔHm

0 × 1/φ, φ is the weight fraction of PDO, ΔHm
0 = 141.2 J/g.45 fRecorded

according to the second heating scans.

Figure 2. Thermal properties and crystallization behavior of the different copolymers and homopolymers: (a) TGA curves, (b) DTG curves, (c)
DSC curves, and (d) XRD curves. (e) Mechanical properties of PPDO homopolymer and the different copolymers.
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added, the conversion of PDO can also reach 97% (sample
PPDO-2). However, in comparison, using DPP as a catalyst
can result in a good polymerization efficiency for both PDO
and HL at room temperature, corresponding to 93 and 92% of
conversion (samples PPDO-4 and PHL-2), respectively, which
obviously indicates that the DPP should be very applicable to
catalyze the copolymerization of PDO and HL.
Indeed, the copolymerization of PDO and HL with DPP/

BDO as catalyst/initiator system at RT can achieve 94 and
92% of the conversion for HL and PDO (sample PDHL-1),
respectively. When increasing the temperature, the conversion
of PDO and HL decreased (samples PDHL-2 and PDHL-3),
whereas using higher boiling point Ph(CH2OH)2 as the
initiator instead of BDO, the conversions of HL and PDO at
80 °C can reach 95 and 94% (sample PDHL-4), respectively,
indicating that using the DPP/Ph(CH2OH)2 as catalytic/
initiator system is feasible for synthesizing the PDHL
copolymers.

Based on the above results, the homopolymers of PPDO and
PHL as well as their copolymers having different compositions
were synthesized by bulk ROP with the DPP/Ph(CH2OH)2
catalytic/initiator system at 80 °C for 36 h (Figure 1a). As
shown in Table 1, the conversions of all samples are above
90%. The amounts of HL unit incorporation (mol %) in
copolymers calculated by 1H NMR spectra are ranged from 4.8
to 17.1% with increasing feed amount of HL monomer from 5
to 20%. Furthermore, when the HL molar feed percentages
were increased to 40 and 50% (Table S3), the corresponding
molar percentage contents of the HL in the copolymers can
reach 36 and 50%, respectively. The 1H NMR spectra of
PPDO and PHL homopolymers together with PDHL
copolymer are shown in Figure S1, which solidly demonstrates
that the copolymerization was realized successfully. The
intrinsic viscosity ([η]) of PPDO homopolymer and all
copolymers is about 1 dg/L. In addition, weight-average
molecular weight (Mw) and polymer dispersity index (D) of

Figure 3. Properties and microstructure changes of the different copolymers and PPDO homopolymers during hydrolytic degradation: (a) mass
retention rate, (b) [η] retention rate, (c) SEM photographs, and (d) water absorption. (e) WCA of the different copolymers and PPDO
homopolymers.
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the as-prepared polymers were investigated by gel permeation
chromatography (GPC), and the relevant GPC curves are
shown in Figure S2. It can be found that all samples have high
molecular weight and their D values are in the range of 1.52−
1.79 (Table 1), which will guarantee their good comprehensive
performance.
In addition, the microstructures of the copolymers were

investigated by 1H and 13C NMR. The chemical attribution of
different hydrogens in copolymers has been confirmed by 1H
NMR spectra, while 13C NMR spectra can provide more
detailed information about their microstructure. Taking
PDHL50% copolymer as an example (its structure information
is shown in Table S4), for its 13C NMR spectrum (Figures 1b
and S3), the signal of the carbonyl carbon of the PDO ring-
opened units at near 170 ppm is split into four peaks attributed
to different triad sequences,42 i.e., the sequences of HL−
PDO*−PDO, PDO−PDO*−PDO, PDO−PDO*−HL, and
HL−PDO*−HL. For the HL ring-opened units, the similar
triad sequences can be revealed by 13C NMR spectra, i.e., the
sequences of HL−HL*−PDO, PDO−HL*−PDO, HL−

Figure 4. (a−c) FTIR spectra of thermal degradation products from TG-FTIR: (a) PPDO, (b) PHL, and (c) PDHL8.9%. (d−f) Mass spectra
analysis of pyrolysis products at 350 °C from Py-GC/MS: (d) PPDO, (e) PHL, and (f) PDHL8.9%. (g) Main thermal degradation route of PDHL
copolymer.

