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ABSTRACT: The sustainable production of chemically recyclable
polymers presents a significant opportunity to polymer scientists to
tackle the growing environmental and energy problems of current
petroleum-based plastics. Despite recent advances, however, there are
still pressing needs for an expanded horizon of chemically recyclable
polymers. Herein, we introduce a new paradigm of biosourced
polythioesters (PTEs) with high polymerizability and complete
recyclability under mild and economical conditions. The thiolactone
monomers with a high ring strain can be easily prepared in a two-step
process from 4-hydroxyproline. Controlled ring-opening polymer-
izations (ROP) using inexpensive and weak bases afford PTEs with
high molar masses (Mn) up to 259 kg mol−1 and narrow dispersities generally below 1.15. The properties of PTEs can be readily
adjusted by copolymerization and/or pre/post-functionalization on the side chains. Selective and complete depolymerizations
of the PTEs in dilute solution at ambient to modest temperatures recycle clean monomers. Density functional theory (DFT)
calculation of model reactions provides mechanistic insights and highlights the importance of judicious molecular design. Taken
together, the unique ROP/depolymerization chemistry of such PTEs may offer a sustainable solution for creating and
manufacturing high-value materials such as optical/photochemical plastics, self-immolative polymers, and degradable
biomaterials under situations where recycle and reuse are indispensable.

■ INTRODUCTION
Polymeric materials play central roles in, and have
fundamentally reshaped virtually every aspect of, modern
living. However, the evergrowing production, coupled with the
extremely poor degradability, of the finite petroleum-based
synthetic polymers has raised overarching environmental and
economic challenges.1−5 Over the years, the design of
sustainable/green polymers has drawn growing attention,6−9

which ideally includes but is not limited to the use of
renewable feedstock/monomers, synthesis under environment
friendly conditions and at low cost, material durability at use,
and high recyclability on demand.10,11 However, complete
meeting of all of these criteria has not always been possible in a
single polymer.
Many types of polymer including polyester, polycarbonate,

polyurethane, polyesteramide, and polyamide have been
developed recently on the basis of renewable monomers
including furans, vegetable oils, carbon dioxide, and, most
often, polysaccharides.12−19 Among these polymers, polyesters
are perhaps the most rigorously explored as recyclable
plastics.20−23 However, high energy inputs such as strong/
expensive catalysts and extreme conditions are often required
in the monomer−polymer−monomer processing cycle, leading
to unsatisfactory depolymerization selectivity.11,24 One elegant

breakthrough in the field recently is the ring-opening
polymerization (ROP) of γ-butyrolactone (GBL), a biomass-
based and previously considered “non-polymerizable” mono-
mer.25,26 Importantly, the resultant poly(γ-butyrolactone)
(PGBL) can be quantitatively recycled to its monomer via
thermolysis or chemical approaches, successfully establishing
the circular “monomer−polymer−monomer” cycle. Never-
theless, the ROP requests energy-intensive conditions (e.g.,
−40 °C), and the resulting PGBL is difficult to process. To
increase the polymerizability of GBL, fused bicyclic monomers
have been carefully designed to afford polyesters with high
molar mass (Mn) at ambient temperature.8,22

It is well-known that the introduction of sulfur atoms can
lead to drastic changes in optical and thermal properties
different from those of regular hydrocarbon-based poly-
mers.27−33 Therefore, we focus on introducing polythioesters
(PTEs), that is, polyester analogues with thioesters in the
backbone, as a new paradigm of sustainable polymers.
Previously, thioesters have been used in dynamic covalent
networks and responsive biomaterials by taking advantage of
the intrinsically labile thioester bond.34−37 We hypothesize that
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PTEs are easier to polymerize and recycle due to the higher
susceptibility to nucleophiles and hydrolysis as compared to
their polyester analogues. Surprisingly, although thiolactones
are often used in polymer synthesis and thioester-containing
functional polymers are not rare,34,35,38−40 PTEs are largely
underdeveloped with only a few works published since the
1960s.41−44 Notable examples of ROP monomers for PTE
synthesis include ε-thiocaprolactone (tCL) and cysteine-
derived β-thiolactone (Scheme 1A).43,44 However, those
previous attempts can only afford PTEs with broad dispersities
(Đ) in the range of 1.4−2.4 and unsatisfactory Mn’s typically
less than 30 kg mol−1. We reason that the uncontrolled ROP is
likely a consequence of the rapid intra- and interchain
transthioesterification.37 One approach to achieve controlled
ROP is through judicious molecular design of the monomer
and polymer structures. For instance, Bowman and co-workers
reported the ROP of fused-ring thiolactone monomers
(Scheme 1A) for the production of DNA-mimicking PTEs,
which showed dynamic and responsive properties, depolyme-
rization capability, and relatively narrow Đ in the range of 1.2−
1.3 for the first time.45 However, the monomer requires
sophisticated multiple-step synthesis, and the highest Mn of the
PTEs reported was 7.6 kg mol−1 with a monomer conversion

