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The development of sulfur-rich polymers derived from elementary sulfur provides an innovative approach
to industrial waste valorization. Despite significant advancements in polymerization techniques and
promising applications beyond traditional polymers, polysulfide networks are still primarily stabilized by
diene crosslinkers, forming robust C-S bonds that hinder the degradation of sulfur-based polymers. In
this study, the anionic ring-opening copolymerization of chemically homologous Sg and cyclic disulfides
was explored to yield robust sulfur-rich copolymers with high molecular weight. The incorporation of
polysulfide segments not only efficiently activated the crosslinked networks for excellent reprocessability
and mechanical adaptability but also endowed the resulting copolymer with high optical transparency in
the near-infrared region. More importantly, the dynamic disulfide crosslinking sites promoted the
chemical closed-loop recyclability of the polysulfide networks via reversible S-S cleavage. This
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Introduction

To explore new sustainable strategies beyond traditional poly-
mers synthesized from limited petrochemical resources,
surplus elementary sulfur (Sg) from petroleum refining has
emerged as a feedstock monomer for the production of inno-
vative sulfur-rich polymers with high value-added applications,
such as infrared optics,® energy storage,”® and heavy metal
adsorption.”** This class of inorganic sulfur-based polymer
chemistry exemplifies an innovative approach to waste valori-
zation and has sparked significant research interest in poly-
merization strategies, material performance, and diverse
applications across multiple fields in the last decade.”*™**

The initial application of Sg in polymer chemistry can be
traced back to the vulcanization of natural rubber, where
a small amount of Sg was added as a crosslinking agent to
enhance the properties of the polymers.'® This example high-
lights the feasibility of ring-opening polymerization (ROP) of Sg,
leading to the formation of polymeric sulfur. However, due to
the low ring strain of Sg, linear polymeric sulfur is thermody-
namically unstable and tends to depolymerize into cyclic Sg
monomers via terminal sulfur radical backbite.’” Instead,
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pathway for the advanced applications and upcycling of high-performance sulfur-rich polymers.

“inverse vulcanization” has been widely used to produce stable
and processable sulfur-based polymers by copolymerizing
abundant amounts of Sg with minor diene crosslinkers
(Fig. 1A).*®

Pyun and co-workers reported a groundbreaking method
using liquid sulfur as a solventless reaction medium at 185 °C
for its direct copolymerization with divinyl monomers, resulting
in crosslinked polymeric materials with high sulfur content.”
The addition of catalysts and accelerators can reduce the
generation of toxic H,S by lowering the reaction temperature to
below 140 °C.**** Furthermore, photoinduced inverse vulcani-
zation at room temperature has expanded the range of cross-
linkers to low-boiling-point alkenes and alkynes.”* Zhang and
co-workers achieved the room-temperature anionic hybrid
copolymerization of Sg with acrylate to produce highly cross-
linked copolymers containing short polysulfide segments.*
Moreover, thermomechanical and chemical S-S metathesis
reactions endow the resulting polysulfide networks with
reprocessability.”*** Recently, Chalker and co-workers have
achieved the electrochemical ROP and thermal depolymeriza-
tion of norbornene-based cyclic trisulfide monomers.*” Besides
inverse vulcanization, several approaches to the conversion of
sulfur to functional polymers, including the multicomponent
polymerization of Sg, diamines, and diisocyanides to yield pol-
ythioureas and polythioamides,**** the polycondensation of Sg
with dihalides and dithiols, and the ionic copolymerization of
Sg with thiiranes and trithioles, have been reported to generate
polysulfides with high sulfur content.*®

Despite these considerable advancements in the up-
conversion of elementary sulfur to polymeric materials,
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(A) Considerable advances in the “inverse vulcanization” strategies using S8 and dienes for innovative polymeric materials. (B) Schematic

representation of the anionic copolymerization route of Sg and cyclic disulfides, yielding sulfur-rich dynamic CANs. The polysulfide backbones
and dynamic disulfide crosslinking sites endow the resulting copolymer with reprocessability and chemical recyclability.