Table 3. Chemical Recovery of the Different Copolymers,
PPDO, and PHL homopolymersa

NMR GC

sample liquid yieldb FPDHL
c (%) Fremonomer

d (%) puritye (%)

PPDO 95 N. A N. A 99.34
PDHL4.8% 97 4.8 4.5 99.71
PDHL8.9% 96 8.9 9.2 99.80
PDHL13.1% 97 13.1 12.8 99.71
PDHL17.1% 96 17.1 16.3 99.74

aThe chemical recovery conditions were as follows: 5 g polymer with
the presence of Sn(Oct)2, constant temperature at 180 °C, and
reduced pressure to 100−300 Pa. bThe results were obtained by
calculating the ratio of the mass of the recovered monomer to the
mass of the copolymer before recovery. cThe molar percentage
content of the HL monomer incorporation in copolyester before
recovery measured by 1H NMR. dThe molar percentage content of
the HL monomer in the recovery liquid measured by 1H NMR. eThe
percentage content of both HL and PDO in the recovered liquid
product measured by gas chromatography.
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HL*−HL, and PDO−HL*−HL. The proportions of sequence
structures of copolymers with different HL contents were
calculated by 13C NMR spectra. As is well-known, if the
probability of an A*−B diad resonance being observed ( fA*−B)
is equivalent to the product of the multiplication of the mole
fractions of monomer A and B ( fA*−B, theor. = FA × FB), the
copolymers are deemed as a near-random architecture.43 By
comparing the measured values with the theoretical values
calculated from an ideally near-random composition in
brackets (Table S5), it is confirmed that the sequence
structures of all copolymers are near-random distribution.
The near-random structure of the copolymer is related to the
trans-esterification at the later stage of the long-term
polymerization, which is consistent with the D value obtained
by GPC as reported in the prior work.44

Thermal Properties, Crystallization Behavior, and
Mechanical Properties. The thermal properties of the
different copolymers together with PPDO and PHL homo-
polymers were investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) as
summarized in Table 2. The TGA curves and DTG curves
of the different copolymers together with PPDO and PHL
homopolymers are shown in Figure 2a,b. The results show that
the initial decomposing temperature (i.e., a temperature
corresponding to 5% weight loss, denoted as T5%) and
maximum decomposing temperature (Tmax) of all copolymers
are between the values of PPDO and PHL homopolymers. In
spite of this, the thermal stability of the copolymers is enough
to meet both melt-process and usage.

For all samples, the first heating scans of DSC show the
presence of the melting peaks (Figure 2c), indicating their
semicrystalline property. The relative melting temperature
(Tm) of copolymers between the Tm values of PPDO and PHL
decreased from 100.4 to 77.0 °C with increasing the HL
content from 4.8 to 17.1 mol %, which is a consequence of the
increased disorder along the polymer chains.43 According to
melting enthalpy (ΔHm) obtained from the first heating scans,
the degree of crystallinity (χc) was calculated and varied in the
range of 40−58% depending on the composition. Compared
with PPDO homopolymer (58% of χc), the decrease of χc for
PDHL copolymers is due to the presence of HL units, which
hampers the close and order packing of crystalline PPDO
chains. However, except for PPDO homopolymer, all PDHL
copolymers and PHL homopolymers cannot observe a
crystalline peak during the first cooling scans of DSC, further
proving the inhibited crystallization of PPDO after HL units
are incorporated. Interestingly, for PDHL4.8% and PDHL8.9%,
the cold crystallization peaks and the corresponding melting
peaks can be found clearly in the second heating scans of DSC,
and the related Tm presents a similarly decreased tendency
with increasing the incorporation of HL, while there is almost
no cold crystallization and melting for both PHL homopol-
ymer and other copolymers (Figure S4). Furthermore, when
the heating and cooling rate of PDHL13.1% and PDHL17.1% is
slowed down (Figure S5), although there is still no
crystallization at a cooling scan, the cold crystallization peaks
and corresponding melting peaks can be found in DSC curves
of the second heating scans, which indicates that the
crystallinity of PDHL13.1% and PDHL17.1% copolymers can be

Figure 5. 1H NMR overlays of (a) different copolymers and (b) recovered monomers of the relative copolymers.