of 27%. Lu and Ren very recently developed the copoly-
merization of cyclic thioanhydrides and episulfides (Scheme
1A) for the production of PTEs with modest-to-good control
over the Mn and Đ (∼1.23−1.72).46 In the review process of
this Article, an interesting paper by Gutekunst et al. reported
the synthesis of PTEs through a radical approach.47 Despite
these advances, there are still pressing needs for more examples
of controlled ROPs and recyclable PTEs.

■ RESULTS AND DISCUSSION
To generate recyclable PTEs in a fully controlled manner, the
thiolactone monomers must be highly polymerizable (chain
growth), and the transthioesterification reactions are expected
to be prohibited (chain transfer). The seemingly opposite
demands have previously posed significant challenges in
molecular design. Here, we report our endeavors in the ROP
of N-substituted cis-4-thia-L-proline thiolactone (NR-PTL)
(Scheme 1B), the postpolymerization functionalization, and
the complete recycling of the PTEs. We select the NR-PTL
monomers for a number of reasons. NR-PTL can be facilely
prepared on a more than 1000 kg scale from trans-4-hydroxy-L-
proline (4-Hyp), an abundant biosourced feedstock.48−50

Langer et al. examined the use of 4-Hyp for the production

Scheme 1

Table 1. Ring-Opening Polymerization Results of NR-PTLa

entry monomer base [M]0/[I]0/[base]0 time (min) Mn
cal (kg mol−1)b Mn

obt(kg mol−1)c Đd conv.e

1 NBoc-PTL TEA 25/1/1 40 5.2 6.2 1.07 90%
2 NBoc-PTL TEA 50/1/1 90 10.3 10.3 1.03 89%
3 NBoc-PTL TEA 75/1/1 150 15.5 14.8 1.08 90%
4 NBoc-PTL TEA 100/1/1 270 21.5 20.1 1.10 94%
5 NBoc-PTL DBU 50/1/1 <1 10.3 10.9 1.25 88%
6 NCbz-PTL TEA 25/1/1 40 5.9 6.6 1.11 89%
7 NCbz-PTL TEA 50/1/1 90 12.1 14.2 1.09 92%
8 Nene-PTL TEA 50/1/1 90 11.6 11.2 1.11 90%
9 Nene-PTL TEA 100/1/1 270 23.4 24.6 1.08 91%
10 Nene-PTL TEA 150/1/1 480 34.7 38.5 1.13 90%
11 Nene-PTL TEA 1000/1/5 1440 226 259 1.24 90%
12 Nene-PTL DBU 1000/1/1 5 226 226 1.32 88%
13 Nene-PTL/NBoc-PTL TEA 50/50/1/1 90/90 21.9 24.5 1.14 90/90%

aAll polymerizations were initiated with benzyl mercaptan in CDCl3 in a glovebox at 25 °C, [NR-PTL]0 = 2 M. bCalculated molar mass based on
[M]0/[I]0 ratio and conversion. cObtained molar mass, determined by SEC equipped with a multi-angle laser light scattering (MALLS) detector.
dDispersity, determined by SEC. eMonomer conversion, determined by 1H NMR.
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of polyesters via step growth polymerizations in late 1980s.51,52

In the pharmaceutical industry, NBoc-PTL has been widely used
as a precursor of antibiotics, but its ROP has been considered
as a “potentially catastrophic” problem to circumvent rather
than an opportunity to pursue.48 We expect that the bridged
bicyclic structure of NR-PTL can offer excellent reactivity due
to the high ring strain,53 making the ROP at room temperature
possible and in a way similar to the fused bicyclic GBLs.8,22