current strategies primarily focus on the formation of stable
crosslinking sites by quenching active sulfur chains (radical or
anionic terminals) with dienes.*** The formation of robust C-S
bonds partially hinders the decrosslinking and depolymeriza-
tion of sulfur-rich networks, which is theoretically possible due
to dynamic S-S exchange and reformation in the polymeric
backbones.*® Inspired by the anionic ROP of chemically
homologous Sg and episulfides,**** cyclic disulfides show great
potential as ideal comonomers considering their similar active
species to those of Sg. Recently, our group reported a novel class
of H-crosslinked thermoplastics produced from the copoly-
merization of Sg and cyclic disulfides. Polysulfide was degraded
into cyclic disulfides and sodium sulfide in a basic solution, but
it was not recycled back to the original monomers.*® Therefore,
new challenges arise in achieving the chemical closed-loop
recycling of sulfur-based polymers without compromising the
polymer stability or material performance.

Covalent adaptive networks (CANs) with exchangeable
dynamic covalent bonds provide an interesting solution to the
challenge of irreversible covalent crosslinking in sulfur-rich
thermosets.*”*® In this work, we explored the efficient copoly-
merization of Sg and cyclic disulfides via disulfide-mediated
ROP, providing sulfur-rich CANs with variable sulfur content
(Fig. 1B). Moreover, the modifiable sidechain of cyclic disulfide,
e.g., 1,2-dithiolane, provides a wide functionalization platform
for improved performance and versatile applications.***
Compared with poly(disulfide) homo-polymeric networks, pol-
ysulfide copolymeric networks demonstrate superior dynamics

© 2024 The Author(s). Published by the Royal Society of Chemistry

while maintaining their mechanical properties, endowing the
resulting material with enhanced machinability due to the
highly dynamic S-S exchange within the polysulfide backbones.
These sulfur-rich copolymers also have high optical trans-
parency in the near-infrared (NIR) region, expanding their
potential applicability as NIR transmissive materials. In addi-
tion, the dynamic disulfide crosslinking sites facilitate revers-
ible S-S exchange and cleavage. Thiolate-triggered
depolymerization drives the reaction equilibrium toward cyclic
monomers, enabling the efficient separation and recovery of Sg
and disulfide monomers. This chemical closed-loop recycla-
bility under mild conditions highlights the promising trend of
circular sulfur chemistry toward atomic economics and the
upcycling pathways for high-performance polysulfide materials
derived from Sg.

Results and discussion
Structural characterization of linear polysulfide copolymers

First, we utilized the similar reactivities of Sg and cyclic disul-
fides in their anionic copolymerization, triggered by alkaline
thiolate through the disulfide-mediated ROP mechanism.** The
methyl ester of thioctic acid (TAM) (Fig. S1t) served as the
model cyclic disulfide comonomer, which was polymerized with
Sg in the presence of 0.01 equiv. of phosphazene base (‘Bu-P,)/
benzyl mercaptan (BnSH) (Fig. 2A). The poly(TAM) homopol-
ymer was synthesized as the control sample. After the addition
of the thiolate initiator, the reaction mixture quickly turned red

Chem. Sci., 2024, 15, 17460-17468 | 17461
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Fig.2 Anionic ROP of linear polysulfides and structural characterization. (A) Schematic representation of thiolate induced polymerization routes
of Sg and a series of cyclic disulfides with variable ring strain and sidechains. (B) *H NMR spectra of poly(TAM-S) copolymers with different feed
molar ratios of TAM and S. (C) *H NMR spectra of the TAM monomer, poly(TAM) and poly(TAM;-S,). (D) Raman spectra of Sg, TAM, poly(TAM) and
poly(TAM;=S,). MALDI-TOF-MS spectra of (E) poly(TAM) and (F) poly(TAM;-S,).