Table 4. Comparison of Structure and Properties between PDHL8.9% and RePDHL9.2%

sample FHL (%) Mw (kg/mol) D Tm (°C) ΔHm (J/g) Tg (°C)
PDHL8.9% 8.9 56.5 1.75 92.8 51.3 −14.6
RePDHL9.2% 9.2 53.3 1.65 92.9 58.5 −12.8
sample T5% (°C) Tmax (°C) elastic modulus (MPa) yield strength (MPa) elongation-at-break (%)

PDHL8.9% 253 369 439.9 ± 11.1 24.7 ± 0.5 240.7 ± 11.5
RePDHL9.2% 244 386 428.0 ± 2.7 25.0 ± 0.7 227.5 ± 6.4
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recovered if there is enough time. Overall, although the
crystallization ability of PDHL copolymers is weaker than that
of PPDO, their crystallization can also be completed in enough
time and can be controlled by changing the content of HL in
the copolymer. In addition, the glass transition temperature
(Tg) of copolymer samples with the incorporation of HL units
decreases gradually from −8.4 to −15.5 °C, indicating the
enhanced chain mobility resulted from the HL units. When the
HL content was further increased, a significant decrease in the
crystallinity of the copolymer occurred (Figure S6). It can be
found from Figure S7 that PDHL36% is a viscoelastic paste,
while PDHL50% is completely liquid, which does not meet the
practical application requirements.

The annealed samples of the different copolymers and
homopolymers were characterized by X-ray diffraction analysis
(XRD). As shown in Figure 2d, PPDO homopolymer and all
copolymers exhibit the same three characteristic semicrystal-
line diffraction peaks at 2θ of 21.8, 23.6, and 28.9°, while the
three diffraction peaks of PHL homopolymer are at 2θ of 17.9,
19.8, and 20.9°. Except PHL homopolymer, the crystallinity
(Dc) of other samples calculated by XRD is in the range of 39
to 49%, and the trend of its change for the different
copolymers is consistent with the result of DSC, that is the
crystallinity decreases with the increase of HL content in
copolymers.
The mechanical properties of the PDHL copolymers and

PPDO homopolymer were tested by an Instron Universal

Figure 6. Comparison of PDHL8.9% copolymer and RePDHL9.2% copolymer: (a) structure measured by 1H NMR, (b) GPC curves, (c) TGA
curves, (d) first heating scans of DSC curves, (e) second heating scans of DSC curves, and (f) stress−strain curves.
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Testing machine. The samples having a thickness of
approximately 0.5 mm were prepared by melt-pressed process.
The testing results are shown in Figure 2e and summarized in
Table S6. The stress−strain curves of all samples present a
typical feature of thermoplastic materials (Figure S8). It is
worth noting that there is ascent first and then descent in some
stress−strain curves during elongation of 50−100%, and
subsequently, their fluctuation can be seen until fracture.
The main reason for the rising and immediate falling of the
stress−strain curves could be the stress-induced oriented
crystallization that occurs during the unidirectional stretching
of the samples and the phenomenon of stress hardening. With
regard to the fluctuation, it should be mainly contributed to
the yielding and necking in different parts of the sample after
stretching to a certain length. Specifically, after elastic
deformation, the samples underwent large elongation with
small increases in stress, even for the copolymer PDHL17.1%
with the highest content of HL. In comparison with PPDO
homopolymer, elastic modulus and strength of the copolymers
are lower and decrease steadily with the increase of HL content
due to the worse crystallinity of the copolymers. However,
elongation-at-break of copolymers in the range of 80−250%
first increases and then decreases with increasing HL content.
The increase of the elongation-at-break for PDHL4.8% and
PDHL8.9% could be attributed to the weakened crystallinity and
the increased chain flexibility when incorporating a small
amount of HL. Further elevating the amount of HL
incorporation to 13.1 and 17.1% results in the decrease of
the elongation-at-break, which should be attributed to the
random sequence of polymers affecting the crystallization
properties. It can be seen from the DSC first heating curves
that the melting point of the copolymer decreases and the
melting peak broadens, indicating that the copolymer is not
well crystallized and there are crystallization defects, which
make the PDHL elongation-at-break change significantly under
the combined effect of molecular weight decrease. Overall, the
mechanical properties of the copolymers can be controlled
effectively to meet the practical application requirements.