Moreover, we expect that the undesired transthioesterifiation
can be minimized due to the steric hindrance of the proline−
proline junction in the backbone and the n → π* orbital
interaction between the urethane and thioester carbonyls.
Indeed, previous investigations have shown that similar cis
proline−proline junction thioesters are inert to various
nucleophiles including thiols.54,55 Finally, the R group in the
monomer NR-PTL can be easily tuned, allowing the creation of
PTE libraries with versatile structures and applications.
Scheme 1B shows the synthesis and chemical structure of

three NR-PTL monomers, denoted as NBoc-PTL, NCbz-PTL,
and Nene-PTL, respectively. Briefly, the nitrogen of the
bioderived 4-Hyp was tethered with a R group through a
urethane bond in the first step. Next, the thiolactone
monomers were obtained as white needle crystals (NBoc-PTL
and NCbz-PTL) or a colorless oil (Nene-PTL) by following an
established one-pot protocol.49 The monomers were compre-
hensively characterized with 1H, 13C NMR, mass spectrometry,
and single-crystal X-ray diffraction (Figures S1−S10). Initial
attempts of polymerizing NBoc-PTL in high polarity solvents
(e.g., acetonitrile, DMF, and NMP) either failed completely or
gave uncontrolled polymerizations. Careful analysis of the
polymers revealed the coexistence of both linear and small
cyclic chains with low Mn’s (Figure S11). To our delight, rapid

and controlled polymerizations of NBoc-PTL were realized at
room temperature in less polar solvents such as chloroform
and dichloromethane (DCM) using benzyl mercaptan and
triethylamine (TEA) as the initiator and catalyst/base,
respectively (entries 1−4, Table 1). 1H NMR probing of the
TEA-catalyzed ROP of NBoc-PTL at various temperatures
allowed the calculation of the thermodynamic parameters
(Figure S12). The change in enthalpy (ΔHP°) and entropy
(ΔSP°) of polymerization was −15.6 kJ mol−1 and −40.4 J
mol−1 K−1, respectively, which in turn gave a ceiling
temperature (Tc) of 112 °C at an initial monomer
concentration ([M]0) of 1 M. The high Tc highlighted the
outstanding polymerizability of NBoc-PTL, in sharp contrast to
GBL with a Tc of −136 °C in the same [M]0.

25

Kinetic study of the NBoc-PTL ROP showed a clear first-
order kinetic character relative to the [M], with the reaction
generally reaching more than 88% conversion within hours
(Figure 1A). Increasing the base concentration yielded the
same first-order kinetic feature but a faster polymerization
(Figure 1A). A double logarithm plot of the apparent chain
propagation rate constant (kapp) versus the concentration of
TEA was fit to a straight line with a slope of 0.93 (Figure S13).
A linear correlation of the Mn of poly(N-Boc 4-thia L-proline
thioester) (PNBocPTE, Figures S14 and S15) with the
monomer conversion was observed in Figure 1B, indicating a
controlled chain growth polymerization. Next, we studied the
NBoc-PTL ROP at varied feeding monomer/initiator ([M]0/
[I]0) ratios, quenched the polymerization at ∼90% conversion,
and analyzed the resulting PNBocPTE by size exclusion
chromatography (SEC). The obtained Mn of PNBocPTE
matched the theoretical values up to 20.6 kg mol−1 calculated
from the [M]0/[I]0 ratios (entries 1−4, Table 1 and Figure

Figure 1. ROP of NBoc-PTL. (A) Kinetic plots of ln([M]0/[M]) versus time with varied TEA equivalents at the [M]0/[I]0 ratio of 50/1. (B) Plots
of Mn and Đ as a function of monomer conversion at the [M]0/[I]0 ratio of 50/1. Inset: Overlay of SEC curves at different monomer conversions.
(C) Plots of Mn and Đ as a function of the [M]0/[I]0 ratio. Inset: Overlay of SEC curves at different [M]0/[I]0 ratios. (D) MALDI-TOF mass
spectrum of P(NBocPTE)10 initiated by benzyl mercaptan and TEA, terminal thiol uncapped.
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1C). All polymers exhibited monomodal peaks and narrow Đ
below 1.10, unprecedented in previous PTEs (entries 1−4,
Table 1 and Figure 1C). Switching the catalyst from TEA to
stronger bases such as 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) gave significantly faster polymerizations. Indeed, the
DBU-catalyzed ROP of NBoc-PTL was so fast that the
monomer reached ∼90% conversion instantaneously (less
than 10 s), making it impossible to accurately monitor the
kinetics. The DBU-mediated ROP afforded PNBocPTE with a
Mn of 12.9 kg mol−1 (expected Mn 10.3 kg mol−1) and a
slightly broader Đ of 1.25 at the feeding [M]0/[I]0/[B]0 ratio
of 50/1/1 (entry 5, Table 1). MALDI-TOF mass spectrometry
of PNBocPTE showed only one set of molecular ion peaks with
the same spacing of 229 Da, corresponding to the Mn of the
repeating unit NBoc-PTL (Figure 1D). Careful analysis of the
peaks revealed that all of the polymers exclusively bear the
(PhCH2S−/−SH) end groups at the termini. The excellent
terminal thiol reactivity and livingness of the polymerization
were evidenced by the highly efficient capping using
iodoacetamide, which gave peaks exclusively corresponding
to PNBocPTE or PNCbzPTE bearing (PhCH2S−/−
CH2CONH2) end groups (Figures S16 and S17). Notably,
the ROPs in large (100−500 mg) and small (20−50 mg)
scales all gave similar results in Mn and Đ.
Next, we explored the monomer scope. Both NCbz-PTL and