and the inorganic Sg solid gradually dissolved in the poor
solvent chloroform, which indicated the generation of a living
thiolate anion via sulfur ring-opening and subsequent chain
growth. The Sg monomer was fully converted when the TAM/S
molar ratio x/y exceeded 1/2, yielding poly(TAM,-S,) copoly-
mers with a high molecular weight of over 10 kDa (Fig. S2). The
further addition of Sg led to large amounts of insoluble species,
preventing the formation of longer polysulfide backbones with
weak consecutive S-S bonds (Fig. 2B).* The dramatically
reduced molecular weight of the resultant poly(TAM;-S,) (M, =
1237 Da) (Fig. S3T) was attributed to excess active polysulfide
anions acting as initiators in living polymerization.**

17462 | Chem. Sci, 2024, 15, 17460-17468

Spectroscopic characterization was performed to investigate
the copolymerization structures, especially that of poly(TAM;-
S,), which achieved an optimum monomer conversion of both
TAM (~79%) and Sg (~100%) (Fig. S4f). As shown in the 'H
NMR spectra (Fig. 2C), the broadening and shift of the charac-
teristic proton peaks assigned to the disulfide five-membered
ring signified that efficient copolymerization was achieved.
Compared with the poly(TAM) homopolymer with discrete
disulfide bonding, the further downfield shift of the charac-
teristic proton peaks caused by electron-withdrawing poly-
sulfide segments indicated the successful embedding of sulfur
atoms between the ring-opening 1,2-dithiolane, whose intensity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was positively correlated with the sulfur content (Fig. S5T). The
presence of a linear sulfur-rich chain containing polysulfide
blocks was also confirmed by the disappearance of the strong Sg
Raman peaks at 151, 216, and 470 cm ™" and the broadened split
S-S-S vibration band around 405-530 cm ™" (Fig. 2D and S67).*
Moreover, the sulfur atom content was quantitatively analyzed
by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry. Specifically, the MS peaks of poly(TAM)
showed a regular distribution with equal intervals of 220.0 m/z,
which corresponded to the repeated TAM units linked by
discrete disulfide bonds (Fig. 2E). For poly(TAM;-S,), six extra
sulfur units of ca. 32.0 m/z were found, proving that the copo-
lymerized backbones with polysulfide segments contained
a maximum of eight sulfur atoms (Fig. 2F). The polysulfide
segments lengthened as the feed ratio of Sg increased but
shortened in the presence of excess Sg as a polysulfide anion
initiator (Fig. S77), which is in agreement with the low molec-
ular weight of poly(TAM,-S,) (Fig. S37).

Polymerization kinetics experiments were further conducted
to investigate the underlying copolymerization mechanism. As
shown in the time-dependent 'H NMR spectra, the TAM
monomer content gradually decreased and was nearly
consumed after 8 h (conversion >94%) (Fig. S87). The consistent
conversion rates of TAM and Sg indicated similar reactivity, as
the characteristic monomer vibration peaks at 475 cm™ " in the
corresponding Raman spectra disappeared after 8 h (Fig. S97).
Compared with the fast homopolymerization of TAM (<1.5 h),
the relatively longer copolymerization period was ascribed to
the low ring strain of Sg, which limited the rate of chain
propagation.’”

To further expand the disulfide comonomer libraries,
a series of cyclic disulfides with varied ring strains and side
chains including propyl thioctamide (PTA), 1,2-dithiane (DA),
and 1,2-dithiepane (DP) were successfully applied in the anion
copolymerization reaction with Sg (Fig. 2A). The split peaks at
2.7-3.1 ppm in the "H NMR spectra were assigned to methylene
(a) protons bonded to the polysulfide blocks containing
different numbers of sulfur atoms (Fig. S10-S121). Compared
with the five-membered monomer ring, the lower ring strain of
six and seven-membered monomer rings caused the polymeri-
zation equilibrium to shift toward the monomer side, which
may be related to the low molecular weights of the DA- and DP-
based copolymers (2-5 kDa) (Fig. S131).*** In summary, the
universality of anionic copolymerization was confirmed to yield
sulfur-rich copolymers with tunable sulfur content ranging
from 40 to 70 wt% (Table S1t).