Hydrolytic Degradation. The hydrolytic degradation
behavior in pure water at 25 °C of the different copolymers
and PPDO homopolymers was studied by monitoring the mass
retention rate, intrinsic viscosity ([η]) retention rate, micro-
structure, and chemical structure of the samples during
degradation. As shown in Figure 3a, the mass retention rates
of all samples nearly had no significant difference during 0−6
weeks but reduced obviously in the following 8−12 weeks. In
comparison, the decrease of the mass retention rate is fastest
for PPDO homopolymers, while it is slowed down for PDHL
copolymers, especially the sample with the high content of HL,
signifying that the hydrolytic degradation of PPDO is
improved by incorporating the HL units. As regards the [η]
retention rate, it can be found from Figure 3b that not only all
samples present a rapidly decreased trend with degradation
time but also there is a slower loss of [η] for copolymers
agreeing with the result of mass retention rate.
Furthermore, the slow weight loss and the fast [η] drop

disclose that the hydrolytic degradation of PDHL copolymer is
a random break of ester bonds recognized as a typical
mechanism.46 The surface microstructure of the samples was
observed by scanning electron microscope (SEM). As shown
in Figure 3c, surface micro-cracks can be observed and increase
with degradation time, presumably being induced by the stress
from "further crystallization’’ and "lamella cleavage”. Beyond

that, after 12 weeks, the surface of all samples became rougher,
indicating that an obvious erosion was underwent. Notably, the
increase of the HL content can lead to the retarded
microstructural changes, corresponding to the decelerated
hydrolytic degradation of copolymers.
The changes in water absorption of PDHL copolymers and

PPDO homopolymers during hydrolytic degradation are
shown in Figure 3d. For all samples, water absorption increases
gradually to no more than 4% with degradation time, which
reveals a limited diffusion of water inside the samples matrix. In
addition, PPDO homopolymer has the highest water
absorption, and water absorption decreases observably with
increasing amount of HL incorporation. This phenomenon can
be ascribed to the differences of hydrophilicity between
homopolymer and copolymers. According to the tests of water
contact angle (WCA) as shown in Figure 3e, PPDO has the
lowest WCA of 63.1° corresponding to the highest hydro-
philicity, and WCAs of copolymers elevate from 68.1 to 86.6°
with the increase of HL content from 4.8 to 17.1%, indicating
the weakened hydrophilicity of copolymers, which contributes
to their retarded hydrolytic degradation.

Chemically Recycling to Monomer and Repolymeri-
zation. In order to study the chemical recyclability of the
PDHL copolymer, the thermal degradation products of the
samples were characterized by thermogravimetry-Fourier
transform infrared spectroscopy (TG-FTIR) and pyrolysis-
gas chromatograph/mass spectrometry (Py-GC/MS) as shown
in Figure 4. In general, cis-elimination reaction and trans-
esterification reaction are the two main pyrolysis mechanisms
of aliphatic polyester: cis-elimination to produce enoic acid
and noncyclic oligomer; trans-esterification to produce cyclic
oligomer and monomer.47 For PPDO homopolymer and
PDHL8.9% copolymer, FTIR spectra of their evolved gases
obtained from the TG-FTIR exhibit some signals at 2980,
2868, 1789, 1272, 1210, and 1126 cm−1, in connection with
lactone monomers and nonlinear oligomers (Figure 4a,c). For
the PHL homopolymer, a new signal in FTIR spectra of the
evolved gases emerges at 3574 cm−1, probably indicating the
formation of enoic acid (Figure 4b).
Moreover, the chemical structure and composition of