Nene-PTL can be effectively polymerized using the aforemen-
tioned methods under similar conditions (entries 6−10, Table
1), affording poly(N-carboxybenzyl 4-thia L-proline thioester)
(PNCbzPTE, Figure S18) and poly(N-(2-(allyloxy)-
ethylcarbamate) 4-thia L-proline thioester) (PNenePTE, Figures
S19 and S20) with well-controlled Mn close to the theoretical
values and narrow Đ (<1.15). Of note, the highest Mn of

PNenePTE we obtained using TEA as the base was 259 kg
mol−1 at a M/I ratio of 1000/1 (entry 11, Table 1). The ROP
of Nene-PTL at the same M/I ratio using DBU as the base gave
a polymer Mn of 226 kg mol−1 within 5 min (entry 12, Table
1). We also tested the copolymerizability of NR-PTL
monomer. Sequential addition of NBoc-PTL and Nene-PTL
afforded a block copolymer as shown by the SEC (entry 13,
Table 1 and Figure 2A) and DOSY NMR characterizations
(Figure 2B). More importantly, the side chain allyl group of
PNenePTE can be modified easily with various thiols under UV
irradiation, yielding libraries of PTE with functionalities
including carboxylic acid, sulfonate, zwitterion, and alkyl
groups (Scheme 1C and Figures S21−S24). Taking the
hexanethiol-modified PNenePTE as an example, the complete
disappearance of the double bond peaks (5.15, 5.33, and 5.89
ppm) in 1H NMR spectrum indicated a more than 95%
grafting efficiency (Figure 2C). The unimodal and narrow
distributed SEC curve of PNenePTE after thiol−ene mod-
ification confirmed the polymer integrity (Figure S25). The
tolerance of the backbone PTEs to radicals and the excellent
copolymerizability were truly remarkable, which greatly
facilitated the generation of chemically diverse PTE-based
polymers.
The thermal properties of PNRPTE were measured by

thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). PNenePTEs (11.0 kg mol−1) with or
without capping of the terminal thiol both showed a 5% weight
loss decomposition temperature (Td) ∼198−199 °C (Figure
S26 and Table S1). The glass transition temperatures (Tg) of
the aforementioned PNenePTEs were measured to be ∼32−37
°C (Figure S27 and Table S1). PNBocPTE (10.0 kg mol−1) and
PNCbzPTE (12.0 kg mol−1) were found to have a Td ≈ 204 and

Figure 2. Block copolymerization and postpolymerization functionalization. (A) Overlay of SEC curves of the precursor polymer PNenePTE50 and
the block copolymer PNenePTE50-b-PN

BocPTE50 (entry 12, Table 1). (B) DOSY NMR spectrum of the block copolymer PNenePTE50-b-
PNBocPTE50. (C)