Bulk properties of crosslinked polysulfide covalent adaptive
networks (CANs)

Having demonstrated the efficient anionic ROP of Sg and cyclic
disulfide comonomers to yield linear sulfur-rich copolymers, we
further designed an esterified bis(1,2-dithiolane) (DTA)
(Fig. S14%) as a dynamic disulfide crosslinker to obtain Sg-
derived polysulfide crosslinked networks (Fig. 3A). The DTA/Sg
feed molar ratio was set as 2—-4 ([DTA]/[S] = 1/4 to 1/2) to ensure
optimal monomer conversion. After the addition of 0.01 equiv.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of thiolate initiator, the viscosity of the reaction system gradu-
ally increased within 30 min. Overnight curing accompanied by
solvent evaporation resulted in yellow transparent polymer
films. The copolymers were purified by TFA quenching and
solvent immersion for further characterization. According to
the elemental analysis (Fig. 3B), the sulfur content of the puri-
fied copolymers was 37.4 wt% for poly(DTA;-S,) and 40.2 wt%
for poly(DTA;-S,), which was consistent with the theoretical
values of 36.3 wt% for poly(DTA;-S,) and 43.0 wt% for
poly(DTA;-S,). Furthermore, 24 h solubility tests in organic
solvents, including acetone, DMSO, THF, DCM, DMF, CH;CN,
and EtOH, demonstrated stable crosslinked networks without
any evidence of dissolution or swelling (Fig. S15t). X-ray
diffraction (XRD) analysis showed the disappearance of sharp
Sg crystalline peaks after polymerization, indicating the amor-
phous nature of the resulting copolymer without residual
monomers (Fig. S161). In Raman spectra, the deformation S-S-
S vibration band around 400-470 cm™' was ascribed to the
polysulfide backbones, whose intensity increased with
increasing sulfur content. The C-S vibration band around 610-
680 cm ', corresponding to the disulfide comonomer,
confirmed the formation of crosslinked sulfur-rich networks
(Fig. S171). Scanning electron microscopy showed a homoge-
neous surface morphology of the copolymer films without
phase separation or Sg crystalline aggregates, proving the
random copolymerization of Sg and DTA in the amorphous
networks (Fig. S187). Therefore, the decomposition temperature
(Tq) of thermally stable crosslinked poly(DTA;-S,) (Tq = 234 °C)
was higher than that of linear poly(TAM;-S,) (Tq = 205 °C) at the
same monomer feed ratio but was slightly lower than that of
poly(DTA) (T4 = 249 °C) due to the weaker polysulfide back-
bones (Fig. 3C).

The bulk properties of sulfur-rich polymers obtained by
anionic polymerization were further investigated, as they have
been rarely explored despite the mature polymerization mech-
anism.*® The temperature-dependent rheology curves of the
poly(disulfide) homopolymer and polysulfide copolymers
showed broad elastic plateaus from 0 to 120 °C (Fig. S191). This
was consistent with the low glass transition temperature (7Ty)
below room temperature measured by differential scanning
calorimetry (Fig. S201), whose value decreased at higher sulfur
content due to the reduced crosslinking density and the pres-
ence of flexible chain segments. The above observations proved
the thermoset nature of the resulting copolymers with a stable
rubbery state. It is worth noting that the loss modulus increased
with increasing sulfur content at temperatures over 100 °C due
to the motion of active segments and dynamic S-S exchange
within the weak polysulfide backbones (Fig. S19t). The
controllable network rearrangements were also confirmed by
the slow stress relaxation above room temperature (Fig. S217).