pyrolysis-evolved gases of homopolymers and copolymers
were confirmed by Py-GC/MS. The main GC fraction of the
pyrolysis products of PPDO is PDO monomer with 98% of
proportion (Figure 4d), while aside from HL monomer as the
main GC fraction (∼61.2%), the hexenoic acid, HL dimer, and
trimer with amount of about 38% can be found in the pyrolysis
products of PHL (Figure 4e). Significantly, the main GC
fractions of the pyrolysis products of the PDHL8.9% are PDO
and HL monomers (Figure S9), and no obvious peak of the
hexenoic acid emerges, being consistent with the result of TG-
FTIR (Figure 4f). In addition, there are no obvious peaks of
HL dimer and trimer in the PDHL copolymer, which is related
to the near-random structure of the copolymer. PDHL
copolymer is much less likely to have sequences of HL−
HL−HL units along the backbone just because of the low mol
% HL (4.8−17.1%) relative to the PHL homopolymer. The
main thermal degradation route of PDHL copolymer is
illustrated in Figure 4g. Overall, the pyrolysis depolymerization
of PDHL copolymer can high efficiency and selectively obtain
both PDO and HL monomers.
In our previous work, we found that depolymerizing PPDO

to PDO was more high-efficiency when adding trace Sn(Oct)2
as a catalyst.48 Thus, the experiments of chemically recycling to
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monomers for PPDO and various PDHL were carried out
under reduced pressure at 180 °C in the presence of trace
Sn(Oct)2. As shown in Table 3 and Figure 5, the yields of the
distilled liquid of all samples are in the range of 95−97%, and
the composition of the recovered monomers in the distilled
liquid is basically consistent with that of the relative copolymer
calculated by 1H NMR. Significantly, gas chromatography
shows that the purities of the recovered monomers for all
samples reach up to over 99.7%.
In order to verify the closed-loop recycling, the ROP of the

recycled monomers was implemented under the same
conditions. The amount of the HL incorporation in the
repolymerized copolymer, named as RePDHL9.2%, is 9.2%. As
shown in Table 4 and Figure 6, the chemical structure and
physical performance of PDHL8.9% and RePDHL9.2%, including
thermal stability, thermal properties and tensile properties, are
compared. Both the structure and performance of repoly-
merized copolymer are almost the same as the initial
copolymer. All in all, the closed-loop recycling of PDHL
copolymer, i.e., polymerization−depolymerization−repolyme-
rization, is well-realized.

■ CONCLUSIONS
In this work, the novel PDHL random copolymers with
controlled composition were synthesized successfully by ROP
of PDO and HL monomers using DPP as a catalyst. By
changing the HL incorporation in copolymers with a mild
degree of random in PPDO segments to retain the PPDO
advantages, not only can thermal stability, crystallinity, and
mechanical properties of PDHL copolymers be adjusted, but
also the comprehensive performance has a trade-off that meets
the requirements of the practical applications. In addition,
when compared with pure PPDO, the introduction of the PHL
segment in this PPDO-based copolymer endows with
decelerated hydrolysis degradability. By TG-FTIR and Py-
GC/MS, the pyrolysis of both copolymer and homopolymers
was investigated, and corresponding monomers were found as
main pyrolysis products. Accordingly, chemically recycling
PDHL copolymers to PDO and HL monomers can be well-
performed with high yield and purity. Significantly, as a first
sample of a proof-of-concept, the closed-loop recycling of
copolymer was realized by repolymerizing two recycled
monomers to the PDHL copolymer, having nearly identical
structures and properties with the initial copolymer.
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