1H NMR spectra of PNenePTE50 before (top) and after (bottom) the “thiol−ene” modification with hexanethiol in CDCl3.
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196 °C, respectively. The Tg for PN
CbzPTE was 67 °C, whereas

no obvious Tg was detected for PNBocPTE. The lower Tg of
PNenePTEs relative to PNCbzPTEs could be a reason for the
more flexible 2-(allyloxy)ethyl side chain. None of the polymer
showed a melting-transition temperature (Tm) in the DSC
measurement.
To test the recyclability, PNBocPTE bearing a terminal thiol

group was dissolved in CDCl3 at 10 mg/mL with 4.6 equiv of
TEA relative to the number of thiols. All depolymerization
attempts underwent smoothly following a zero-order kinetic
character, with a temperature-dependent rate constant (Figure
3A and Table S2). SEC analysis of the depolymerization
process showed the gradual shift of unimodal peaks to the late
elution time (Figure 3B). When a catalytic amount (0.046
equiv relative to the number of thiols) of a stronger base DBU
was used, a quantitative regeneration of clean monomer was
realized within 2 min at 50 °C as confirmed by 1H NMR
(Figure 3C). Overall, the conditions for recycling the PTE
polymers were significantly milder than those for polyesters
and polycarbonates, which typically required higher temper-
ature and/or stronger catalysts.8 The almost instantaneous
depolymerization (less than 2 min) of our PTEs also indicated
an easier process than most other recyclable polymers.
Interestingly, PNBocPTE showed no degradation without base
up to 5 days heating at 50 °C, regardless of small molecular
thiols (Figure S28). Moreover, PNBocPTE capped with
iodoacetaminde remained stable against thiol and TEA (Figure
S29). Together, these experiments once again highlighted the
robustness of the PTE backbone under normal conditions. The
results also suggested that the depolymerization reaction took
place in a domino fashion without random chain−chain

scission or macrocyclization. Initial attempts on the thermol-
ysis of PNBocPTE at 160 °C under high vacuum (to prevent
oxidation) and with a condenser (for monomer sublimation)
gave a ∼79% recovery of the monomer NBoc-PTL in white
crystal form (Figure S30). Further optimization of the
thermolysis conditions is still undergoing in our laboratory.
To better understand the ROP and depolymerization

processes, we conducted DFT calculations to illustrate the
energy barriers for the chain growth and the potential
interchain transthioesterification steps (Figure 4A and methods
in the Supporting Information). For clarity and simplicity
purposes, N-acetyl was used as the side chain in the model
reactions, and a dimer was used in the chain transfer step. The
exothermic chain growth reaction had a net free energy
decrease of 7.9 kcal mol−1 in DCM (INT1 to INT3). When the
terminal thiol was deprotonated, the energy barrier for the
chain growth was ∼6.8 kcal mol−1 (Figure 4B, INT1 to TS1).
Investigation of the model transthioesterification reaction
(INT1 to 2-INT3) in Figure 4B indicated an energy barrier
∼11.1 kcal mol−1. The 4.3 kcal mol−1 difference in the energy
barrier between the chain propagation and transfer implied a
∼2000-fold rate difference at room temperature. Considering
the greater steric hindrance in the real chain transfer reaction,
the rate difference in chain propagation and transfer could be
even pronounced. Together, the DFT calculation explained the
high polymerizability of NR-PTL, the excellent control in Mn,
and the narrow Đ.
In conclusion, we present here a new paradigm of

sustainable polymers from renewable resources. The synthesis
of the 4-hydroxyproline-derived bicyclic thiolactone monomers
is straightforward and well-established in industry. The

Figure 3. Depolymerization of PNBocPTE50. (A) Kinetic plots of the depolymerization conversion versus time at different temperatures (with 4.6
equiv of TEA relative to thiols). (B) Overlay of the SEC curves at different depolymerization conversions (4.6 equiv of TEA, 20 °C). (C) Overlay
of the 1H NMR spectra of PNBocPTE50 (top), recycled NBoc-PTL after treating the polymer with 0.046 equiv of DBU at 50 °C for 2 min (middle),
and the started monomer NBoc-PTL for comparison (bottom). All experiments were conducted in CDCl3.
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monomers are highly polymerizable, allowing the facile
generation of various PTEs under mild conditions. The
properties of the PTEs can be conveniently fine-tuned with
strategies such as copolymerization and postpolymerization
modification. The resultant functionalized PTEs are charac-
terized by their stability under most base-free conditions, as
well as their ability to undergo highly selective and complete
depolymerization in dilute alkaline solutions. Although further
improvement, such as cost reduction and more efficient
thermolysis, would be necessary for the commercialization of
these PTEs, their unique ROP/depolymerization chemistry
provides a sustainable method for creating and manufacturing
high-value materials such as optical/photochemical plastics,
self-immolative polymers,56−60 and degradable biomaterials
that can be easily recycled or reused.
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