To better understand the room-temperature dynamic
behaviors of sulfur-based CANs at different time scales, the
rheological master curves (reference temperature, 20 °C) were
fitted based on the time-temperature superposition.** The
storage modulus of poly(DTA;-S,) remained constant, ranging
from 10* to 10 * rad s %, and was almost identical to that of the
poly(DTA) homopolymer, demonstrating its satisfactory

Chem. Sci., 2024, 15, 17460-17468 | 17463
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mechanical strength and creep resistance over long periods bond exchange, endowing the resulting sulfur-rich CANs with
(Fig. 3D and E). With the increased sulfur rank in the polymeric  synergic mechanical robustness and dynamic reconfigurability.

backbones, polysulfide-mediated dynamic exchange and back-

bone cleavage led to an enhanced loss modulus and a final Reprocessability and mechanical properties of polysulfide
viscous flow state with governed terminal relaxation times, with  CANs

the 7 values of poly(DTA;-S,) and poly(DTA,-S,) reaching about
35 and 23 d, respectively (Fig. 3E and S22%). According to the
Arrhenius equation, the fitted apparent activation energies (E,)
of poly(DTA), poly(DTA;-S,), and poly(DTA;-S,) were 90.6, 75.3,
and 71.1 k] mol*, respectively (Fig. 3F). Considering the
thermal and rheology measurements, we inferred that the
embedding of weak polysulfide segments into the crosslinked
networks efficiently activated the frozen backbones via dynamic

17464 | Chem. Sci, 2024, 15, 17460-17468

The resulting copolymers exhibited good reprocessability,
taking advantage of the dynamic reconfigurable sulfur-rich
networks. Therefore, the purified polysulfide copolymer pieces
could be reformed via hot-press molding at 80 °C to obtain
homogeneous films for further uniaxial tensile tests (Fig. 3G).
The mechanical properties of the remolded copolymer retained
their original values even after three hot-press cycles (Fig. 3H).
The consistent S-S-S vibration bands in the Raman spectra of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the reshaped samples confirm their chemical stability and
integrity after multiple reprocessing cycles (Fig. S23t). The
rearrangement process was mediated by heat-induced sulfur
radical exchange, during which the crosslinked networks
maintained their integrity without depolymerization (Fig. S247).
Easily activated bond exchange under mild conditions was
ascribed to the weak polysulfide backbones, which corre-
sponded to the lower E, determined using the Arrhenius
equation. By contrast, the hot pressing of the brittle poly(DTA)
homopolymer even at 145 °C provided only crushed powder due
to the dominant covalent backbones with high bond energies
(Fig. 3G). Further heating to 160 °C caused the depolymeriza-
tion of poly(disulfide) networks driven by the thermodynamic
equilibrium, resulting in a low-viscosity yellow liquid that failed
to recure upon cooling (Fig. S257).

The modifiable sidechain of disulfide crosslinkers provided
a wide regulation range for the mechanical properties of sulfur-
rich copolymers. Thus, a series of copolymers with the same
sulfur content but varied crosslinking sites were designed for
uniaxial tensile tests. As shown in the stress-strain curves
(Fig. 3H), two-arm disulfide crosslinked poly(DTA;-S,) exhibited
a relatively low tensile strength of 2.3 MPa with an elongation of
30%. The use of four-arm disulfide crosslinkers increased the
maximum mechanical strength of poly(TTA;-Ss) to 6.1 MPa with
a slightly lower elongation of 25% due to higher crosslinking
density, whose value was comparable to those of diene-
crosslinked sulfur-rich polymers.** Thioctic acylhydrazine was
further introduced as sacrificial H-bonding crosslinking sites
(Fig. S261),> resulting in a maximum elongation of over 3000%
(Fig. S271), which expanded their applicability as soft materials.

Infrared optical applications

In addition to enabling dynamic covalent networks with better
mechanical adaptability and reprocessability, the incorporation
of sulfur heteroatoms effectively reduced IR absorption via
substituting C-C and C-H bonds, thus endowing sulfur-based
polymers with higher IR transparency and refraction. As
shown in the NIR transmittance spectra (Fig. 4A), poly(DTA;-S,)
films with varied thicknesses (165-560 um) all displayed high
transmission in the range of 800-2200 nm, which was over 80%
in the NIR region (800-1600 nm), comparable to that of previ-
ously reported sulfur-based polymer films with the same
thickness."”** The unavoidable absorption bands around
1700 nm and above 2300 nm were ascribed to the C-H vibra-
tions in disulfide comonomer units. The inherent yellow
appearance of the poly(DTA;-S,) film resulted in the reduced
transparency in the visible regions (<800 nm), which had no
influence on its performance in IR optical applications.
Considering the NIR transparency of the poly(DTA;-S,) film, we
evaluated its imaging capability as lens materials for NIR
cameras under the illumination of a 980 nm laser (Fig. 4B). The
image resolution captured through the poly(DTA;-S,) film
covered lens was comparable to that obtained through a bare
lens, which decreased with increasing surface roughness of
polymer films, thus proving its application potential as
a candidate for reprocessable NIR optical devices.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectra of poly(DTA;—S,) films with different thicknesses. (B) Optical
images taken using a NIR camera with and without the poly(DTA;—-S4)
window.

Chemical recyclability of polysulfide CANs

The abundance of dynamic covalent S-S bonds in the poly-
sulfide backbones led to the further investigation of monomer
recyclability, a chemically feasible process considering the
thermodynamically favorable regeneration of Sg with low ring
strain. However, this feat is challenging for most current Ssg-
derived polysulfides stabilized by vinyl crosslinkers, as robust
C-S bonding partly inhibits the decrosslinking and depoly-
merization of sulfur-rich networks. Herein, the cyclic disulfide
comonomers offered reversible S-S crosslinking sites for effi-
cient chemical closed-loop recyclability. After the linear
poly(TAM;-S,) copolymer was diluted to a low concentration
(0.5 M) in THF and heated to 60 °C, the polysulfides were
degraded via thiolate-disulfide exchange using BnSH/‘Bu-P,
(0.01 equiv.) as the depolymerization catalyst.** The colorless
polymer solution gradually turned yellow after 10 h (Fig. S287),
as a high monomer conversion rate of 78% was achieved
(Fig. S29 and S30t). Having proved the feasibility of thiolate-
induced depolymerization, we further investigated the degra-
dation of crosslinked polysulfides under the same conditions.
The conversion of the insoluble poly(DTA;-S,) copolymer into
a yellow solution indicated the reversible cleavage of the
dynamic S-S crosslinking sites as well as active S-S exchange,
thus generating oligomers and cyclic monomers (Fig. 5A and B).
Two sulfur-containing comonomers could be efficiently purified
and separated via simple extraction (see ESI Materialst for the
detailed depolymerization procedure), yielding the recycled
DTA monomer with a purity exceeding 95% and a recovery rate
of 85% as well as the crystalline Sg solid with a recovery rate of
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82%, which were confirmed using the consistent 'H NMR
spectra and crystal XRD peaks when compared with the original
samples (Fig. 5C and D). The conversion of the polysulfide
segments back to cyclooctasulfur was guided by the thermody-
namic equilibrium. Further repolymerization of the recycled
DTA and Sg produced recycled poly(DTA;-S,), which exhibited
almost identical network structures and mechanical properties
compared with the original sample (Fig. S31-S33%). Therefore,
the diverse dynamic disulfide crosslinkers provide an advanced
paradigm for the circular production, degradation, and reuse of
Sg-derived polymers.

Conclusions

In summary, we proposed a universal strategy for the anionic
copolymerization of Sg and cyclic disulfides with varying ring
strains and sidechains to produce sulfur-rich copolymers with
tunable sulfur content (40-70 wt%). The active segment motion
and dynamic S-S exchange in crosslinked networks with high
sulfur rank provided polysulfide CANs with excellent adapt-
ability and reprocessability without compromising mechanical
performance. Notably, the dynamic S-S crosslinking sites
facilitated the depolymerization of polysulfide networks. Unlike
the dark opaque appearance of commonly reported sulfur-

17466 | Chem. Sci,, 2024, 15, 177460-17468

based polymers, the free-standing transparent polymer films
exhibited high optical transmission in the NIR range, extending
their potential application in NIR transmissive optical devices.
This facile and general copolymerization approach presents
new opportunities for the upcycling of Sg towards sustainable
polysulfide materials and advanced NIR imaging applications.
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